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Chapter 1

Preface

For a physicist, interaction forces between objects are geps the most fun-
damental observable: Newton's Laws which introduce the coept of force
ranks among the principal laws in physics. In this thesis vayus aspects of
interaction forces in the pico-Newton range are investigat. Interactions

in this regime are encountered throughout living systems. rém the long

range forces between cells and substrates to the forces proed by single
molecules such as RNA polymerase and kinesin. And from theestgth of

speci ¢ bonds between biological recognition molecules étheir ligands to

the forces involved in single molecule studies of DNA and RNAhe prime

focus in this thesis is on interactions in colloidal systemand biomolecular
interactions. In this work, the colloidal interactions aremeasured using op-
tical tweezers. With this method the motion of a microscopidielectric bead
is investigated and less than one pico-Newton forces are raeeed.

The range of the forces governing speci c biomolecular intections is
between 50 pN and 100 pN. This is within the optimal working nage of
the atomic force microscope which is used to investigate $uinteractions in
Chapter 6. Here the measurement of the interaction force bve¢en a protein
involved in the immune system and its carbohydrate ligandsipresented.

1.1 Thesis outline

The thesis contains material from 4 di erent research pros that | have
worked on during the last 3 years. This part of the thesis cox&the chapters
3-6. The optical tweezers related material constitutes thbulk of the thesis.
This re ects the fact that | have spend most of the 3 years in th Optical
Tweezers Lab at the Niels Bohr Institute in Copenhagen. The easurements
using atomic force microscopy were conducted during a vist the MEM-
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PHYS center for biomembrane physics located at the Univetgiof Southern
Denmark.

The material presented in the various chapters contains dagptions of
di erent experiments. The general idea of the thesis has bed¢o enable the
reader to understand the chapters independently. Therefelsome of the basic
concepts, such as the trap stiness, are de ned several timmethroughout
the thesis. However, cross references between the chaptease not been
completely avoided in order to clarify some of the similaniés and analogies
the experiments in between.

Chapter 2. Here the optical tweezers-setup is presented. As the bulktbfs
thesis deals with optical trapping in some way, this chapteintroduces
some of the most fundamental properties of the laser tweeger

Chapter 3. In this chapter an analysis of the optical position detectio
system is presented. It is shown how simple adjustments ofelopti-
cal system improves the position detection considerably. ¥out this
insight, the results presented in Chaper 4 would not have beeos-
sible. The results presented here have appearedApplied Opticq1].
However, in this chapter | have included some material regading the
position detection of beads of various sizes. Furthermore discussion
of the results in two papers by Rohrbach and Stelzer is more tdded.

Chapter 4. This chapter deals with interactions between a micrometer-
sized sphere and a solid glass wall. The measurement is cadriout
under various concentrations of electrolyte to investigat the role of
dissolved ions for the interaction potential. In some measements the
van der Waals interaction between the sphere and the surfaceuld
be detected. A manuscript containing the results from this t@apter,
among others, is submitted toJournal of Colloid and Interface Sci-
encgd2]. The description of the experimental procedure is eniged in
this chapter and | have analyzed some of the di culties encotered.

Chapter 5. Here the focus is on measurements of attracting forces thaeb
come very strong at short separation. In this case the probelirescape
the trap and jump onto the surface from a characteristic distnce. In
this chapter | develop a quantitative theory for the jump-inexperiments
based on Kramers theory. The Chapter contains both theoreil and
experimental results and the concepts developed are applite to any
type of experiment where force-distance relations are measd. To my
knowledge, no similar approach been presented before. A maaript
with these results is in preparation.
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Chapter 6. A study of Biomolecular interactions with AFM is presented m
this chapter. The work for this part of my thesis was carried at at the
University of Southern Denmark(SDU) under the supervisiorf prof.
Ole G. Mouritsen.

appendix A This section contains the derivation of two equations usechi
Chapter 5.

Appendix B Here, the protocol for the experiments discussed in Chaptér
Is stated.

The following appendices lists the papers published duringy Ph.D-studies.
These are included in accordance with the Danish rules regarg the content
of the Ph.D thesis.

Appendix C contains a paper describing the work of my Master's Thesig[3
All the relevant details are described there and | do not disiss this
experiment in this thesis.

Appendix D contains a paper regarding the same experiment as in Chap-
ter 3.

Appendix E  contains a preprint including the work presented in Chapted.

Appendix F contains a conference proceedings on the same subject. This
paper includes the description of optical tweezers measuorents of the
speci ¢ interaction between the biomolecules streptavidiand biotin.

1.2 Acknowledgements

In an interview with the Italian scholar Umberto Eco, | have ead that stu-
dents are not supposed to thank their supervisors. As | remérar from the
article, the reason for this is that they (the supervisors) i@ only doing their
job. In this case | will make an exception...Without Lene andirstine's
encouragement and understanding, | believe this thesis wdunever been
possible. Thank you.

I would like to thank Poul Martin Hansen for sharing his insigits in
surface-bead interactions and Jesper Ferkingho -Borg fararifying some of
the thermodynamic subtleties of the surface interaction @eriment. And
Heiko Seeger for explaining me calorimetry.

| am grateful to S ren Hansen at SDU for patiently answering m ques-
tions about SP-D and for the biotinylation of the protein. | would like to
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thank the entire sta at the MEMPHYS center for the good atmoghere and
their hospitality. In particular Esben Thormann, Adam Simasen and Per

Lyngs for the fruitful discussions and Lars Duelund for soig out the mess
| made in the lab.



Chapter 2

Introduction to optical tweezers

2.1 Trapping with light

Most of the experiments described in this thesis are somehawlated to
optical tweezers. This section is devoted to the presentati of some of the
basic concepts needed to understand the results in the foctiming chapters.

Optical trapping, optical tweezers, laser traps or laser teezers are syn-
onyms for a versatile technique used for manipulating micsgopic objects
with radiation. Typically, experiments are conducted insile an inverted mi-
croscope where small beads or cells are trapped and manipeta with a
tightly focused laser beam. When combined with powerful pit®n detec-
tion schemes which enable the position of the trapped objeta be tracked
with nanometer resolution, pico Newton forces acting on thebject can be
measured. This regime of force is encountered when measgrithe forces
generated by single proteins such as the molecular motor kgin[4].

Since the rst demonstrations of optical trapping in the segnties by
Arthur Ashkin[5], optical trapping has by now evolved into amature tech-
nique. The rst description of a single beam optical trap, snilar to the one
presently used in most laboratories, was presented in 1988so by Ashkin
and coworkers[6]. In Reference [7] a list of 377 of the mostportant re-
search papers concerning optical tweezers is compiled,lirting applications
like biomolecular motor proteins, cell mechanics, collogdi interactions, poly-
mer science, and, in addition, a considerable number of thretical studies
of various aspects of the optical trapping of particles. Thiillustrates the
tremendous success of the technique which is now used in lediories world
wide both as a sophisticated quantitative measurement desg in itself, but
also as a tool for contact free manipulation of specimens Wiinvestigat-
ing them with other techniques. There are multiple reason®f this success.
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The capability of measuring nanometer scale displacemerard pico Newton
forces enables experiments that probe mechanics on an egesgale close to
the thermal energy,ks T, where important biological phenomena take place.
Here, kg = 1:3807 10 % J/K is the Boltzmann constant and T is the ab-
solute temperature. The optimal size of the particles thatan be trapped
is in the micrometer range which also makes an optical trap ¢éideal tool
in many studies of colloidal interactions and for manipulang cells inside a
microscope.

2.2 Description of setup

The optical tweezers setup is depicted in Fig. 2.1 and is essally similar to
the one described in Reference [8]. The key ingredients iretlptical tweez-
ers setup is a Nd:YVQ laser, operating at a wavelength of 1064 nm, and an
inverted microscope equipped with a high numerical apertaroil-immersion
objective (NA = 1.4, 100 ). Our microscope is additionally equipped for
orescence microscopy which occupies the orescence pofttbe microscope
traditionally used to introduce the laser trap. Therefore he optical trap is
introduced into the microscope via a side port which complates the align-
ment of the setup since the laser beam must pass the built-imlte lens of
the microscope, the position of which must remain xed in theptical path
for the microscope to retain its function. The tube lens is deted L, in
Fig. 2.1 and has focus lengthfF, ' 25 cm. To compensate the focusing of
the tube lens, the lens L (F; = 35 cm) is mounted in the laser beam outside
the microscope in a distanceD, from L, such thatD = F; + F,.

In order to detect the position of a trapped object, an oil-irmersion con-
denser NA = 1.4) collects the forward scattered laser light and dired it
through a lens, Ly (Fsz = 3:75 cm) that images the back focal plane of the
condenser onto a detector. In some of the experiments debed in Chapter 3
the detector is a CCD-camera, otherwise it is quadrant photdiode. When
the forward scattered light is collected with a CCD-camerathe laser beam
is attenuated using an absorptive density lter. Position etection in the lat-
eral plane, transverse to the laser beam is accomplished hvihe quadrant
photodiode by pairwise summation of the light intensity of he four quad-
rants. For the projects described in the following sectionghe direction of
interest is along the beam axis. Position detection in thisicection is accom-
plished measuring the total light intensity on all quadrans, see Chapter 3.
For optimal control of the sample, it is mounted on arxyz-piezo translation
stage with capacitative feedback control that enables naneeter positioning
of the substrate being investigated.
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Figure 2.1: Schematic illustration of the optical path in tke experimental
setup. The laser shown to the left emits an infrared laser bee( = 1064 nm)
that constitutes the trap inside the microscope. Along thedser beam, a
beam expander and two mirrors M and M, are mounted. A = 2-plate and
polarizing cube are used as attenuation system of the laseedm. The lens
L, focuses the laser beam and thereby compensates the e ect gf the
built-in tube lens inside the microscope. The focusing by #&hmicroscope
objective forms the trap inside the sample immediately abevthe bottom
coverslip, see the inset. Above the sample, the laser liglst collected by the
microscope condenser. The lensglserves to place the position detector in a
plane conjugate to the back focal plane of the condenser. Dfoic mirrors are
used to de ect the beam in and out of the optical axis of the mroscope. The
inset shows a closeup view of the trap with the coordinate sgsn employed
that has the z-axis along the laser beam and th&-y-plane orthogonal to it.

The sample chambers are made of microscope coverslips aéebby ultra
sonication in 96% ethanol. Two such glass slides form the batn and top
of the chamber and are separated with vacuum grease. The pakes used
for the experiments in this report are usually 1.07 m polystyrene beads
purchased from Bangs Laboratories.

2.3 Optical trapping basics

The mechanism of optical trapping relies on momentum transf from a fo-
cused laser beam to the trapped object. A dielectric partielin a light eld
is subject to two kinds of forces. In the electrical eld of tle light, the object
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Figure 2.2: Ray-optical view of optical trapping. Panel A ilustrates the
principle of trapping of a spherical bead in the direction pgendicular to
the laser beam, while B shows how trapping forces arise thateadirected
along the axis. In both panels, the red bar represents the ensity pro le in
a cross section of the laser beam. In A, the light ray number bmes from
the central region of the beam and is therefore more intenskan number 2
that originates from the periphery. In this gure scattering forces have been
neglected and it is assumed that the size of the bead is muchdar than the
wavelength of the light rays.

will minimize its energy by moving to the position where the lectrical eld
is the greatest. This gives rise to the gradient forcé;y.q, Which in a focused
laser beam always is directed towards the focal point of thader where the
light is most intense. On the other hand, some light will alsde scattered
back from the object which result in another force, the scadtring force,Fgcat,
which tends to push objects along the laser beam. The scatitayg force coun-
teracts the gradient force but under the right conditions tle gradient force
overcomes the scattering force and a particle can be trappeeéar the focal
point of the laser.

In the case where the bead is much larger than the wavelengthtbe light
of the trapping laser, the momentum transfer can be understal intuitively
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Figure 2.3: Gaussian t to histogram of axial positions of arapped bead.
Circles indicate the histogram, the solid line is a t of Eq. 23. Since the t
describes the data well, the assumption of a harmonic trappg potential is
valid.

using ray-optics. Figure 2.2 A is a schematic illustrationfdrapping in a laser
beam where the Gaussian intensity pro le generates a gradieforce always
directed towards the beam axis. The bead is positioned o -&<and the light
rays, 1 and 2, are bend by the bead and the recoil arising frorhé change of
direction of the two beams is directed towards the most intese light ray. In
this setup the bead will be trapped in two dimensions only andhay travel
along the direction of propagation of the laser due to the sttaring force
which is not included in Fig. 2.2. To trap the patrticle in three dimensions a
strongly focusing lens is introduced in panel B. In this cagbe gradient force
is acting towards the focal point of the light rays and is, in ambination with
the forces acting perpendicular to the laser beam sketchedA, constituting
a 3 dimensional optical trap. In the experiments at hand the idmeter of the
bead is typically close to the wavelength of the laser beamn this situation,
the picture given in Fig. 2.2 is not valid.

A key property of the optical trap is that the force exerted oma trapped
object is harmonic to a good approximation. Thus for positias on the
coordinate axis, z, along the beam axis, the restoring force on the bead
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Figure 2.4: Power spectral density. Symbols represent theeasured power
spectral density of a bead moving thermally in the optical tap. From the t
(solid line) the trap sti ness and a conversion factor that elate the photodi-
ode signal to spatial coordinates of the bead are obtained.

is similar to that of a Hookian spring. That is
F(2)= Az 2); (2.1)

where the spring constant , denotes the trap sti ness andz, is the equilib-
rium position of the trap. Generally, z, will not be identical to the focal point
of the laser, but is shifted a few hundred nanometers away dtfee scattering
force. Similar relations as Eqg. 2.1 are valid in the directits perpendicular
to the laser beam where the trap sti ness, , and , are about one order of
magnitude larger than the axial trap stiness, ,. Typical values for , in
this project are around 0.001 pN/nm. Since positions of thedad along the
z-axis can be found within a few nanometers, external forceseameasured
with sub pico-Newton resolution.

Apart from the forces of the laser, a trapped bead is subjecbtcollisions
with the molecules in the uid causing its position to uctuate around the
equilibrium. The root-mean-square amplitude of the excurmens from the
equilibrium is set by equipartition of thermal energy:

kg T

z

he?i =

X (2.2)
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Using this relation and the value of ,, the amplitude of the thermal noise is
found to be around 50 nm in the axial direction while it is arond 20 nm in

the lateral plane. The probability distribution of the postions visited during

the uctuations can be found using Boltzmann statistics andhe resulting

distribution is Gaussian,

1 (z 20)2#.

ex ;
2, P Tz

P(2)=p (2.3)
with the standard deviation, ,, given by Eq. 2.2 Figure 2.3 shows an example
of this. Here, the circles represent a histogram obtaineddim a time series
of positions, while the solid line is a t of Eq. 2.3. As can beeen the
assumption of a harmonic trapping potential is valid even akarge distances
from the equilibrium.

The motion of a typical bead proceeds at very low Reynolds nuer
which means that the inertia of the bead may be neglected[9rom solving
the Langevin-equation in the over damped case, the power spral density
of the positions is found to have Lorentzian distribution

2kg T

S = 757

(2.4)
Here, S(f ) is the power spectral density at frequency and is the viscous
friction on the bead from the surrounding uid which may be déermined
from the uid viscosity, , and the radius of the bead using Stokes law,

=6 r . The parameterf is called the corner frequency and is related to
the trap sti ness by

fez = (2.5)

A typical power spectrum is displayed in Figure 2.4. Here, # symbols
represent the measurement and the solid line shows the rdsaf a t of
EqQ. 2.4 with corner frequencyf. = 10:5 0:8 Hz. Throughout this thesis, the
value off. and the amplitude of the power spectrum are found analyticl
using the methods described in Reference [10].

During the measurements with the optical tweezers the posins of the
bead, obtained by the photodiode, are expressed in arbitgaunits, typically
Volts. In order to perform quantitative measurements this ignal must be
converted into spatial units by means of a conversion factdhat relates the
light intensity measurement of the photodiode to position®f the bead and,
to fully characterize the optical trap, the trap sti ness must be found. This
is done by analyzing the power spectrum as shown in Fig. 2.4 tod f..
Under the assumption that the size of the bead is known, the dg coe cient
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can be calculated, with appropriate corrections if the botim of the sample
chamber is within the proximity of the bead[11]. Then from Eq2.5 the trap
stiness can be found and the conversion factor is found by ogparing the
amplitude of the signal to the thermal energykg T.

In the previous discussion, we used the-axis as the principal axis as
positions along this coordinate axis are of the greatest iettest in the forth-
coming chapters. However, the principles introduced are geral and can be
applied to positions in the lateralx-y{plane, too.
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Chapter 3

Improvements on axial position
detection

3.1 The axial measurement problem

The main focus of the Ph.D project has been to investigate ietactions be-
tween molecules and microscopic objects. Several methods been proposed
to undertake such experiments using optical tweezers, uslyaby means of
two interacting beads held in separate laser traps[12]. Hewer, the geometry
of the optical trap is such that the force constant, , of Eq. 2.1, is approxi-
mately one order of magnitude lower in the-direction along the laser beam
which therefore appears to be a more sensitive measurememrisa When
measuring forces in the-direction experiments may be performed where the
bead is interacting with the cover slip forming the bottom ofthe sample
chamber. The geometry in the bead-surface setup has the adtage that
the interaction energy of the bead is constant for uctuatims of the probe
in the directions perpendicular to the laser beam axis sindbe distance to
the surface remains the same. With the two-bead geometry, dhe other
hand, this is not the case. Here, uctuations in the axial diection increase
the distance between the beads which changes the interactienergy and
complicates the interpretation of the results.

Having decided the measurement geometry, conducting thesr interac-
tion experiments seemed an easy task. This experiment, whits described
in Chapter 4, is a measurement of the interaction force betwa a bead and
a glass surface. The principle of axial position detectionith the quadrant
photodiode had been known for a long time[13, 14]. In order tmeasure
the position of the bead in the direction along the laser bearane simply
records the total intensity of the forward scattered light ly summing the
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currents from all four quadrants of the detector. The resuihg time series
is then proportional to the positions of the bead which in the way can be
recorded with nanometer accuracy and at sample rates in thaldhertz to
megahertz regime. All the necessary ingredients were aldgaavailable in
the lab: microscope, laser, glass slides and polystyreneatie. But it didn't
work. Mainly because the uctuations in the signal from the potodiode
were very small compared to the constant background origitiag from the
laser beam. This made even minute uctuations in laser powesverwhelm
the signal. Alternative approaches such as sampling the &sintensity be-
fore it entered the sample and subsequently subtracting thisignal from the
position signal did not help much. It turned out that whereassome labs used
extrinsic methods, such as two-photon excitation[15] or attering of evanes-
cent elds[16], to evaluate thez-position of the bead, other workers in the
eld had no problems using the photodiode based detection itied[13, 17].

Even though the optical trap in itself may be more sensitiveni the ax-
ial direction, the position detection scheme must still be aurate in order
to exploit this advantage. In the planned experiments, theange of axial
positions where the response of the photodiode is approxitely linear is of
concern, too. Position detection outside the linear deteicin range is com-
plicated. Even though it may be possible in principle to inclde non-linear
terms when converting the photodiode signal into positionsf the bead, this
method is not practical and in addition may be prone to errors

3.2 Results

3.2.1 CCD-camera measurements

By inserting a CCD-camera in the position otherwise occupdeby the photo-
diode detailed insight in the scattering processes of a trppd bead is gained.
Typical images of the pattern of the forward scattered lightare shown in
Figure 3.1. The left panel, A, shows the intensity of the lasdbeam without
a trapped bead where the light eld passes the focus withoutding scattered.
The black region outside the central part correspond to regns in the back
focal plane that receives no light from the laser due to totahternal re ec-
tion at the water-glass interface between the trap and the calenser. At the
edge of the circular image a marked increase in intensity ibserved. Panel
B shows a similar image but with a 1.07 m polystyrene bead trapped in
the laser beam. Here, the presence of the trapped bead is eded by the
presence of a dark region in the center of the image surroudey a region
of increased brightness. Also the intensity of light deteed at the periphery

18



Figure 3.1: Images of the intensity distribution in the backocal plane. Both
images appear as spherical distributions of light and thers a sharp edge
corresponding to the critical angle of the glass-water inteace at 61 deg
beyond which no light leaves the sample. In A a CCD-camera irga of the
laser without a trapped bead is shown, here the distributioms found to be
fairly uniform. B shows the same image but with a 1.07m polystyrene bead
in the laser trap. Here, the presence of the bead is seen as e&kdagion in the
center surrounded by a region of increased brightness. In A,narrow ring
of very high intensity is seen at the edge, whereas in B the esity in this
region is attenuated due to the presence of the bead. The fainterference
pattern observed in the center of both images is an artefact the laser and
can be observed even before the laser beam enters the miaopscobjective.

of the image is decreased due to the presence of the bead.

The symmetry of the scattering patterns re ects the rotatimal symmetry
of the optical system around the beam axis. On average, the ammt of light
scattered will be the same for all directions on the cone foing the same
angle, , with the optical axis. In order to relate the intensity distribution
in the CCD-camera images to scattering angles, it may be assad that the
condenser ful lls the sine condition[18] such that light sattered in the angle

is detected at a distance

r=1sin() (3.1)

from the center of the back focal plane. Herd, is the focal length of the
lens. This is illustrated in Fig. 3.2. Here the trapped beadsilocated near
the focal point of the condenser and scatters light in a diréon forming
the angle with the z-axis. The diaphragm placed in the proximity of the
back focal plane(BFP) is used to adjust the numerical aperte of the con-
denser,NA ;ong. When NA .onq is reduced, the maximal angle captured by the
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Figure 3.2: Geometry of the detection systemf denote the focal length of
the condenser and the abbreviation BFP is the back focal plan Close to the
back focal plane a diaphragm is placed which controls the wang numerical
aperture of the condenser. The beam waist of the laser whiabrins the trap
is indicated by the two lines to the left. The microscope obgive that forms
the optical trap is omitted. The z-axis coincides with the optical axis of
the microscope which in the laboratory is vertical with the ondenser placed
above the laser trap.

condenser, c4p, IS also reduced according to the formula
NA cong = N sin( cap); (3.2)

where n is the refractive index of the medium outside the lens whichof
immersion oil is 1.51. In the back focal plane the position vene the light
ray is detected is given by the sine condition, Eq. 3.1. In thanalysis the
focal length, f , is found by identifying the critical angle of the glass-wadr
interface, it ' 61 deg at the circular rim of the images in Fig. 3.1. That the
cuto observed at this rim in fact is due to total internal re ection, and not
an e ect of a small aperture of some intermediate componenas checked by
changing the medium in the sample chamber. In a sample withyglerol, the
critical angle is higher and it was observed that the radiusfahe image-disk
increased accordingly. Similarly the radius decreased whthe critical angle
was reduced by inserting an air- lled sample. Owing to the msence of the
glass-water interface in the sample chamber before the aagif the forward
scattered light from the bead is changed at the interface. lthis discussion
represents the angle of the light beam when it has passed timteirface. The
relation of with the actual scattering angle in the sample follows by Siis
law of refraction.

The light intensity detected by the condenser as a functionfo is shown
in Figure 3.3. Here, the average intensity is computed fronmé images shown
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Figure 3.3: Intensity distribution as function of detection angle, . Squares
indicate the detected intensity of the empty trap from Fig. 31 A. The circles
are from Fig. 3.1 B.

in Fig. 3.1 by polar integration
142
H(r)i=— I (r; )d; (3.3)
2 o
wherel (r; ) is the brightness in the images at the polar coordinatess and
and wherer is related to the detection angle by Eqg. 3.1. In Fig. 3.3,
squares indicate the empty trap and circles show the intemgiin the case of
the trap containing a bead. In the curve representing the entyptrap the high
intensity observed at low angles, = 0-5 deg, owes to the faint interference
pattern in the middle of Fig. 3.1 A. For above 5 deg, the intensity for the
empty trap declines only little until it starts to increase gain at 40 deg.
The intensity reaches a peak at 61 deg corresponding to theigint ring seen
at the edge of the scattering pattern in Fig. 3.1 A. Comparinghe empty trap
result with the measurement of a trapped bead it is seen thahe amount
of light incident at low angles is decreased by the presencé tbe bead.
Correspondingly it is increased at higher angles. Close tbd critical angle,
the intensity is lower when a bead is trapped than it is in the &se of the

empty trap.
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Figure 3.4: Correlation analysis of the back focal plane dtering pattern.

The brightness of each pixel is correlated with the axial pda®n of the

trapped bead. Central region, in yellow, is found to have pase corre-

lation while the correlation further away, in the blue regim, is negative. At
the periphery of the image, a thin rim of positive correlatia is observed.
The concentric circles indicate the radii in which di erentscattering angles
are detected, according to Eq. 3.1.

When a bead is trapped, the Brownian motion perturbs the sctdring
pattern and these perturbations gives rise to the signal udefor position
detection. Fluctuations of the bead in the lateral plane braks the rotational
symmetry and the thereby induced di erence in the intensitydetected by
the di erent quadrants of the photodiode is used for positio detection in
the x-y-plane. Here the attention is focused on the axial uctuatias, which
cause the angular distribution of the laser light to vary wih the position
of the trapped bead but conserves the rotational symmetry dhe scattered
light.

To nd the information content of the scattering pattern wit h respect to
the axial position of the bead, a recording of 1500 frames slar to Fig. 3.1 B
was analyzed. For this investigation, the correlation of té intensity of the
forward scattered light measured at each individual pixel ith the total in-
tensity in the image was calculated as

Cu = oy 'ii hpyiih i (3.4)

and | in image numberi. The average in Eq. 3.4 is taken over the subscript
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Figure 3.5: Radial plot of back focal plane analysis. Similas Fig. 3.4. Here
the value of correlation matrix, C, is plotted as function of the incident angle
at the condenser, . Curves show the result from di erent sizes of beads. In
order to t on the graph, the curves for the dierent beads hae been re
scaled. The size of the beads used is given in the legend.

as X

= P (3.5)
kl
which is analogous to the sum of the intensity on the four quadnts of the
photodiode.

In the series of images investigated the total intensity watund to be
proportional to the position of the bead such that when the led moved
towards a higherz-position relative to equilibrium in the trap this signal
would increase. Then, a positive value o€y, indicates that the average
intensity of the pixel, py, also increases when the bead moves upwards along
the beam axis and vice versa. The result of the analysis is shoin Fig. 3.4
where the matrix consisting of pixel correlation valuesCy, is shown, with
circles that indicate the radii which correspond to di erem detection angles,

. This matrix has the same size as the individual images in thecording.
As indicated in the color bar to the right, regions colored m red through
yellow and green possess di erent degrees of positive ctation. In the cyan
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regions, the pixel intensities are uncorrelated with the aal position while
blue indicate negative correlated pixel values. From the gre, it is clear that
the central regions in the pattern of the forward scatteredight, detected at
35 deg, are positively correlated while regions of higheradtering angle,

> 35 deg, are negatively correlated.

The solid line in Figure 3.5 shows the correlation of the prews gure
averaged over regions with identical detection angle, as fig. 3.3. The
dashed line, which indicate the correlation pro le for a 0@ m bead, has
almost the same shape as the result for the 1.0 bead and both curves
intersect the x-axis at about 36 deg. The amplitude of the correlation sigha
for the 0.40 m bead was found to be rather low and the dashed curve has
been ampli ed by a factor of 20 in order to be visible in the plo Also shown
in Fig. 3.5 is the result of a 2.01 m bead (dash-dot line). Here the pro le is
gualitatively di erent and the maximum correlation is no longer found at low
angles as in the other curves but at 38 deg. At detection angles less than
10 deg a secondary maximum is identi ed and at 18 deg the correlation is
low, but still positive. Also the intersection with the x-axis occurs at higher
angles, around 45 deg. Similar to the result for the 0.4m bead, this curve
has been re scaled to t on the graph, this time by a factor of Q.

The results of the CCD-camera investigations immediatelymply that
a position detection scheme that utilizes the total intengy of the forward
scattered light integrated in the back focal plane of a highNA condenser
will not be optimal for beads over a wide range of sizes sindeetintegrated
signal contains regions where the uctuations contribute gpositely to the
position signal. Under some circumstances, the magnitudétbe signal from
the positively correlated regions exactly matches the oppite signal of the
negative regions so that the total signal vanishes. Howeyeby reducing
the numerical aperture of the condenser, the balance betwepositively and
negatively contributing regions change which may be used wptimize the
position detection method.

3.2.2 Photodiode measurements

Returning to the photodiode detector, this hypothesis waswestigated fur-
ther. Now an experiment was performed in which a trapped 1.07m bead
was moved in a controlled manner along the beam axis throughe focus of
the laser beam. Meanwhile, the response of the total lighttensity detected
by the photodiode under di erent settings of the condenserumerical aper-
ture was measured. By lowering the numerical aperture withhe diaphragm,
see Fig. 3.2, the maximum scattering angle captured by the madenser, cap,

is reduced. This has consequences both for the sensitivity the position
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detection method and the linear range.

In order to move the trapped bead relative to the laser focuhe sample
was oscillated with a prescribed frequency,, using the piezo stage. In this
way the uid in which the bead is immersed moves relative to tb optical
trap and when the sample moves with velocity, the bead is in uenced by
a drag forceFg,g = v from the motion of the surrounding water. Here is
found from Stokes law, =6 r where =1:002 10 3 Nsn? = 1:002 centi-
poise is the viscosity of the water and = 0:54 m is the radius of the bead.
Assume a harmonic trapping potential of spring constant,. The position
of the bead is denoted byead and Zsampie is the position of the sample, both
relative to the optical trap. Then the motion of the bead reléive to the
optical trap is described by

Znead v zZbead = Zsample: (3.6)

where the inertia of the bead has been neglected. The dots icate a time
derivative, and hencezgmpie €quals the velocity of the uid relative to the
trapped bead. As function of time the coordinates of the sang are given
bY Zsampe = AsSIN(2f ot) where A = 1:29 m, and the driving frequency
fo =40 Hz. From Eqg. 3.6, the position of the bead is found to be

Zpead = A%sin(2f ot + ) (3.7)
with 2 1,3
A’= A41+ 5 fzo 5: (3.8)
and !
=tan ! 5 fz - ; (3.9)

In the experiment the intensity of the laser was kept at the afolute minimal
power that could still keep the bead trapped. This enabled # bead to be
moved over a wide range of coordinates so that the linear det®n range
could be established. Sincg+ = f., wheref. denote the corner frequency
of the power spectrum, see Eq. 2.5, was found to b88@ 0:15 Hz, the value
of , was determined to be (1 0:095) 10 4 pN/nm. The dimensionless
ratio > - is then 0.095 and using this value the parameter was found to
be 5.4 deg and the amplitudé\°= 0:996A = 1:28 m, showing that the bead
essentially follows the position of the sample due to the agively high driving
frequency and slow relaxation time in the weak trap. Thus, byapplying
minor amplitude and phase corrections, the average positi@f the bead can
be deduced from the positions of the sample. To correct forehphase lag
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Figure 3.6: Photodiode response depends on the numericakedpre of the
condenser. Each curve shows the raw voltage signal obtainkdm the pho-
todiode when a 1.07 m bead moves along the-axis in the trap. The legend
states the exact value of 55, Which may be converted into the e ective nu-
merical aperture by Eqg. 3.2. The inset shows the sensitivitgs function of

cap-

between the sample positions and the bead an experimentadigrived value of

= 3:6 deg was applied instead of the theoretically determined=5:4 deg
above. The deviation of the two may be caused by the large antpde
of the oscillations which force the bead to make large exciwms from the
equilibrium point. When z,¢,4 is out of the regime where the assumption of
a harmonic trapping potential holds the restoring force oftte optical trap is
less than ,zheaq. AS a result the average force constant experienced by the
bead in this experiment may be lower than the value obtaineddm power
spectral analysis.

The photodiode output from the oscillated bead is averagedver many
periods to minimize the e ect of thermal uctuations. The resulting curves
give insight in both the linear detection range and the sersiity of the
photodiode. When the photodiode signal is plotted versus éhposition of
the bead, the slope at the origin gives the volt to position seitivity of
the position detector. The linear detection range of the pdgn signal is
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cap/deg  NAng Sensitivity/(V/  m) Linear range/nm

7 0.18 0.15 290
17 0.44 0.64 220
26 0.66 0.84 210
35 0.87 0.37 120
44 1.05 0:27 120
61 > 1:.33 0:16 150

Table 3.1: Results from photodiode experiments in Fig. 3.6saunction of
maximum capture angle, ;,. The e ective numerical aperture is found using
Eq. 3.2. The sensitivity is de ned as the slope of the signalt ahe origin,
and the linear range indicates where the photodiode signal accurate within
30 nm.

found by investigating the deviation from linearity aroundthe origin. The
resulting curves are shown in Fig. 3.6 and the results are somarized in
Table 3.1. In the gure, each color indicate a di erent valueof the maximum
capture angle, ¢, the exact value is indicated in the legend. The value of
the linear detection range is dependent on how large error tislerable, and
is furthermore generally di erent in the two opposite diretions along the
beam axis. The values in Table 3.1 indicate the minimum widthn which
the position signal predicts the position of the bead withirB0O nm.

The obtained sensitivity for each capture angle is plottedni the inset of
Fig. 3.6, negative values indicating negative slope arourttle origin. Here,
the optimal .5, seems to be around 26 deg which correspond to an optimal
numerical aperture around 0.66. Interestingly, an inters#ion with the x-
axis occurs, indicating a critical 5, at around 40 deg where the position
signal vanishes. In the following the maximum capture anglat which the
sensitivity is highest is denoted by nax and the critical angle by min.

By comparing the two curves in Fig. 3.6 which are recorded a@pture
angles close to min, at cap = 35 deg and 44 deg, it appears that when the
capture angle of the condenser is set tqn,, the photodiode output must
have a peak right at the equilibrium point of the trapped bead In the cyan
curve, where ¢, = 35 deg is slightly less than n,, this peak is located at
bead positionz  0:3 m relative to the equilibrium. In the purple curve,
the peak is located atz 0:2. In this curve ¢4y = 44 deg which is slightly
higher than ,. Thus when ¢ = min ' 40 deg, the photodiode output
Is maximized when the position of the trapped bead is at the adibrium
position and decreases when the bead uctuates both up andwlo. In this
case position detection is not possible as the mapping of gas of the bead
onto the photodiode signal is not one-to-one.
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Figure 3.7: A: analysis of xed bead stepped along the-axis at cap ' max-
Here, the error in the positions in one step is about 2.8 nm, ahown in
the inset. The step investigated is indicated by an arrow. Bpower spectral
density of the raw time series. By lowering ¢, from 61 deg to 35 deg the
intensity of the signal is increased by a factor of 80 and thespks originating
from noise in the electronics disappear from the power spaamn.

The presence of the peak indicates that the range of lineartdetion must
also be 0 when ¢;p = min. In Table 3.1 it seems that the linear detection
range does in fact show a minimum at the two capture angles skst to

min- AlSo it appears that even though both the linear detectionange and
the sensitivity are minimized at ¢, = min, the linear range of detection
continues to grow upon lowering cap below i where the sensitivity is
maximized. Here, the lowest capture angle investigated isuUnd to have the
longest linear detection range.

A nal illustration of the result of optimizing the position detection
scheme is shown in the two panels in Fig. 3.7. Panel A shows tpesi-
tion of a bead xed on the bottom of the sample chamber recordewith the
photodiode when ¢4 max- The surface was moved in the axial direction
in 14 nm steps while the position of the bead was tracked withhé photodi-
ode. In the time series shown in the gure, the steps themsely are easily
distinguished. A Gaussian t to a histogram of positions in ae of the steps
yield a standard deviation of 2.8 nm which is taken as the relstion of the
detection scheme. The other panel, B, shows the power spettdensity of
a recorded time series. Upon decreasing the maximum captuaagle from
61 deg to 35 deg, the increase in signal is 80-fold. Corresgdimgly, the signal
to noise ratio is improved as can be seen by the vanishing oktpeaks in the
power spectrum when ¢4, is reduced.
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3.3 Discussion

Both of the two types of measurements presented here, the calation mea-
surement of Fig. 3.4 and the photodiode measurement of Fig.63 yields a
value of the optimal maximum capture angle of the condensery.y. From
the correlation pro le of Fig. 3.5 the optimal sensitivity is found from the
intersection of thex-axis. When adjusting ¢4, to this angle, all the forward
scattered light that enters the detector adds constructivg to the signal and
therefore the intersection angle must equal,a. In the correlation pro le for
the 1.07 m bead the intersection, which occurs at ' 36 deg, is clearly dif-
ferent than from .« ' 26 deg that was found in the photodiode experiment
of Fig. 3.6. This deviation is due to the di erent circumstarces under which
the results have been obtained. As stated, the laser powertime experiment
leading to Fig. 3.6 was very low. Wherf, ' 3:80 Hz, the trap stiness
equals 225 10 4 pN/nm { less than a femto-Newton per nanometer. Fur-
thermore, the measurements were conducted at a distance of & from the
surface. The other experiment was conducted at intermediafaser intensity,
with , around a factor 10 higher and at a surface distance of only 2n.
The di erence in surface distance between the two experimenchanges the
balance between the scattering force and the gradient foread is moving
the equilibrium point of the trap along the beam axis. Closed the surface
as in the correlation analysis of Fig. 3.5, min Was consistently found to be

61 deg and nax 35 deg regardless of laser power.

Similar results regarding the sensitivity of the axial posion signal of
a photodiode have been presented in a numerical study by Rdach and
Steltzer[19]. In their investigation, which covers beadsfaliameter 200-
600 nm and trapping wavelength = 1064 nm, the axial position signal
is also found to be very bad when the numerical aperture of theondenser
is high. In the cited work it is assumed that the trap is formedusing a wa-
ter immersion objective and also that the position detectio is accomplished
using a water immersion objective. Even though this experiemtal setting
is di erent from our setup, some of their results are similato ours: In the
numerical study the signal is found to be completely lost wimethe numerical
aperture of the condenser is 1.2, corresponding to a value @f, ' 50 deg.
This is in agreement with our results where i, is found to be in the range
from 40 deg to 61 deg, with the exact value depending on the esqimen-
tal conditions. However they also nd the sensitivity to be poportional to
NA L, which means that . is to be found at very low angles. This is
in contrast to what is being observed here. From the result faa 400 nm
polystyrene bead shown in Fig. 3.5 it appears that for this fye of bead max
is around 35 deg. Furthermore, from Fig. 3.5 it seems that fdreads of size
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1 m or less, the correlation of the forward scattered light isanstant for
capture angles below 20 deg. This implies that the sensitiyiof the photo-
diode for such low detection angles is proportional to thelilminated area of
the detector which again is proportional toNAZ,,.

In a later work by Rohrbach et al[20] axial position detectin of a wide
range of beads were investigated including a Im polystyrene bead. Here
the conclusions from the numerical simulations do not agreeith the obser-
vations in the experiments presented here. In Reference [#@ best position
detection for the 1 m bead was found when the numerical aperture of the
condenser was 1.2. This conclusion is in disagreement withetresults above
where the sensitivity is strongly decreasing foNA ;g > 0:66 in the experi-
ment of Fig. 3.6. From the analysis of the correlation experient of Fig. 3.5,
the sensitivity is found to decrease whemNA ¢ > 0:87. Again, the simu-
lations were carried out using water immersion optics. In # experiments
oil immersion lenses were used for both the microscope oliije and the
condenser. This complicates the comparison of the simulatis by Rohrbach
et al with the present experiment, and may explain some of thebserved
di erences.

3.4 Conclusion

The result in Table 3.1 clearly indicates that for the sensitity of axial po-
sition detection there exists an optimal numerical apertwe of the condenser
which is aroundNA ' 0:66. In our experiment this corresponds to an op-
timal capture angle of .x ' 26 deg. While this result was obtained at
low laser power and far from the surface, studies at higherser power and
close to the surface resulted in an optimal numerical apentg around 0.87, or
equivalently nax ' 35 deg. At numerical apertures higher than the optimal
numerical aperture, the distribution of the scattered ligh incident on the
photodiode contains regions that contribute with oppositesign to the posi-
tion detection. This may lead to a critical value of the numeral aperture, or
equivalently critical capture angle, nin, Where these two regions have equal
amplitude and position detection is not possible. The valuef ., was in
this study found to be 40 deg at low laser power, while it was 61 deg in
an experiment conducted at increased laser power.

When it comes to the linear detection range it was found thathis pa-
rameter is also zero when the detector integrates the scatéel light eld over
angles up to nin. The maximum in detection range occurred at low capture
angles. The fact that the two parameters of the axial positio detection dis-
played in Table 3.1 do not share the same maximum as functiof @ndenser
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aperture implies that in an experiment where axial positiometection plays a
crucial role some numerical apertures that constitutes a nogpromise between
sensitivity and linear detection range must be used.
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Chapter 4

Measurements of colloidal
Interactions

4.1 Introduction

The rst de nition of colloidal particles came in the nineteenth century from
studies of particles suspended in meta stable liquids. Frothe di usivity
the particles was determined to be larger than individual mecules, more
than 1 nm. But still the particles were found to be small enougto remain
dispersed under the in uence of gravity which imposes an upp limit on their
size at around 1 m[21]. Examples of naturally occurring colloidal uids are
milk, which contains colloid-sized fat particles and prote@ aggregates, and
mud which consists of small crystalline clay particles suspded in water.
Living cells which contain a large number of macromoleculesd polymers
fall into the category of colloidal systems, too.

A simple example of a colloidal suspension is an aqueous #olu of
monodisperse latex particles. Such micro spheres are ofajreechnical rel-
evance and are used in many water based paints and coatingsvedl as in
the pharmaceutical industry. Under various conditions a dese suspension
of these particles may form colloidal crystals or glasses wh makes such
systems useful as directly accessible microscopic modeisrhany molecular
systems.

In this chapter, the interaction forces between individuapolystyrene col-
loids and a solid glass surface are investigated. Such irgetions are usually
carried out using the Atomic Force Microscope(AFM)[22, 23br Total In-
ternal Re ection Microscopy(TIRM)[24, 25]. By using the optical tweezers,
more sensitivity is gained relative to the AFM experiments ad hence di er-
ent regimes of the interaction can be investigated. In TIRMthe achieved
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sensitivity is similar. Here the thermal uctuations of a bed in uenced by

gravity are analyzed and used to evaluate the potential engy in the neigh-
borhood of the probe. By combining TIRM with optical tweezes[16, 26],
more information can be accessed since the radiation forcancbring the

probe into regions of high potential energy compared tz T. Here a similar
approach is taken but using the improved photodiode detecin scheme[1]
described in Chapter 3. In comparison to Reference [16], $hcombination
is less restricted in the geometry of the setup as it does natquire the col-
loid to be close to the surface where an evanescent eld ergethe sample.
Most often, this is opposite to the side of the chamber wherédé¢ trapping

laser light enters the sample in which case the optical trap &y su er from

spherical aberrations at the position of the colloid.

A description from rst principles of the involved forces isout of the scope
of this presentation where only the main results are sketctie For a fuller
description the reader is referred to textbooks such as [2&Hhd [21] and the
references therein.

4.2 Interaction potentials and forces

Interparticle interactions in a uid are generally compriged of a wide range
of forces that have di erent origin. For example in a living ell hydrophobic
forces, suspended charged polymers, and depletion forcestebute along
with van der Waals forces and electrostatics to the interamns in a compli-
cated and still not entirely understood way. In the present)g@eriments the
system consists of water, electrolyte and polystyrene m@ispheres and the
main focus is on electrostatic and van der Waals forces, whiare the dom-
inating type of interactions that govern the behavior of theparticles on the
length scale accessible to the optical tweezers. A princlggbservation is that
in pure water colloidal particles remain dispersed while anreasing the con-
centration of salt the particles start to coagulate at somerttical concentra-
tion. This behavior was explained in the mid-twentieth centry by physicists
Derjaguin, Landau, Verwey, and Overbeek who combined theeekrostatic
double layer repulsion with the Hamaker theory of van der Wdsa forces into
the theory now known as the DLVO-theory. The repulsion obseed at low
salt concentrations between similar charged particles isediated by a di use
layer of counter ions at the surfaces of the colloids, calléde electric double
layer. When the particles are closer than the typical thickass of the double
layer, the entropy of the ions is decreased which results iepulsion between
the particles. The length scale of the repulsion is thus detained by the ex-
tension of the double layer from the surface and into the uidand is denoted
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Figure 4.1. DLVO potentials for a 1 m bead and a at substrate in wa-
ter, Hamaker constant A = 10 ?° J and electrostatic surface potential

= 6:5 mV on both surfaces. The curves show the prediction of the DD-
theory when the salt concentration in the solvent is variedThe legend shows
the amount of an 1:1-electrolyte such as NaCl. At 5 mM NacCl, thinterac-
tion is purely attractive and the bead will eventually adhee to the surface.
The other curves show the transition to the kinetically stake situation at
low salt concentration where an energy barrier of severky T separates the
bound and the free state.

the Debye length. When the concentration of ions in the solign is increased
the Debye length decreases and the particles can come closépbagulation
occurs when the Debye length is shorter than the range of thaw der Waals
attraction. In the present case the interaction between a $grical particle
and a at glass substrate is measured which has similar behav: Only at at

high concentration of electrolyte, in this case around 1 mM NacCl or above,
do the polystyrene particles adhere to the glass surface ortime scale rel-
evant to the experiment, at low salt concentration they remia dispersed in
the solution. In the case of a spherical probe interacting i a at surface,

the DLVO theory gives the interaction potential (z) as[27]

AR

(2= e * T~ (4.1)
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In Eq. 4.1, z denote the distance between the particle and the surface, ! is
the Debye-screening lengthA is the Hamaker constant andR is the radius
of the spherical bead. The constant, =4 o gass beadR depend on the
permittivity of the water, , the vacuum permittivity o, and the electro-
static surface potential on the glass and the bead. In our experiments,
R = 0:5 m and the Hamaker constant has value in the order of 18 J
for dielectric objects interacting across water. In the lint z R, Eq. 4.1
no longer holds and the van der Waals interaction energy fallo like z 3,
similar to van der Waals forces between an individual atom aha wall. The
van der Waals force between two individual atoms decays as®.

Equivalently, Eq. 4.1 may be expressed in terms of the intecdon force,
F, as

AR
F(z) = e *? —_— 4.2
(2= o - (4.2)
using the relationF = @ =@uwvhich is used to interpret some of the results

presented below. Both equations, 4.1 and 4.2, relate to thase where the
surface distancez is small compared to the radius of the interacting sphere.
The rsttermin Eq. 4.1 represents the electrostatic doubléayer repulsion
to the lowest order approximation and is valid for 25 mV. Whereas g
depends on the properties of the interacting bodies, the Dgblength depends
only on the environment in the uid. Generally there may be seeral types
of ions dissolved in the medium and the Debye screening lehgmay be
expressed as a function of the concentration of the di erenbns
|
1_ 0 kaT
i(zi€)? |

1=2

(4.3)

Here, i is the number density of thei'th ion in the bulk of the uid and z
and the valency of the ion. In the case of water containing allelectrolyte,
such as NaCl, the Debye length can be expressed as
:304
1= qio 30 nm; (4.4)
[NaCl]

where [NaCl] is the molar concentration of the electrolytenithe bulk of the
uid.

The second term in Eq. 4.1 gives the contribution of van der Véds forces
which are comprised of various kinds of dipole interactionsf molecular ori-
gin. All atoms posses an instantaneous dipole moment whialduce a dipole
moment on nearby atoms. Thereby an interaction energy betwr the atoms
arises that decays with distance as=¥°. For molecules possessing a perma-
nent dipole moment there are additional interactions that ontribute to the
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van der Waals interaction. In Eq. 4.1, the interaction decay as Xz which

results from an integration over the atoms in the two interattng media un-

der the assumption that the atoms in the two media interact pawise and

independently. The value of the Hamaker constant depends thonly on the

polarizability of the interacting materials, glass and polstyrene, but also on
the medium over which the interaction occurs. Retarded vanet Waals forces
between two atoms occur when the time scale of the dipole ugations is
similar to the time it takes for the electric eld to propagate between the two
atoms. This e ect lowers the strength of the interaction butis not included

in the DLVO-theory. When retardation is included the Hamake constant is

no longer constant but decays with the separation of the two edlia.

Figure 4.1 shows the di erent DLVO potentials for a spherichcolloid of
diameter 1 m interacting with a at surface when the concentration of 11
electrolyte is varied from 0.1 mM to 5 mM. This gure shows diectly the
competition between attractive van der Waals forces and thelectrostatic
repulsion described in the DLVO-theory. At short distancesthe van der
Waals attraction will always be stronger than the double lagr repulsion.
Also, the van der Waals force extend further out from the suaice which
gives rise to a secondary minimum in the potential energy. Ithe gure,
this minimum can be seen in the potential curves representnelectrolyte
concentration 0.5 mM and 1.0 mM. At the lowest electrolyte aacentration
the secondary minimum is to weak to be observable on the scalékgT.
When the Debye length is long, at low salt concentration, thetate where
the bead is detached from the surface and the bound state amparated by
an energy barrier of severakg T. When prepared in a state where the bead
initially is detached from the surface, the system will be kietically stable
over a long time span. For the experiments with polystyrenedads discussed
later, a concentration of NaCl of 0.5 mM constituted the limiing case where
the beads could be brought over the energy barrier using thetocal tweezers.
At even higher concentrations, the beads adhered to the sade during the
measurements. Such situations are analyzed in Chapter 5.

4.3 Measurement strategy

When a bead is trapped by the optical tweezers its distributin of positions is
described by Eq. 2.3. Under the in uence of an external for¢be distribution
of the positions changes. In most cases, the position of thedudl uctuates
thermally around a new equilibrium position,z,, where the external force is
balanced by the restoring force of the optical trap and no re#fing force is
acting on the bead. Thereforey, can be identi ed as the location of the peak
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Figure 4.2: Histogram of bead positions relative to the trapenter. The blue
circles show a histogram of bead positions with the opticatdp in a location
where no external force is present. The green histogram iscoeded at a
location where a surface force is interacting with the beadnd in uencing
the distribution of positions visited by the thermal motion In this case,
an external force of 0.13 pN shifts the equilibrium positianz,, 87 nm away
from the trap center. For both situations the location of theoptical trap is
visualized by the solid black line, indicating a Gaussian siribution. The
dashed black line indicates the position af, found by a Gaussian t to the
positions close to the peak.

of the histogram of positions visited while under in uence othe external
force. By comparing the location ofz, with the equilibrium of the trap, zo,
the external force can be evaluated using the relation

Fext(Zo) = wap(zo  20) (4.5)

where ap denote the trap stiness. By monitoring the change in equib-

rium position of the trapped bead at various distances fromhie surface, the
force distance relationship can be mapped out. The princglof Eq. 4.5 is
illustrated in Figure 4.2. Here, histograms of positions o& trapped bead
in two di erent situations is shown. Along with the two histograms, the
Gaussian position distribution of the optical trap in the alsence of exter-
nal in uence is indicated by the solid black line. In the rst measurement,
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Figure 4.3: Series of histograms from a typical measuremenWhen the
trapped bead is far from the surface, at positions further aay than 250 nm,
the histograms resemble the result of Fig. 2.3 and have alhslar width. The
in uence of the surface is seen by the crowding of the histagmns in the left
hand side of the plot at distance around 100 nm.

indicated by circles (blue), the histogram is coinciding i the solid black
line. Since the equilibrium position,z,, and the position of the trap, z,, are
the sameFq = 0. In the second measurement, shown by squares (green),
the external force acting on the bead is revealed through théeviation of
the positions of the bead from the unperturbed state. The pdsn of the
new equilibrium, z,, is indicated by the dashed line and is determined by
a Gaussian t to the data points close to the peak. The presercof the
external interaction force has several consequences. Panify, the peak of
the measured distribution of positions is shifted 87 nm relae to the trap
center atz = 0. Using Eq. 4.5 the strength of the surface interaction isound
to be around 0.13 pN at the location of the peak. Secondly, theidth of
the histogram is decreased. This is due to the second orderidative of the
interaction energy which increases the ective trap stiness, . , dened as

e (Z) = trap + O?Z): (4-6)
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Here . (z) is the e ective trap sti ness in the point z and °z) denote the
second order derivative of the interaction potential . Higher order deriva-
tives in  (z) gives rise to the deviations from the Gaussian distributio of
positions.

In Fig. 4.3, a series of sequentially recorded histogram®in a particular
measurement is shown. Here, the distance from the trap to treirface was
decreased in 30 nm steps between the recording of each histog Hence
the measurement proceeds from right to left in the gure andhe histogram
furthest to the left was recorded last. Contrary to Fig. 4.2this gure shows
the coordinates of the bead relative to the surface and thedp positions
move towards the surface during the experiment. In the rst Istograms of
Fig. 4.3, with peaks located more than 250 nm away from the surface, the
distributions follow the trap position as in the rst example indicated by the
blue circles in Fig. 4.2. The repulsive interaction from thesurface is most
clearly observed in the distributions with center az 100 nm. Between the
recording of these histograms, the trap position continugs decrease but the
positions of the bead are now forced away fromy by the surface interaction.
In the last recording z; is located atz 0. When the surface is close to the
bead, an increase in the e ective trap sti ness is observea iFig. 4.3 by the
narrowing of the distributions and by the their increased hight.

For the measurements presented below, more than 30 histogr& similar
to those of Fig. 4.3 are collected, the distance between theap positions
between each histogram being on the order of 20-30 nm. Whenasering
the surface force using Eq. 4.5 the shift of the histogram pleaelative to
Zy is utilized to nd the surface force acting inz, and the resulting force-
distance curve has similar resolution as the distance betarethe histograms.
However as illustrated by Equation 4.6 and in Fig. 4.2 more formation
concerning the interaction potential is available in the tograms and this
may be used to increase the spatial resolution and the semgily of the
interaction measurement. One way to utilize the informatio content of the
observed distribution of positions is to nd the potential energy, , for the
positions covered in each histogram using Boltzmann statiiss:

@= kThE@) 5wl 2%+ o @7)

the index i refers to the histogram number, ang;(z) is the probability den-
sity found in the particular histogram. In Eq. 4.7, the potetial energy of
the optical trap has been subtracted to obtain the contribubn from the ex-
ternal potential only. Since the energy obtained in this wayelates only to
the speci ¢ histogram, the value of the arbitrary constant o must be set so
that ;(z) is consistent with the potential energy obtained from otheover-
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Figure 4.4: Coordinates employed. The coordinates obtaithédrom the pho-
todiode are given in a coordinate system that remain xed wit respect to
trapping position, z,. In order to convert the positions,z; and z; into coor-
dinates where the surface remain xed, the change in positioof the sample,
, must be subtracted.

lapping histograms. As seen in Fig. 4.2, each point on the zia is covered
by typically 5-10 di erent histograms. A systematic way of ttaining the
underlying interaction potential from such a series of ovlEpping histograms
is to use Maximum Likelihood statistics to nd the most probdle value of

(z) given of observations in each histogram. This procedureriginally de-
vised by Jesper Ferkingho -Borg[28] increased the resolah one order of
magnitude and is described in Reference [2] in the appendix.

4.4 Details, corrections and complications

The samples were prepared by making a perfusion cell consigt of two
ethanol cleaned microscope coverslips joined by vacuum gge. A solution
of the desired concentration of NaCl was prepared to which ansll amount
of 1.07 m polystyrene beads was added. Before use, the beads wereheds
in milliporre water and ultra sonicated to break agglomerats. When probing
the interaction with a trapped bead, it was found that the nunber of beads
in the solution should be very low to avoid interference of ralomly di using
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beads in the sample with the forward scattered light of the apped bead
used for position detection.

For the measurements discussed below, time series of 327&8goints
were recorded at 4000 Hz sample rate with the photodiode. Be¢ sampling
the voltage signal was anti-alias ltered at 2000 Hz using arst order lter.
Since the DC-component of the time series contains informah on the con-
stant force acting on the bead when it is near a surface, no higass ltering
was applied. The use of the low pass lter distorts the frequeey spectrum
of the recording down to frequencyf = 0:6fy, [10] wherefy, denote the
Nyquist frequency equal to half the sampling frequency. Csequently, only
frequencies up to 1000 Hz, half the Nyquist frequency, wheused for cal-
ibration of the optical trap. Between the recording of eachime series the
micro coverslip, which constitute the interacting glass stace, was moved
30 nm closer to the optical trap using the piezo stage.

When mapping out the force-distance relationship from theacorded time
series several issues must be solved. As shown in Chaptert® amount of
forward scattered light measured by the photodiode deteatas proportional
to the position of the bead relative to the trap center withina few hundred
nanometers. By calibrating the trap using power spectral aysis[10], the
value of the trap stiness, 4, iS Obtained as well as the conversion factor
relating the samples, which are in arbitrary (voltage-) uris, to coordinates
of the bead. In order to ensure the conversion factor and thealp sti ness
to be accurate in the region where the interaction occurs, ¢hcalibration is
performed as close as possible to the glass surface but faowegh so that
the interaction can be ignored, typically 400-500 nm. At ths distance the
proximity of the surface reduces the rate of diusion perpeticular to the
surface to about 40% of the value far form the surface.

As the surface distance is decreased step by step, the copnate system
referred to by the photodiode change relative to the surfacén order to relate
the positions obtained with the photodiode to a coordinateystem where the
surface remain xed, the movements of the surface must be dudicted as
illustrated in Fig. 4.4.

4.4.1 Photodiode signal corrections

The assumption that the photodiode signal always gives theogition of the
bead relative to the trap center is not valid without some caections. Fig-
ure 4.5 shows the mean of the forward scattered light intergi(measured in
Volts) of a trapped bead as function of the position of the traping point, z,
relative to the glass substrate. In this gure a strong incrase in the signal
occurring for zg < 0, indicates that the bead is pushed upwards relative to
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Figure 4.5: The raw photodiode signal as a function of the d&nce from the
trap position, zy, to the glass surface. A strong linear trend is observed in
the photodiode signal whergy < 700 nm. For trap positions below 700 nm a
weak opposite linear relationship can be identi ed by a liner t through the
data points in the region from 400-700 nm. This t, indicatedby the dashed
line, reveals a linear trend in the measured intensity cloge the surface that
must be taken into account when deriving the surface forcedim the data.
At negative zy, the optical trap is located below the surface, while the bela
is being pushed out of the trapping point by the repulsive stace force.

the optical trap due to the surface interaction when the traps located below
the surface. At distances more than 400 nm from the surfacedhnteraction
potential is very weak and the mean position of the bead renre constant
with respect to the optical trap. But as indicated by the dasked line, the
photodiode output does not remain constant in the regime ofdpping po-
sitions from 400-700 nm due to optical artifacts in the detéion system. In
the present gure, the slope changes sign a 700 nm where a strong in-
crease in the voltage signal appears. This is probably due tioe trap being
deteriorated by spherical aberrations at these distanceomm the surface[29].
However, at distances more than 700 nm from the surface noeehnt surface
interaction occurs and data points in this regime are not ifaded in the anal-
ysis. If not corrected for, the variation in light intensity in the region close to

42



Force (pN)

0 500 1000 1500

015 | B 1
z
2 o1f ]
8
S 005+ 1
LL
O, 4
-0.05 ‘ ‘
0 500 1000 1500

Surface distance (nm)

Figure 4.6: Measurements of the force acting on the trappeead as function
of distance to the surface. In A 5, was set to 17 degiNAcong = 0:44, in order
to increase the linear range of detection, see Chapter 3. Bhineasurement,
however, is corrupted by a periodic modulation of the meased force caused
by multiple re ections of the laser beam. In B, ¢ap, NAcong = 0:87, was set
to about 35 deg which maximized the sensitivity of the posibn detection,
while decreasing the linear detection range. Here the modtibn artifact is
low.

the coverslip, below 700 nm, would be interpreted as a constly increasing
force acting on the bead when it is moving towards the glassréace. In our
measurements, it is assumed that a linear t through the datgoints in the
range of surface distances 400-700 nm can be used to estinthi® correction
for all data points including those close enough that surfacinteractions be-
come important. In the measurement of the surface interac at the lowest
electrolyte concentration, at [NaCl]' 0, the interaction potential still has
signi cant e ects 400 nm from the surface. Consequently, t number of data
points used in the linear t estimate was reduced. The corréion procedure
ensures { and constrains { the measured forces and potentehergy to be 0
on average in the regime of surface distances above 400 nm.
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4.4.2 E ects of condenser aperture

As shown in Chapter 3 the aperture of the microscope condens®gve pro-
found e ects on the quality of the position detection. As a dection of the
capture angle, ¢p as de ned in Section 3.2.2, may be used as a parameter to
control the sensitivity and the linear range of the positiordetection method,
lowering the numerical aperture of the condenser could irezise the range of
linear detection in the present experiments. This would imease the range of
interaction energy that can be measured. However, in the dace interaction
measurements where the surface was approaching the trappeelad grad-
ually it was found that periodic artifacts in the intensity signal perturbed
measurements at low ¢5p. In Figure 4.6 A, the force measured on a bead
appears to oscillate as a function of the distance to the glasurface. This
phenomenon is caused by multiple re ections of the trappin¢pser by the
bead and the nearby surface and are similar to those describby Lang et
al[17]. It was found that only when ¢ = max 35 deg, the modulation
artifacts were su ciently suppressed to achieve the desicesensitivity as seen
in Figure 4.6 B. As de ned in Section 3.2.2, 1ax IS the capture angle at which
the axial position signal is strongest.

4.4.3 Focus-shift

It has been well known in optical microscopy that sphericallzerrations stem-
ming from the refractive index mismatch at the glass-watemterface in the
sample cause the position of the focal plane to be shifted bysabstantial
fraction relative to the apparent focal plane (sometimes dad the nominal
focal plane). Figure 4.7, the right hand side of which is dovmaded from
the web site of Olympus Microscopy illustrates this: As illustrated in the
left panel , the change in refractive index cause the light ya to bend when
passing the interface from glass to water. In this schematdrawing only one
half of the optical system is shown. The other half results dm mirroring
around the optical axis. The position of the actual focus isependent on
the angle, , that the light rays form with the optical axis and the depth o
the apparent focus in the sample,z. One may show that the distancezgs,
from the apparent focus to the actual focus is related by a cetant factor,
FS, such thatzes = FS z. The factor of proportionality, FS, is a function
of the incident angle . Since the angles and °are related by Snell's law

sin( ) _ Nuater .

sin( )  Nglass
With Nyaer = 1:33 andngass = 1:51 being the refractive indices of the water
and the glass phase respectively, it follows from Fig. 4.8dahFS! 1 when

(4.8)
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Figure 4.7: Spherical aberrations caused by the mismatch the refractive

index at glass-water interface. Left: The distance from thapparent focus
to the actual focus is proportional to the depth of the appanmat focus, z.

The proportionality factor FS is dependent on the angle . The relationship
between the angles and °follows by Snell's law. Right: Adapted from
Olympus Microscopy Resource center[30].(The objective ptaced above the
sample).

approaches the critical angle of total internal re ection 461 deg. For ! 0,
one may show thatFS ! 1 nNyaer=Ngass ' 0:13. The consequences of the
positions of a trapped bead seems obvious since the locatinthe optical
trap follows the position of the actual focus. Due to the andar dependence
of FS the magnitude of the correction factor is an integral over té laser
intensity at di erent angles, . Since the contribution of each light ray to the
axial trapping e ect of the optical tweezers also depend on the calculation
of the average focus shift factorES, relating to the positions of the trapped
bead is nontrivial. Recent numerical calculations have detmined FS to
be around 0.3[31, 32] and this phenomenon is expected to hangortant
implications for the surface interaction experiment. Wherthe interacting
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Figure 4.8: Experimental determination ofFS. Panel A shows the force on
the bead in a situation where the bead gets stuck on the suriacluring the

measurement. The jump onto the surface is indicated by the dhed line.

The part of the measurements after the jump is used in Panel Btestimate

the value of FS. Here, the movement of the stuck bead, peaq, is compared
with the corresponding movement of the glass surface, . Fnm the slope

the value of FS is determined to be 0.05 using Eq. 4.9.

glass surface is moved by a distance towards the trap, the coesponding
change in distance from the trapped bead to the surface,peaqd, IS

bead = (1 FS) ; (4.9)

which must be taken into account when determining interactin potentials.
Since the experiments here require a good estimate B, a simple exper-
iment was conducted to establish its value by measuring theawements of
a stuck bead by the photodiode detector. Figure 4.8 A shows dhforce-
distance relation between a 1.07m polystyrene colloid and the glass surface
measured in water containing 1 mM NaCl. At this salt concensation, the
double layer repulsion is e ectively screened and the attchive part of Eq. 4.1
dominates the interaction. Consequently the bead adhereasaversibly to the
glass surface during the measurement, in the gure the jums iindicated by
the dashed line. During the recording of the last data pointshe bead is
not moving relative to the surface and a force versus distamaelationship
is not detectable. Ideally, the last seven data points, wherthe bead is in
contact with the surface should collapse into the same suda distance, at
approximately 0 nm. However, in Fig 4.8 A a slight deviationrbm the ideal
scenario is observed. In panel B this mismatch is investigat further. Here,
the movement of the glass surface, , which is controlled byle piezo stage,
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is compared with the movement of the attached bead as detedtevith the
photodiode. When the coverslip is moved by the amount , the @parent
focal plane moves the same amount with respect to the covapsl On the
contrary, the photodiode detector measures the motion reige to the posi-
tion of the trap with follows the actual focus point of the trgo and is related
to according to Eq. 4.9. From the linear t the slope, 1 FS, is 0.95
from which FS ' 0:05 is found. This value, however, is similar to the size
of the uncertainty that arise from, for example, the variaton in bead size
and drift of the glass surface in the course of the measuremeiithe optical
trap was calibrated at 450 nm from the surface, similar to théater exper-
iments, and the conversion factor from this calibration, wich typically has
2-3% uncertainty, is used to obtain ,eaq. Similar experiments all gave val-
ues of FS around zero. This leads to the surprising conclusion that wiin
the accuracy of the measurements, no correction for the spioal aberrations
should be used and in the followind=S is set equal to zero. It seems that
these ndings are in contradiction with the previous work onthe subject
from References [31, 29, 32]. However, quantitative invegtions of spheri-
cal aberrations have only recently been undertaken from arptical tweezers
point of view. Furthermore, the above work relate to the casahere the
absolute distance to the coverslip is substantially more #n in the measure-
ments of Figure 4.8. In the surface interaction experimentshe bead is held
close to the coverslip, at a distance of 20 % or less of the wavelength of the
trapping laser.

It should be mentioned, however, that in surface measurentsiwith silica
beads results were found that indicated a focus shift factaf approximately
0:20-G25. This observation was, on the other hand, not the result af direct
measurement as in the experiment described above, but onlpiin indirect
observations of force versus distance relations. It may bpexulated whether
the di erent optical properties and the substantial mass derence of the
silica beads compared to their polystyrene counterparts mdacilitate this
di erence. These di erences cause the equilibrium point dhe trapped bead
to be shifted towards the surface and therefore the locatioof the optical
trap when the beads are near the surface is di erent in the twexperiments.
However, the issue of how to treat spherical aberrations netoe interface is
still unsettled, and may be the subject of future work.

4.4.4 Determination of absolute distance to coverslip

According to the theory by Howard Brenner[11], the viscousrédg coe cient,
, of a sphere of radiug moving perpendicularly to a nearby xed surface
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Figure 4.9: Measurement of local di usion constants. The &d line is a t
of Equation 4.10 with the absolute surface distance from theead center,h,
and D; as free parameters. The scale on theaxis is then set so that the
surface distance is zero wheh equals the radius of the bead.

is found as
=6 T (4.10)

where denote the viscosity of the uid, and is a correction term that
arises due to the proximity of the surface. Denoting the diahce from the
center of the sphere to the surface blj, the correction term is given as

n(n+1)
2n 1)(@2n+3)

4 R
= —sinh (h
3sln (h)

n=1

(4.11)

where the surface distanch enters through the parameter (h) = cosh 1(?).
Far from the surface, ! 1 and Equation 4.10 reduces to Stokes law.

Figure 4.9 shows the local di usion constant as obtained dinmg a par-
ticular measurement. The data points have been obtained ugj the formula
D = kg T= where the friction coe cient is obtained as

(20) = 5% - (4.12)
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In this equation, the value (z,) denote the local friction coe cient mea-
sured inz, . Is the eective trap stiness de ned in Eq. 4.6, f. is the
corner frequency obtained from a Lorentzian t of the power gectrum of
the recorded time series, similar to that of Fig 2.4. The vakiof o is
obtained by comparing the width of the histogram around the pak with
the width of the histogram far from the surface. The value of (z,) from
Equation 4.12 equals the average viscous friction coe ciérn the region of
positions visited during the recording of the particular tme series. As higher
order derivatives of (z) skew the Gaussian distribution of positions the as-
sumption of a harmonic potential used to obtain (z,) from Eq. 4.12 is no
longer valid. However even close to the surface, the value ofs still found
to be in agreement with Eq. 4.11, presumably because only aairfraction
of the samples, at the tails of the histogram, experience th@on-harmonic
nature of the potential. In Figure 4.9, the value is normalied with respect
to the limit where the distance to the surface is large compad to the size
of the bead,D; = 4:28 10 13 m?/s, for a bead of 1 m diameter. Since
D=D,; = ;= =1=, the absolute distance to the coverslip can be deter-
mined by curve tting of Equation 4.11 to the data. Generally the data
points t well within the rst 500 nm from the surface. Further away the
data are not consistent due to changes in the conversion factfor the photo-
diode signal and the degradation of the trap. From measuremis where the
bead would get stuck to the surface during the measurements & Fig. 4.8,
this method of determining the absolute distance to the covglip was found
to be accurate within 50 nm. This method has also been used immdar
experiments surface interaction measurements using TIRDLA].

4.5 Results

Figure 4.10 pictures the force-distance relationship ohiteed for a 1.07 m
diameter polystyrene bead in water containing di erent copentrations of
NaCl. The measurements representing electrolyte conceations 0, 0.1, and
0.2 mM NaCl have been tted to an exponential functionFqoexp( z), rep-
resenting the rstterm in Eq. 4.2 and the resulting values of ! are shown in
Table 4.1. The value ofF, obtained from the ts is not used to estimate the
value the electrostatic potentials, . In our measurements any small error in
the estimate of the absolute surface distance gives rise tdaage error inFo.
The dashed black line is a t of Eq. 4.2 to the data recorded at.6 mM NacCl,
where the van der Waals force on the bead begins to play a rolerom this
t a value of the Hamaker constant is found to be @ 10 ?° J and the Debye
length is found to be around 15 nm. In this t, however, the reslution is too
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Figure 4.10: Force versus distance relation of 1.07m polystyrene colloid
and a glass surface in water containing the various conceations of NaCl
stated in the legend. The solid lines are exponential ts, &l to nd the
Debye length of the interaction and the dashed line a t usindeq. 4.2. From
this t it is clear that the resolution in the measurement is too low to accu-
rately determine . The values for ! obtained from the measurements are
collected in Table 4.1.

low to estimate ! reliably since only the rst few data points contribute to
the value of the Debye length.

Comparing Fig. 4.10 with Fig. 4.11 the gain of using the poteial energy
instead of the force is apparent. Here the histograms have dye converted
into potential energy-pro les, which have a spatial resoliion of only 5 nm.
In the graph 4 out of every 5 data points are left out for claryg. Again,
since at low salt concentrations the double layer interaain overwhelms the
van der Waals interactions, the 3 curves from measurements @ 0.1, and
0.2 mM NacCl are tted by the rst term in Eq. 4.1 only. The Debye lengths
hereby obtained are compiled in Table 4.1. Only at concentians of the
electrolyte around 0.5 mM the double layer interaction is odu ciently short
range for the van der Waals forces to be detectable. In thissathe potential
energy is tted with Eq. 4.1 yielding both the Debye length, ' 12 nm,
and the Hamaker constantA ' 0:84 10 2° J, for the van der Waals part of
the interaction.
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Figure 4.11: Potential energy landscapes from surface irtetion experi-
ments. From the same measurements as in Fig. 4.10, but dengithe inter-
action energy using the Maximum Likelihood method descriloein Ref. [2]
in the Appendix. The salt concentration for each measuremers stated in
the legend, solid lines indicate exponential ts and the dd®d line is a t of
Eqg. 4.1. The measured data is shown in Table 4.1. For claritgnly every
fth data point is plotted in the curves.

4.6 Discussion

The quantitative outcome of the measurements, as compiled iTable 4.1
shows reasonable agreement with the theoretical value ofettibebye length
obtained using Eq. 4.4. The only exception is the measurenten which no
electrolyte was added, where the theoretical prediction t¢iie Debye length is
960 nm, which is due to small amounts of Hand OH ions in the pure water.
With this method measurements of ! consistently gave values around 50-
60 nm due to a small amount of impurities in the solution. FromEq. 4.3
it is seen that electrolyte concentrations of 1 M or even less will give
similar values of the Debye length. Apart from this particudr measurement,
the Debye lengths obtained for non-zero salt concentratisrreproduce the
theoretical values within few nanometers.

The van der Waals part of the DLVO-theory is only detectablen the
measurement at 0.5 mM NaCl. Here, a Hamaker constant of 0.89A0 2° J
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| [NaCl] |0:0mM 0.1mM 0.2mM 0.5 mM]

Force:
1 (nm) 52 42 19 (15)
A (10 %)) | | | 0.90
Energy:
L (nm) 55 43 26 12
A (10 %)) | | | 0.84
Theory:
L (nm) 960 30.4 21.5 13.6

Table 4.1: Values of the Debye length, ' and Hamaker constants. The
rst section shows the value from the curve ts of the force-tstance plots
in Fig. 4.10, the value of the Debye length is obtained with vg few data
points and is therefore uncertain. Below, the result from th potential energy
plots of Fig. 4.11 is shown. A t of the full DLVO potential is used to obtain
the Debye length and the Hamaker constant from the potentialecorded at
0.5 mM NaCl. The theoretical values are computed using Eq.4.

is obtained which may be compared with the two polystyrene naéa interact-
ing across water where the Hamaker constant is 0.95-1.8 2° J[27]. Strictly
speaking, the DLVO-theory does not reproduce the entire iataction poten-
tial. In Fig. 4.11 the interaction falls o too fast comparedwith the theory.
There may be several reasons for this behavior: The nite €2 the beads
will make the interaction fall of faster than described by Eq4.1 which is
only valid when z R. In the present case the deviations are apparent
whenz > 200 nm is comparable to the 500 nm radius of the bead. Also the
DLVO theory is based on a simplied model of the van der Waalsnterac-
tions. In the more elaborate Lifshitz theory of van der Waalsnteractions
which include retardation e ects, the Hamaker constant is kowed to decrease
with distance. In Ref. [2], the Lifshitz theory is implemeneéd and compared
to these data. In this case it was found that the interaction bserved in
Fig. 4.11 is much stronger than expected from the Lifshitz #ory.

By comparing the gures 4.10 and 4.11, the advantage of trafming
the measurements into energy landscapes is clear. The sphtiesolution is
increased to about 5 nm, which means that in the curve ts mordata points
contribute to the measured values. In particular, the meagsament at 0.5 mM
bene ts from this. In Fig. 4.10, the double layer repulsions in this mea-
surement barely detectable, but the potential energy plotfd=ig. 4.11 clearly
shows that the information is available when the full width éthe histogram
is used. The interaction potentials appear smooth since dafocation along
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the z-axis is covered by several histograms as seen in Fig. 4.3wduer, the

potential energy estimate also has its limitations. Sincehe energy is based
on a series of histograms and it is required that the potenti®nergy found

from each of these is consistent with the previously obtaideenergies from
overlapping histograms, small errors will be integrated athe measurement
proceeds.

It was found that the measurements at 0.5 mM salt constitutethe great-
est challenge. Since in these measurements only very wedkiractions occur
close to the substrate and on a relatively short length scalthese measure-
ments are susceptible not only to small errors in the previsumeasurements,
as discussed above, but also small drift of the glass surfao®d variations in
the probes. At lower salt concentration when the interactio is dominated
by the repulsive electrical double layer and the length saals longer and the
interaction force is stronger, the measurements where na\&rely in uenced
by these sources of error.

In the method for surface interaction measurements presea here, the
laser beam is used not only as a sensitive force transducet also for position
detection of the probe. The discussion above in Sections £4and 4.4.3
illustrates some of the diculties encountered. At the pregnt stage the
most important drawback of the method is the lack of a direct loservation
of the surface distance. This has implications for the caliition procedure.
When the optical trap is calibrated near the surface as in tki case, the
proximity of the surface must be taken into account in orderd obtain the
trap stiness and conversion factor correctly. In the presat methodology,
the surface distance is found as in Fig. 4.9, but with the casé that the
di usion constants measured in fact depend on the conversiofactor and
trap sti ness. This problem of self-consistency, howevedoes not constitute
a practical problem in the measurements, as the absolute $ace distance
can be guessed from interaction measured within approximedy 100 nm. In
this range the parameters obtained from the calibration vaes 10-20%, which
is enough for the procedure to be stable.

In addition to these experiments, a parallel experimental rpject was
carried by Poul Martin Hansen, in which the identical measwements where
carried out with the optical tweezers but using an indepena video based
detection scheme. In this method, which is described in Reéaces [2] and
[33], the surface distance of the trapped bead is determindy measuring
the position of a reference object stuck on the surface. Ugirthis method,
the ndings described here were reproduced, both in terms Bfebye lengths,
Hamaker constants and the observed deviation from the DLVOheory. In
these experiments it was found that again, no correction fahe constant
shift in the focal plane, discussed in Section 4.4.3, was Bssary.
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4.7 Conclusion

A frame work for measuring surface interactions with the optal tweezers
was presented.

A series of measurements is presented in which the interamti of a
1.07 m polystyrene micro sphere with a the glass surface is measdr
and results were compared with the DLVO-theory. At low conadra-
tion of electrolyte, the results showed good agreement withe theory.
Only at the highest salt concentration investigated, 0.5 mMof NacCl,
could the van der Waals attraction be investigated. The Hamar con-
stant obtained in this experiment,A' 0:86 10 2° J, is in reasonable
agreement with literature, but the qualitative shape of theinteraction
potential is not reproduced by the DLVO-theory.

It was found that systematic errors occurred when the numeral aper-
ture of the condenser was not equal to 0.87, where the senstti of the
position detection was found to peak. When the condenser apee
was reduced from this value, the position signal from the phtadiode
showed a weak oscillatory dependence of the distance to th&face.
The modulation was of wavelength 400 500 nm, similar to half the
wavelength of the trapping laser. This phenomenon was injareted as
interference of multiple re ections by the surface and the éad of the
scattered light.

Experiments undertaken to establish the correction for sgrical aber-
rations induced by the glass-water interface gave the uneagted result
that no corrections should be applied. The correction factalescribed
by other authors, FS ' 0:2-0.3 gave non physical Debye lengths and
surface positions. This deviation may be due to the distandeom the
trapped bead to the interface which is less than the waveletigof the
laser.
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Chapter 5

Thermal noise approach to
jump-in measurements

5.1 Introduction

In chapter 4, the interaction potential between a colloidaprobe and a glass
surface was investigated. Here it was found that the interions could only

be measured at low salt concentrations where the van der Waadttraction

is counteracted by electrostatic repulsion. In cases whetige concentration

of electrolyte was around 1 mM or more, the bead would escap®etenergy
minimum of the optical trap and adhere to the surface. And tts transition

would usually occur at a distance too far from the surface fadhe measure-
ment to yield information regarding the interaction potental.

The limitation of the method used in Chapter 4 and other relatd tech-
niques such as TIRM[25], is that measurement of the interaon force only
is possible when the probe is in thermal equilibrium. Or at kst it must be
trapped in a kinetically stable energy minimum during the egeriment. This
is the case when the interaction force is repulsive as was ttese in Chapter 4.
On the other hand, if the interaction potential contains regons of attraction
where the gradient of the force is larger than the trap sti nss, the probe
jumps abruptly to a new position close to the surface. This osideration
turns out to be relevant for other experiments too. Techniges such as Atomic
Force Microscopy(AFM)[34] and the Surface Force Apparat(SFA)[35] em-
ploy a spring mounted force probe which may become unstable strongly
attracting interaction potentials. Consequently, the foce-distance relation-
ship cannot be measured in the strongly attracting regionsybthese meth-
ods. However, there are many interesting phenomena invatg electrostatic,
hydrophobic, and van der Waals interactions which are all kswn to become
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very strong at small separations. This also includes the spe interactions
found in biological systems which are often comprised of ambination of
these interactions.

When examining such strongly attracting interaction potetials, it is
found that the measurement system becomes unstable when tr®bes reach
a critical separation. Here, the restoring force of the meaement apparatus
is insu cient to keep the probes apart and the probes jump inb contact.
Examples of such situations are commonly encountered théeliature: Dur-
ing measurement the interaction between a bacterium and a s@in covered
substrate with optical tweezers, it was found that when the idtance between
the trapped bacterium and the substrate was less than 100 niie attractive
force would exceed the force generated by the optical trag]3 As a result
the bacterium would jump irreversibly onto the surface. Sinbar situations
frequently arise in experiments with SFA[37, 38, 39, 40] andFM[41, 42].

Such events, termedump-in or jump-to-contact, are usually analyzed us-
ing stability analysis[43, 44, 45]. In this picture, the prbe is initially located
in the local energy minimum such as the potential of the optad trap. When
the distance to the surface in decreased, this minimum becemunstable and
disappears at the critical separation. Before the instabiy, the presence of a
high energy state between the local minimum and the groundage prevents
the jump-event to occur. In this chapter, a more comprehensg analysis
is presented where the thermal energy of the system is takemta account.
As the probes approach each other, the energy barrier sepimg the local
minimum and the ground state is lowered. Correspondinglyhte probability
of reaching the ground state is increased. However, any m@itenergy barrier
can be crossed by thermal uctuations given a su cient amoun of time.
Therefore it turns out that the probability of measuring a gven jump-length
is history dependent. In particular, it depends on the timesale on which
the experiment is conducted. In the present framework, theump to con-
tact event is described as a stochastic process. This imglighat in order
to interpret the experiment correctly, one needs to considehe probability
distribution of the jumps in order to capture the physics inelved.

5.2 Theory

The particular system discussed in this Chapter is that of apherical colloid
interacting with a at surface. As in Chapter 4, is the interaction measured
with optical tweezers. The concepts developed, howevergageneral and may
be applicable to measurements with AFM, SFA, and other systes as well.
In this case, the trap sti ness must be substituted with e.g.the compliance
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Figure 5.1: Energy landscape relevant for the escape from aptical trap of
trap stiness = 0:01 pN/nm. The interaction potential is given by Eq. 5.14
with C = 1000 pNnn?. Due to the attraction from the surface, the position
of the local energy minimum,z,, is slightly displaced from the equilibrium
position within the optical trap, z,. The transition state is denotedzs and
is located at the peak of the energy barrier.

of the AFM-cantilever. Moreover, in the present analysis t& inertia of the
probe is neglected. This is an excellent approximation whetealing with
optical tweezers, but inertia may again be relevant when appng the results
to other experimental settings such as AFM[46, 47].

In the following we will apply a coordinate system in which te probe is
moved along thez-axis, having the surface xed atz = 0. Figure 5.1 shows
the energy landscape experienced by a micrometer bead in gstical trap
close to an attracting surface. The solid line shows the comled potential of
the surface interaction and the optical trap,V(z), de ned below in Eq. 5.14.
The underlying interaction potential between the bead andrte surfaceU(z),

Is indicated by the dashed line. Presently we need only asserd that the
energy inz = 0 is much lower than any other energy in the system. However,
a more precise description olJ is given in Section 5.4. In Fig 5.1, the
potential generated by the optical trap is shown by the dotté line. The
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trapping potential
W(2)= 5(z 20)%; (5.1)

is assumed to be harmonic and is described by the two paramete and z,.
Here, the trap stiness, , and the equilibrium position, z,, are determined
by calibration. In Fig. 5.1, the probe may be trapped in the loal energy
minimum, z,, around 100 nm from the surface. In this case, it must pass an
energy barrier, V, of around 4kg T in order to reach the ground state at
z = 0. Here, kg ' 1:3810 %2 J/K is the Boltzmann constant and T is the
temperature. The position of the energy barrier, the transion state zs, is
around 40 nm from the surface.

In the theory by Kramers[48], the rate of the thermally actiated escape
out of the local minimum can be expressed as

P

kakts V
r= ex — 5.2
2 P ket (5:2)
Here, k, denote %jza and ki = %jzts. These parameters describe the

width of the local energy minimum and the width of the energy &rrier
at the transition state.  denotes the frictional damping on the bead. It
must be found using Stokes law with the corrections due to theroximity
of the surface presented in Section 4.4.4. The termV in the exponential
denotes the energy di erence between the local minimum andh¢ peak of
the activation barrier, thus V = V(zs) V(zz). The prefactor in qu. 5.2
has units of s* and in the following the frequencyf is de ned as —k2s.
This parameter describes the number of attempts made by thergbe to
pass the barrier per unit time and is referred to as the attentpgfrequency.
Equation 5.2 is derived under the assumption of quasi-statarity. This
means that, in this equation, the escape rate,, must be low in order to be
described accurately.

In the experiment, the distance from the trap position to thesurface is
continuously decreased with a prescribed velocity. As function of time
Zo(t) = vt and thereforeV (z) will change in time also. In the most general
case, the parameter§ and V that govern the escape rate are ultimately
functions of the trap position and will vary accordingly in ime.

Consider an experiment in which the optical trap is approadhg the sur-
face with velocity v. Then the probability, P, of not having escaped the local
minimum by time t, is found by solving the equation

dP _
5= rOPO: (5.3)
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Figure 5.2: Numerical integration of Eq. 5.4 at di erent vebcity. Each curve
depicts the probability density of measuring a transition ¢ the attracting
surface when the optical trap is at positionzg. The two curves represent
dP=dz from from a energy landscape similar to that of Fig. 5.1 and e ned
in Eq. 5.14. The approach velocity is stated in the legend.

Using zo(t) = vt, EQ. 5.3 can be rewritten in terms of the trap positiorzy:

dP 1
— = P(20): 5.4
dz =V T(2)P(@) (5.4)
Here, P (zo) is the probability of not having escaped the local minimum wen
the optical trap has reached positiorgg. In the analysis, the jump length
is de ned as the distance fromg, to the surface. The distribution of jump
lengths that may be obtained from an experiment is equal tgzp—o. The most
general solution to Eq. 5.4 is
Z,
P(z) =exp v 1! r(z)dz ; (5.5)
+1

which may be substituted back into Eq. 5.4 to obtaingTPO.

As noted above, the parameters needed in Eq. 5.2 to describeall vary
during the approach. Thus an analytical solution to Eqg. 5.49 generally
not possible. Instead, a numerical integration of the equimn is shown in
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Figure 5.2. The two di erent curves show with the same potential,V (z),
but with di erent approach velocity. The potentlal used in the calculation
is de ned in Eq. 5.14 below. For the dashed line was 1 nm/s whereas it
was set to 10 nm/s when calculating the escape probability dicated by the
solid line. It is seen that the mean jump length di er substatally between
the two curves. Forv = 1 nm/s, the escapes occur wherzgy ' 130 nm
whereas the most likely jump length is around 117 nm whew = 10 nm/s.
Furthermore, the height and width of the distributions is dierent for each
case.

5.2.1 Approximate solutions

In Figure 5.2 it is seen that the escape out of the trap occurs & relatively
narrow region inzo where the energy barrier, V, is low enough to permit the
escape on the relevant timescale. The parameters that daber the escape
rate in Eg. 5.2 vary in a complicated manner wherz, is varied from +1

to the position where the escape occurs. However, we may assuthat in
the region ofzy where the escape is likely to happen, the attempt frequency,
f, remains constant. The energy barrier, V, is dened asV(zs) V(z),
where againz, and zs are functions of the trap position. In the following
the barrier height is assumed to decay linearly as functionf ¢&rap position,
Zo, and parameters and zare introduced such that

V(z0) = ke T (20 2): (5.6)

It must be emphasized that and zare functions on the underlying poten-
tials, U and W, only. But in measurements conducted at di erent approach
velocity, the escapes occur at di erent typical surface diance of the trap.
Therefore di erent values of and zmay be obtained. The jump distribu-
tions in Fig. 5.2 illustrates this. Whenv = 1 nm/s it was found that the most
likely jump distance was around 130 nm. The value of that describe the
energy landscape at this value dofy is found from Eq. 5.14 to be 0.23 nmt.
In the other experiment ' 0:18 nm ! is found. This value is valid when
Z,' 117 nm where the jumps are most likely to occur whem= 10 nm/s.

Using the approximation of Eq. 5.6, the escape rate from Eqg.5reduces
to

r(zo)= fexp[ (20 32l (5.7)

Using Eg. 5.7 allows us to obtain an analytical expressionrf&g. 5.5. Now,
the probability, P, to survive in the local minimum becomes

P (z0) = exp[ Vf—e (20 ). (5.8)
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Having found the probability of not escaping the energy mimium of the
optical trap, the expression analogous to Eq. 5.4 becomes

H (z0) = :—ZPO = fvexp[ Vf—e 22 (zo P (5.9)
in which we have de nedH (z) as the distribution of jump lengths 37'30. The
distribution predicted by Eq. 5.9 was compared to the distbution obtained
by solving Eq. 5.4 numerically. Using the appropriate valugeof and z plots
of Eq. 5.9 were practically indistinguishable from the nunmeally obtained
results in Fig. 5.2.

The distribution described by Eg. 5.9 has a single peak at thalue ofz,
where the escape probability is maximized. By di erentiatng Eqg. 5.9 with
respect tozy the most probable escape positiorg, , can be found as

z =2+ lIn Vf—: (5.10)

By inserting this result for z into Eg. 5.6,

V(z)=kgTlIn Vf—; (5.11)
is found for the height of the energy barrier at .
Eqg. 5.9 may be reduced further by changing to the coordinates= z, z
and "= z . By substitution into Eq. 5.9 and using Eqg. 5.10,

H(zo) = exp[ e | (5.12)
in which all dependence on the parameters and v vanish. The value of
H at zo = z, or equivalently = 0, is seen to be just =e which may

constitute a simple method for obtaining experimentally. Equation 5.12
implies that from the shape of the jump distribution alone, © information
can be obtained about the attempt frequencyf. The fact that is the
only free parameter in Eq. 5.12 implies that it is the rate of dscent and not
the absolute height of the energy barrier that determines #h shape of the
distribution.

To gain intuition about the role of the parameters and z , we may
expand Eq. 5.12 around ' 0 to obtain

2 2
Hz)' —exp] —2 2V (5.13)
e 2

wherezy z have been re substituted for . This shows that to the lowest
order approximation the values of and z may be obtained by tting a
Gaussian probability distribution with normalization =e to the data. From
Eq. 5.13 it is seen that the reciprocal of approximate the width of the jump
distribution and z is approximately the mean.
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Figure 5.3: Distribution of jumps from simulation with N = 1000 and with
approach velocity of 0.1 nm/s. The potentials are de ned in . 5.14. The
thin blue line shows the accumulated histogram. The greemk indicate a t
of Eq. 5.12 giving parameters parameters = 0:26 nm * andz =139 nm.

5.3 Numerical Testing

In order to check the validity of the above calculations andd check the fea-
sibility of the approximations in Eqgn. 5.7, 5.12, and 5.13,he full Kramers
equation, Eg. 5.2, has been implemented numerically in Matb. The com-
bined potential was de ned as

— 1 2 C
V(2) = > (z  2) S (5.14)
with C = 1000 pNnn?, and trap stiness = 0:01 pN=nm. The surface
potential U = % models a van der Waals type of interaction between a
sphere and a at substrate. At high electrolyte concentrattn where the
electrostatic interactions are e ectively screenedJ is equal to Eq. 4.1. In
that case the constantC = 2% with A =1:2 10 % J being the Hamaker
constant andR the radius of the sphere.
The trap center, zy, is gradually moved with a prescribed velocityy,
towards the surface. From Eq. 5.14, the exact location of theansition state,
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Figure 5.4: Values of from simulation. From histograms similar to that of
Figure 5.3, but with di erent approach velocity, v. The value of is found
by tting Equation 5.12. The solid line is the result found bysolving Eq. 5.14
exactly. The lled squares indicate values of obtained from a simulation
with N = 1000, while circles are values from a simulation witiN = 100.

Zs, and equilibrium position, z,, and the height of the energy barrier, V,
is known for all values ofz,. In the course of the simulation, an ensemble of
N particles were initialized in the local minimum. The initid trap position,
Zo(0) = 200 nm was chosen su ciently far from the surface to haveranishing
rate of escape. In each short time steplt, the position of the trap position
relative to the substrate was updated by

Zo(t+ db) = zo(t) vt (5.15)

using a predetermined approach velocity. At this position the probability
p of a particle to stay in the local minimum in the time interval dt was found
using

p=1 r(z0)dt; (5.16)

wherer (z0) is the rate of escape from Eq. 5.2. The value pfwas found using
the exact value ofkis, ka, and V as function ofz,. The survival of each
particle in the local minimum was determined by choosing a ralom number
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Figure 5.5: Average value of from the slope ofz versus Inv. Here, a
straight line is tted to the simulation data having approach velocity in
the range 0.1-10 nm/s. The slope is found to be -4.7 nm whichvgs
0:21 nm 1. The positions ofz are found from simulations withN = 100.

between 0 and 1. If this random number was greater tham the particle was
counted as having escaped. Otherwise it was kept in the endden After

determining which members of the ensemble that escape froimg trap po-

sition, the process was iterated with the reduced ensembletih all members
had escaped. As de ned in Eq. 5.16, the survival probabilitys an approx-
imation valid only when dtr(z0) 1. When the resulting distributions of
jumps were used to obtain values of and z systematic deviations from the
numerically exact results were observed whe@r > 1. Any error from the

stochastic implementation was found to be vanishing whe%& < 0:.01.

Figure 5.3 shows a typical result of the simulation togethewith a t of
Eq. 5.12 indicated by squares. Here, the pictured distribign was obtained
by counting the number of particle members that escape at davalue of z,.
This distribution is well tted by Eq. 5.12 which justi es th e approximation
made in Eq. 5.6. Typically, the distributions are less well tted by the modi-
ed Gaussian of Eq. 5.13. However, in cases where the enseanbhs large, a
Gaussian t of the data close toz would yield results indistinguishable from
those of Eg. 5.12. In Figure 5.4 di erent values of and z were obtained
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by varying the approach velocity over the rangesr = 0:001-100 nm/s and
compared to the exact value (solid line). Squares indicateales from a t
by Eq. 5.12 to the jump distribution obtained in a simulationwith N = 1000
and circles are from a simulation withN = 100. With even larger ensembles
(N =50000), the data points were found to collapse onto the linedicating
the exact result.

If the change in peak position of the distribution of jumps agunction
of v is determied, Eq. 5.10 constitutes an alternative route to lain the
parameter . This equation predicts a linear relationship between lmandz ,
the slope being  !. In Fig 5.5 this method is used to nd ' 0:21 nm?
using values oz from 115 nm to 140 nm. Comparing this with Fig. 5.4, this
value turns out to equal the exact result wherz = 125 nm. For the other
data points used in the linear t, the value of varies between 0.17 nmt
and 0.26 nm %, This shows that the value of extracted from Eq. 5.10 only
is valid for zy in the middle of the interval in Inz used in the linear t.
Since only values oz are used in Eq. 5.10, it appears that measuring
using method is more economical in terms of ensemble humbkr, However
this method also assumes a constant value ofover a large interval of trap
positions which is generally not correct.

5.4 Interpretation of

From a typical experiment and z may be obtained from a t by either
Equation 5.12 or 5.10. In this section it is investigated hownowledge about
the energy landscape can be gained from these parameters.

The location ofz, and z are found by determining the values ot where
the resulting force on the probe is zero. In the case when thensbined
potential V is de ned by Eq. 5.14,z, and zs are solutions to the equation

F(z) = (z z9) % =0: (5.17)
From the analysis of this formula, it is found that forz, above a critical trap
position, zy.c, two solutions exist; namelyz, and z. Sincez, is the position
of the local energy minimum, small uctuations aroundz, will generate a
force directed towardsz,. Therefore z, is said to be a stable xed point
of Eq. 5.17. On the other hand,zs is an unstable xed point since small
deviations fromzs give rise to a resulting force directed away froms. The
point z = 0 is the global energy minimum and constitutes a third xed point.
In the case whenz, < z,. the two xed points z, and z no longer exist.
In this case the resulting force on the bead is always diredtdowards the
global minimum.
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Figure 5.6: Overview of the force on a bead as function &f. For each value
of zo the bead moves along thg-axis. For each point the resulting force will
follow the arrows. Forz, >z, trajectories will go towards eitherz, or the
global minimum z = 0, but when z; <z ' 87 nm only the global minimum
exists.

The position of z; and zs as function of trap position is shown if Fig-
ure 5.6. Here, the position of the stable minimumz,, is indicated by the
solid line. As seen in the gure,z, converges asymptotically to the lingy = x
indicating that z, ! zo whenz,!1 . The dashed line indicates the posi-
tion of zs. The direction of the resulting force is indicated by the amws.
For example ifz; = 150 nm and the bead is positioned akz = 80 nm, the
resulting force is directed away from the surface and towasa,. The critical
trap position, z., is identi ed at the bifurcation point z,* 87 nm where the
two xed points meet and annihilate. When the position of thetrap is closer
to the surface thanz,.. the xed points are not present and for all positions
of the bead the resulting force is directed towards the surda. In this case
the only xed point is the state at z = 0.

In Fig. 5.6 the positions of the xed points,z, and zs annihilate each other
in the saddle node bifurcation atzy,.. At zo = Zzp, the energy landscape
becomes critical in the sense that the local minimum disappes and only
the global minimum at z = 0 remains. The energy landscape for this case is
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Figure 5.7: Similar to Fig. 5.1, but with the trap position located at the
critical value, zo. ' 87 nm, where the energy barrier vanishes. The two
extremals in the combined potential energyz, and z;s, have merged together
to single point,z.* 57 nm.

depicted in Fig. 5.7. The limiting position ofz, whenz, ! 2z, is denoted
by z.. Near z, the following conditions are met by the interaction potentl,
U:

@U(z.) _

@7 = (5.18)
@Uz;) _ _

@z Fe= (zc  zoc) (5.19)
@U(z) .

@7 0: (5.20)

Here, denotes the force constant of the optical trap de ned in Eqg. 3.
The rst condition determines the position of the critical point. At z., the
gradient of the attracting surface force equals the gradiemf the restoring
force of the trap. This point does not depend oz, and remains constant
during the entire experiment. It can be identi ed in Fig. 5.1as the point
where total energy changes from being upwards concave to rsthending
downwards atz = 57 nm. The condition in Eq. 5.19 states that when
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Figure 5.8: Position of transition states. The solid line idicate the exact
position of the transitions state using Eq. 5.14, the dashelihe is the ap-
proximation zs z; —kgT, equivalent to Eqg. 5.28, using the exact values
of z, and obtained during the simulation. The symbols indicate value of
z,s obtained with Eqg. 5.28 using values of and z from a t of Eq. 5.12
to a histogram of jumps. Here, lled squares are from a simuian with

N =1000 and circlesN = 100.

Zo = Zo the restoring force from the trap exactly balances the surfe force
in z.. In order to facilitate the escape of the probe at., the condition in
Eq. 5.20 is necessary. Below, = @U(z.)=@% is de ned as a shorthand
notation for the nth-order derivative evaluated inz.. Given the case that
us = 0, uy must also equal 0 andus must be positive to maintainz;, as a
critical point, and so forth. In the following uz(z.) > O will be assumed.

Expanding the interaction energy,U, to third order around z. gives the
approximation

V@) = U@+ 5 (2 )
Uc Fc(z Zc) % (Z Zc)2+ %US(Z 20)3
+% (z 2% (5.21)
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where U, is de ned asU(z;) and the parametersF., are inserted in accor-
dance with Eqg. 5.18 and 5.19. Using Eqg. 5.19 the critical traposition is
expressed agZy. = z. . Then z, may be rewritten in terms of the new
variable z as

F
Z0= Zoe+ Z =2 —+ z: (5.22)
Using this expression foizy, the resulting force acting on the bead is found
from Eq. 5.21 usingF = %;. As function of z we get
1
F(z2)= z §U3(Z 2.)%; (5.23)

for the force force on the bead whemr, z,.. When z is negative the total
force acting on the bead is also negative and the bead adhegesckly to the
surface. On the other hand, whenz is positive there are two values of
where the force is 0. These are the xed pointg, and zs. In this case the
resulting force is directed towards either the stable xed pint z, or towards
the surface depending on the initial condition of the bead. Ae locations of

the xed points s

zZ z= 22 ; (5.24)
us
are found as solutions td&= = 0 using F as given in Eq. 5.23. Here, the plus
sign gives the position oz, and the minus signzs relative to z.
The energy di erence, V, can be found as function ofz by integration

of Eq. 5.23:

\Y,

\ &Zts) V(za)

- [z Zu(z z)2dz

Za 2
1
= Z (zs Za)+ éu?:[(zts Zc)3 (Za Zc)g]: (5.25)
° 3 1 27 ¥
V4 Z
= 2 — 5.26
z Us 3U3 Us ( )
2 2 3=2
= 22T (5.27)
3 us

where EqQ. 5.24 has been used in going from Eq. 5.25 to 5.26.

We are now in position to relate the parameter , de ned in Eq. 5.6, to
the energy dierence V. From Eq. 5.27 and Eq. 5.24 we nd the simple
result

@V

. 1
~ oz (ke T)
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This result is accurate for values ofz su ciently small so that the third-
order approximation in Eq. 5.21 remains valid.

In Fig. 5.8, this relationship between and zs is utilized to estimate
the position of the transition state from a measurement of . The solid
line indicates the exact position of the transition state otained by solving
Eqg. 5.17. In comparison, the dashed line shows the result dfet approxi-
mation of Eqg. 5.28. This line is found by rewriting Eq. 5.28 ito the form
Zs = Zza —-kgT and using the exact value ok, and from Eq. 5.17. The
approximation seems remarkably accurate even far from theitecal point.
Even whenz, is located more than 100 nm away fronzy.. the position of
the transition state is predicted within 5 nm by Eq. 5.28. Ths equation is
utilized in Fig. 5.8 to obtain numerical estimates of the pason of the tran-
sition state from the jump distributions. Indicated by squaes are values of
Zs found from simulations with N = 1000, A simulation with N = 100 is
indicated by circles.

5.5 Experimental test

Some of the fundamental implications of the analysis of ther@vious sections
were tested experimentally using the optical tweezers. Theesults shown
below are the rst preliminary measurements and the experient was aimed
to check basic questions such asts the change in the jump distribution
really measurable with the optical tweezerslh addition the practical use of
Equations 5.10, 5.11, and 5.28 is illustrated.

The experiments here serve as a qualitative test of the thgopresented
in this chapter. To perform a quantitative test of the interaction potential
requires more elaborate experimental work than what is prested here.

5.5.1 Procedure

A sample was prepared which contained 1.07m polystyrene beads sus-
pended in water containing 10 mM NaCl. The salt concentratio used here
is more than 10 times higher than used in the previous surfaaateraction
measurements discussed in Chapter 4. According to Eq. 4.4&tDebye length
is 3 nm. Therefore the bead-surface interaction of Eq. 4.1 is ropletely
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dominated by the attractive van der Waals forces which havenae ective
range of more than 100 nm.

The sample was left unsealed so that additional beads coule Iperfused
into the chamber. When a bead was trapped by the optical tweers, the
distance to the surface was decreased with velocities 2 nm/snm/s, 20 nm/s,
and 60 nm/s. Meanwhile the axial position of the bead was maa®gd with
the quadrant photodiode. The time series were sampled at ateaof 400 Hz
and low-pass ltered at the Nyquist-frequency. The conders aperture was
set to 0.87 in order to maximize the sensitivity of the axial psition signal and
to exclude the modulation artifacts encountered in Sec. 42 It was found
that the adhesion of the bead onto the surface was irreversince the stuck
bead could not be detached using the optical tweezers. Theyee, each jump
transition was measured with a new bead captured from the smion. For
each approach velocity a data set of 6-9 jump to contact evenivere recorded.

Since recordings of jump-in events do not constitute a stathary signal,
the usual calibration method using power spectral analystannot be applied.
Instead the conversion factor for the photodiode detector ag determined
by analysis of the time series after the jump. Here it was fodnthat the
photodiode signal and the position of the surface exhibited linear relation
ship which gives the volt to position conversion factor dirly. The trap
stiness, , was determined to be @015 pN/nm by a Gaussian t to the
distribution of positions relative to the trap center befoe the occurrence of
the jump.

In the analysis, the position of the trap was determined by drlear t to
the data points in the part of the time series recorded befortae jump. The
jump distance was then determined by nding the trap position at the point
in time where the jump occurred.

55.2 Results

The time series were as shown in Figures 5.9 A. In both A and B pals of
this gure, the position of the bead is shown in blue, while tk trap position
is indicated by the green dashed line. Panel A shows the emtitime series.
Here, the jump occurs att 4.6 s whereafter the bead remains stuck to
the surface. The dashed line is trap position and is found fm a linear t
to the part of the time series recorded at < 4 s. The distance from the
trap position to the surface at the time of the jump is found tobe 302 nm.
Panel B o ers a close-up view of the data around the time wherhe jump
occurs. It seems that within the last 0.1-0.2 s before the junthe position of
the bead deviates from the position of the trap as visualizeloy the red line.
This line is not obtained from a curve t, but is only an aid to guide the eye.
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Figure 5.9: Polystyrene bead jumping to an attracting surfee. In this mea-
surement the approach velocity was set to 20 nm/s. Panel A shs the entire
time series. Here, the jump occurs & 4.6 s and has length 302 nm. The
green dashed line indicates the trap positiorg, relative to the surface. Panel
B shows a close-up of the data around the time of the jump-everAgain, the
green dashed line indicates the trap position. In the last D:0.2 s before the
jump a slight deviation of the data point from the trap position is observed
as indicated by the red line. This curve is not a t but is only ntended to
guide the eye.

The deviation from z, is interpreted as the in uence of the attractive surface
force. Close to the surface, the local energy minimunz, does not equal
Zo due to the long range attraction from the surface. Howeverydm these
measurements the nite di erence betweerg, and z, can only be estimated
by eye to be around 40 nm at the time of the jump.

Figure 5.10 shows how the relationship of the jump distanceit the
approach velocity. In this gure, the mean jump distance is lsown by red
squares. It was found that forv < 60 nm/s, the mean jump distance of
the observations were dominated by a few outliers of very tigump length.
The median of the jump distances was found to give a more rdbig@ estimate
of the most probable jump distance,z . In the gure, the median of the
jumps is indicated by the blue circles. The length of the errdbars indicate
the standard deviation normalized with the square root of ta number of
observations that contribute to the data point. The error bas for the data
points representing the mean values are of the same lengthtlare omitted
for clarity in the plot. Also shown in Fig. 5.10is a linear tto the median data
points. This is shown by the dashed green line. As a whole, shigure may
be compared to Fig. 5.5 where the data points were obtained lsymulation.
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Figure 5.10: Mean and median of jump lengths. The mean jumpsiance is
indicated by red squares and the median of the jump length i©iewn by the
blue circles. The green dashed line shows a linear t af versus In{). The
size of the error bars is determined from the standard deviah of the jumps
divided by the square root of the number of observations.

From the slope of the linear tis it possible to estimate the alue of the
parameter to be 007 nm ! using Eqg. 5.10. In this experiment, as in the
numerical tests, it is expected that this value of does not remain valid
over the range ofz used in the linear t. Therefore the result = 0:07 is
interpreted as being valid in the center of the interval of Iz of the t which
is around 270 nm. From Figure 5.10 this value aof is seen correspond to
v =10 nm/s.

In order to relate this value to the parameters of the energyahdscape
Eq. 5.28 is used. This equation relates the value ofto the distance between
the two extremals of the total energyz, and zs. Thus it follows that

ke T
Za zs= —— 190 nm (5.29)

where =1:5 10 ® N/m is used. To pinpoint the location of the energy
barrier, the distance fromz, to z, is estimated to be around 40 nm. Using
these two estimates andz = 270 nm, the value zs 40 nm is obtained
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nally. This value relate to the distance from the transition to the surface
and may be compared to Fig. 5.1 where the value af is similar. However
in this gure the value of is 6 times higher than in the present case, and
the local minimum is positioned closer to the surface as is sdrved in this
experiment.

To nd theheight of the energy barrier using Eq. 5.11, the atmpt fre-
quency, f = % must be estimated. The viscous friction on the bead
is found using Stokes law with the surface correction used Bection 4.4.4.
Inserting a surface distance of 250 nm we nd ' 3 10 8%, For the pa-

rameters describing the curvature of the energy landscapeswnay assume

Ka " 0:0015 pN/nm. Now remains the value ok.. Assuming a potential
as in Eq. 5.14, it is found that
2C

Ke= —5 0:03 pN/nm: (5.30)

S
Here, the value ofC = 1000 pN/nm is used. By inserting these parameters

P ke |

f:2

35 Hz (5.31)

is found. Now, from Eq. 5.11 the result for the height of the exrgy barrier
becomes

V(z)=ksTIn Vf— ' 4k T: (5.32)

Here, v = 10 nm/s is used for the approach velocity as well as the other
parameters.

In this Chapter the concepts developed are general. Howeyéne values
of andz can be calculated on the basis of various potentials in ordéw
test theories of the interaction. For example in Appendix Atiis shown from
Eq. 5.14 that 0 S 1

3

C
Zis 2—202@1+2 Ezg’ ZA; (5.33)

and c

Za 2o —z,° (5.34)
which can be used to nd the interaction constantC from the position of
the transitions state obtained at low approach velocity. Irnthe case at hand
C = 750 pNnm? is found from Eq. 5.33 using the experimentally obtained
values z; = 270 nm and zs = 40 nm. The corresponding value of the
Hamaker constant obtained from this experiment is thes = 0:9 10 2° J.
This is in agreement with the previously obtained valué = 0:89 10 2° J of
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Chapter 4. However, this perfect agreement may be fortuitauas it is based
on an inaccurate determination ofz, by eye and a very sparse number of
observations.

5.6 Discussion

The frame work presented here is relevant to jump-in experiemts where
the probes are subject to thermal noise. As illustrated in 8&on 5.5, the
approach rate de nitely changes the observations signi galy and must be
taken into account. This has several consequences: 1) Thenj distance as
a characteristic of the surface interaction in itself is illde ned. 2) Failure to
include the contribution of thermal uctuations to the jump statistics would
greatly over estimate the interaction. If, erroneously, te jump is assumed
to occur at the critical separation, the interaction constat may be found as

cC= (z)% (5.35)

Using the observed valug ' 280 nm this would lead to an overestimation
of the Hamaker constant by a factor of 30! In the case of the sutation
data, the strength of the interaction would be overestimaté by a factor of
20 if thermal e ects were neglected. The correct value @ is 80 nm for the
experiment and 57 nm in the simulation and it is this value thamust be used
in Eg. 5.35 in order to obtain the correct result. This di erence is mostly
due to the variation in trap sti ness from 0.01 pN/nm in the simulation to
0.0015 pN/nm in the experiment.

Comparing the simulation data with the experiment, it turns out that
the value of encountered is dierent. In the experiment we found
0:07 whereas ' 0:21 was found from the simulation. As the value of
the interaction constant for the simulation is similar as inthe experiment,
this di erence must be due to the dierent choices of . Many jump-in
experiments are conducted with AFM[34, 41, 42]. Here, the ¢éhhmal noise on
the probe cannot be neglected and overestimation of the imgetion potential
is expected to occur in the experiments. However, the erroray not be as
severe as the cantilever sti ness is even higher than the pasti ness used in
the simulation.

Similar distributions as those found in Sec. 5.3 govern thedmking of sin-
gle molecular bonds under increasing load. This process sually measured
with Dynamical Force Spectroscopy[49, 50] and some aspeofsthis is dis-
cussed in Chapter 6. Comparing the most likely jump length d&q. 5.10 with
the corresponding result for the most probable rupture fos; see Eq. 6.4, the
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equations turn out to be close analogs: Both equations inv@ a linear depen-
dency on the logarithm of the dynamical parameter, the appexh velocity
and the loading rate. This similarity arises because the agation energy
for breaking the molecular bond is assumed to decrease lirgaas function
of the applied force which is equivalent to the situation he. Therefore the
probability distribution of observing the breakage of the lbnd is similar to
Eq. 5.9[51]. For example, in many experiments that investege the binding
kinetics it is desirable to extrapolate to the case where thiwading rate is
0 in order to estimate the thermal o -rate. In jump-in measuements the
corresponding limit,v! 0 has no similar interpretation.

In rupture force experiments, the observed forces increaséth loading
rate. This is the opposite as is found in the jump-in experinmé where the
jumps tend to get shorter at high velocity. The reason for ttd di erence is
the direction in which the energy barrier is crossed. Measements of rupture
forces arejump-out experiments. Therefore the statistics primarily depend
on the parameters that describe the bound state and the engrdparrier as
well as the loading rate.

5.7 Conclusion

The results of the theoretical analysis of the jump-in measements show that
the shape and position of an accumulated histogram of jumpaents contains
spatial information about the energy landscape. The posith of the energy
barrier, zs, is related to parameters which are, within the approximabn of
Eqg. 5.13, close to the mean of the jump distance and the recgqmal standard
deviation. When the value of the attempt frequencyf , is known Eq. 5.11 can
be used to nd the activation energy needed to perform the juprtransition:

V = kgTlIn Vf— Since the value of V depends on the logarithm of , v,
and , the value off need not be determined very accurately in order to yield
a good estimate of the energy barrier. The theoretical resslwere backed
by numerical simulations.

An experimental con rmation of the theoretical results is pesented. It
was found that the median of the jump lengths observed at dient approach
velocities, v = 2-60 nm/s, did indeed exhibited a trend towards lower jumps
at high velocity. When a linear t was applied to the median d#&a versus
the logarithm of the approach velocity, the value ' 0:07 nm * was found.
Using this value the position of the transition state was food to be 40 nm
from the surface when the trap was located about 300 nm awayofn the
surface andv = 10. With an estimate of f ' 35 Hz the activation energy
was determined to be &g T in that case.
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5.7.1 Outlook

In order to complete the theory presented above, several atddns must be
made. The list below shows what | believe to be some importadirections
for the future work on the project. This list is not prioritized.

The limiting value of whenv ! 0 has not yet been determined. From
Figure 5.4 it seems that eventually becomes a linear function of in
which casez versusv is a non-linear function. This is in clear contrast
to rupture force experiments where the parameter analogous is
constant and the force versus loading rate dependency isdar.

The two methods used for obtaining may be compared quantitatively.
When planning an experiment, we want to maximize the inforntagon
gained from the observations. In the experiment describecete, was
obtained from several measurements at di erent approach t@s using
Eq. 5.10. In total, 30 observations were analyzed. On the ath hand
could in principle have been obtained by collecting a histogm of
30 jumps at the same approach velocity and tting Eq. 5.12 to e
distribution. It remains to check which method gives the bdagesult.

In this presentation, the e ect on the jump distribution by changing the
approach velocity is investigated both numerically and exgrimentally.

However, a similar approach may be to investigate the e ectf@ahanging
the trap stiness. This is relevant when comparing optical weezers
measurements with AFM where the relative contribution of tlermal

uctuations to the observations may be di erent.

In the experiment, the distribution of jump lengths could nd be com-
pared to Eg. 5.12 due to the limited number of observations.nlorder
to check this equation, possibly 50 observations at the sanh@ading
rate are needed.

It is possible to develop specic predictions of the energyahdscape
from the point of view of particular interaction models. Ths subject
was brie y touched in Equations 5.34 and 5.33 where the DLV@heory
was used to obtain the position of the transition state and té local
minimum.
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Chapter 6

Surfactant protein D

6.1 Introduction

When examining the role of molecular interactions in biolog the specic
interactions between a receptor molecule and its ligand awbiquitous. Spe-
ci ¢ interactions cover a broad range of molecular interaabns that may be
comprised of any combination of hydrogen bonds, van der Wadiorces, elec-
trostatic and hydrophobic forces. Speci ¢ bonds facilitag binding to one or
few molecules only and are therefore sometimes termed |aokd-key interac-
tions. Almost all protein-protein and protein-DNA interactions encountered
in the cell are of this kind. In comparison to the strengths ofovalent bonds
these interactions are usually weak. The energy gained byriidng a cova-
lent bond, for example C|H, is on the order 500 kJ mol 1 ( 200kg T per
bond), whereas the binding energy of the strongest known spe interac-
tion, the streptavidin-biotin bond, is 88 k mol 1 ( 35kg T per bond)[27].
In this chapter, the main focus is on specic protein-carbojdrate inter-
actions which are generally weak; the carbohydrate bindingrotein Con-
canavalin A has 20 kJ mol 1[52] ( 8 kg T per bond), but also the strong
biotin-streptavidin bond will be brie y encountered later in this chapter. The
binding enthalpy of molecular interactions is usually detenined by calorime-
try. Here, the bond strength is investigated from a di erentpoint of view,
namely by applying a load to a single bond to nd the maximum fcce it
can withstand. Whereas the classical thermodynamic measments, such
as calorimetry, are conducted close to equilibrium, the pling experiments
are highly dynamic and take place far from thermal equilibtim.

The class of proteins that bind speci cally to carbohydrate are called
lectins. They were rst discovered in plants where they ofte serve as poi-
sonous defence molecules, suchrasn which is found in castor beans. Also
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Concanavalin A is isolated from beans. Later it was discoven that many
proteins in bacteria, yeasts and animals were sugar-bindjras well. Exam-
ples includeselectinswhich is a family of cell surface receptors on white blood
cells which are, among others, involved in blood clotting. dctins also serve
as cell adhesion molecules on some types of cells.

The protein currently investigated is the human lung surfa@ant protein D
(SP-D) which is a member of the collectin family of proteinsThese proteins
all play a role in the innate immune system and are members dfi¢ C-type
family of lectins which requires a C#' -ion in the binding site in order to bind
carbohydrates. SP-D is primarily found in the lungs where its responsible
for the clearance of invading microorganisms. The lungs agmeibject to a
constant in ux of foreign organisms and material much of with may be
harmful. SP-D has been shown to bind speci cally to carbohydte residues
on the surface of a wide range of potential pathogens such aamg negative
bacteria, yeasts, viruses and certain allergens and is tle®y mediating their
removal from the lungs.

6.2 Structure of SP-D

The structure of the collectins, including SP-D, has been thsubject of a
number of recent reviews[53, 54, 55, 56, 57]. A single SP-Dmomer contains
355 amino acids and has a molecular weight of 43 kDa. For allllegtins,

the polypeptide chain constituting a single monomer congssof four di erent

domains, see Fig. 6.1:

N-terminal: In SP-D, the rst 25 amino acids form a cysteine rich region
that serves to stabilize the oligomers that form the nativetate.

Collagen: A long sequence of Gly-x-y-repeats constitute the collagdike
domain. In SP-D, the total length of the collagen stalk is abat 50 nm.

Neck: This region is made up of an -helical coiled coil and joins the active
site with the collagen domain. The neck serves to stabilizée trimeric
structure of the sugar binding sites comprising the activerptein.

Carbohydrate recognition domain(CRD): This is the region where the
active site is located. The crystal structure of this domains shown in
the right panel of Fig. 6.1.

Figure 6.1 shows the structure of both the native state of SB{left) and
the crystal structure of the Neck-CRD-regions(right)[58] Under physiolog-
ical conditions, the protein forms a dodecameric structurén which four
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Figure 6.1: Structure of SP-D.Left: Schematic illustration of the native
quaternary structure of the protein. Four trimers make up a wss with each
arm being capable of binding 3 carbohydratesRight: Crystal structure of
the Neck-CRD domains in complex with maltose. Each subunitfahe SP-D
trimer is shown in shades of blue, the sugar-ligand is red amnchite.

trimers are joined together by their N-terminal regions. Tle di erent levels
of oligomerization each serve their purpose: The overallags-shape enables
e cient cross linking of the target organisms which resultsin agglutination
and enhanced removal of these by phagocytes. On the lowerdgweach CRD
of the trimers that constitute the cross may bind cooperatigly to multi-
ple ligands on the target and thereby signi cantly increas¢he e ciency of
binding to the surface of target cells. The multivalency is ecessary to com-
pensate the low equilibrium constant of a single CRD-carbgtrate complex.
The equilibrium constantK o5 of the two compoundsA and B is de ned as

_ [AB] .
[AIBT’

where AB] is the concentration ofA and B bound in a complex and A]
and [B] denote the concentration of unboundA and B respectively. The
equilibrium constant of SP-D and a typical ligand such as maidse is around
10° M 1. However the a nity of the trimer binding on a densely glycoylated
surface may be as high as 10 ! due to the trivalent binding.

Typically, the anity of a lectin is measured with Enzyme-Linked Im-
munosorbent Assay ¢lisa) . Here the amount of protein bound to a glyco-

AB

6.1)

80



O @)

H 1 4 H 1

H -0~ 3 > OH
H H

a-D-Glucopyranosyl-(1- 4)a -D-glucopyranose
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a-D-Mannopyranose a-D-galactopyranose

Figure 6.2: Sugar molecules studied in the project. Hydrogeatoms are
omitted for clarity, the thick bond is located towards the olserver in the
projection. Above: the two glucose units that form the maltse molecule.
Below: to the left is mannose and galactose is on the right. the experiment,
the AFM-tip was functionalized with the carbohydrates linked to bovine
serum albumin(BSA).

sylated surface in a microwell is measured using di erent xtures of protein
and a ligand. By increasing the concentration of ligand in t bu er, smaller
amounts of the protein will be available to bind to the surfae. By the
de nition of the equilibrium constant, Eq. 6.1, the concentation of carbo-
hydrate at which the amount of protein is halved is a measuref the inverse
equilibrium constant. However, due to multivalency, the mding constant
of the protein with the surface may change over many orders afagnitude
depending on the number of vacant binding sites thus compditng quanti-
tative interpretation of the experiment. Only when companng experiments
conducted with dierent sugars and with identical substraes the relative
strength of inhibiting the lectin to bind to the surface can le determined
unambiguously. SP-D is in this respect no exception. For s@rof the most
common carbohydrates, the following sequence may be extiedt [59]

maltose> mannose> glucose galactose (6.2)
for the relative a nities of the carbohydrates to SP-D. In Eq. 6.2 only a
subset of the sugars investigated in Reference [59] is ircial.
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In our experiments the interaction of SP-D withmaltose, mannoseand
galactoseis investigated with force spectroscopy and the rupture foes are
compared with Eg. 6.2. The detailed structure of these carbgdrates is
depicted in Fig. 6.2. Maltose is only the disaccharide thatibds to SP-D and
consists of two glucose units. In comparison with a glucoseonosaccharide,
mannose has opposite orientation of the OH-group at the sewb carbon
atom. With galactose the orientation di ers both at the secad and the
fourth carbon atom relative to glucose.

Recently, there have been other AFM-studies of lectins intacting with
carbohydrate ligands[60, 61, 62]. In these experiments theateractions of
the lectin was investigated with only one type of carbohydta and therefore
the question of the correlation between the anity and binding strength
was not addressed. On the other hand, investigations of thertespondence
of rupture force measurements and thermodynamic parametehave been
undertaken in the much studied (strept)avidin-biotin sysem[63, 64]. Here
it was found that the rupture force correlate with the enthapy, H, of
the bond but not necessarily with the free energy, G. Whether a similar
relationship between enthalpy, free energy and rupture foe is valid for all
protein-receptor systems and lectins in particular is, to gnknowledge, still
to be examined.

Since the thermodynamic equilibrium constantK of Eq. 6.1, is related
to the free energy by G = RTIn(K), whereR = 8:31 JM K 1, a
calorimetric measurement of the interaction enthalpy beteen SP-D and its
ligands is needed before it may be fully investigated whetha similar force-
enthalpy relationship is valid for this protein as it is for the (strept)avidin-
biotin system.

6.3 Force spectroscopy

In force spectroscopy one investigates the magnitude of tHerce needed
to break a single molecular bond on a prescribed time scalen typical
experiments, the receptor and the ligand are brought into etact, whereafter
the bond is put under tension by an increasing load until the@nd breaks. As
will be discussed below, the maximum force a molecular bondrcwithstand
is not in itself a well de ned quantity. It depends intimately on the time scale
of the experiment ie. the rate at which the load on the bond iswblt up. One
realization of a force spectrometer is the atomic force mmwscope (AFM) seen
in Fig. 6.3 which illustrates the instrument used in the presnt experiment.
This version of an AFM is made for measurement of molecularteractions
exclusively and the cantilever can only be moved in the dirgon orthogonal
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Figure 6.3: Schematic illustration of the force spectromet used in the exper-
iment. The bending of the cantilever is tracked by monitorig the de ections
of the laser beam with a quadrant photodiode. The substratena the can-
tilever are typically embedded in aqueous solution in orddo maintain the

biological activity of the molecules to be investigated. (dapted from gure

by Esben Thormann)

to the substrate and is therefore not useful for other AFM-tehniques such
as the scanning of surfaces. Here the cantilever is functadized with the
ligand and a substrate is prepared onto which the protein igrimobilized.
The position of the cantilever relative to the substrate is @ntrolled with
nanometer accuracy by the piezo-tube (yellow). Any force tng on the
cantilever will cause it to bend, and the bending is measurday monitoring
the de ection of a laser beam focused onto the cantilever. Bhcantilever is
about 200 m long, and has a spring constant of about 10-20 pN/nm. The
tip of the cantilever that touches the substrate has a radiusf curvature of
around 20 nm. Figure 6.4 shows an array of cantilevers similep those used
in the present experiment. The cantilevers utilized here arthe rectangular
and the long triangular cantilever furthest to the back in Fgure 6.4.

To perform a force spectroscopic experiment, the interaaty pair of molecules
most be rmly anchored on to each their surface. As the moletes are under
considerable stress during the experiment, all linkages stube substantially
stronger than the interaction to be investigated. That thiswas in fact the
case was tested in a biotin-streptavidin experiment, desbed below.
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Figure 6.4: Close-up view of silicon nitride AFM-cantilewes. Left: The

cantilevers are positioned along the edge of a millimeterzed chip. This
particular type of chip o ers an array of cantilevers that can be used within
the same sample. Here, the cantilevers are either rectangubr triangular.

As can be seen in the gure, the cantilever furthest towardshie back is made
of only one thin rod, which has rectangular shape, while thetlters are made
up of two such rods forming a triangle. The longest cantileven the picture

is 320 m long. To increase the intensity of the re ected laser beanthe

backside of the cantilever, onto where the laser beam is feed, is coated
with gold. The tip at the end of each of the cantilevers is batg visible.

Right: Zoom in on an AFM tip. The tip is approximately 3 m high and is
very sharp, having a radius of curvature of only 20 nm. From nmaufacturers
homepage[65].

6.3.1 Theory

Figure 6.5 shows a plot of the cantilever de ection during aypical measure-
ment with the spectrometer. The blue curve is recorded as the is moved
towards the substrate. As the tip touches the solid substratit will suddenly
bend upwards due to the repulsion which in Fig. 6.5 is seen asetkink in
the approach trace at the origin. When the tip is retracted fom the surface,
the adhesive force between the tip and the surface cause itlhend towards
the surface and the strength of the adhesion is measured by mitoring the
maximum de ection of the cantilever as shown in the red curveThe break-
ing of a molecular bond is a stochastic process, ultimatelyiden by thermal
energy and any non-covalent chemical bond will spontanedyslissociate on
some time scale, albeit very long in most cases. The e ect af applied load
on a molecular bond is to reduce the amount of thermal energyeaded to
separate the components. This increases the probability dissociation and
thus lowers the average waiting time for observing the breaig of the bond.
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Figure 6.5: Breakage of biotin-streptavidin bond. The apmach-retract cycle
exhibits hysteresis due to the formation of bonds between é¢hbiotin coated
AFM-tip and the streptavidin on the substrate. The at part of the curve
is where the tip is not in contact with the substrate. When it buches, the
cantilever will bend and the laser beam will bend due to the pailsion. This
region is used in the calibration to relate the de ection of he laser beam to
the spatial displacement of the cantilever, see Fig. 6.7. this case the bond
was found to break at a force of 210 pN. If no bond has formed between the
tip and the substrate, the approach and retraction curves Wibe identical.

Figure 6.6 illustrate this principle of force induced ruptue. Here, the blue
curve is a model of the energy of a molecular bond as functiohtbe reaction
coordinatex. This coordinate is interpreted as the position of the ligathrel-
ative to the receptor. The green curve shows the same energyndscape but
with a constant force,F, which adds an extra Fx term to the energy. This
has two important consequences for the kinetics of the bindi: The energy
landscape changes qualitatively for any value ¢f 0 such that the total
minimum is moved from the bound state atx ' 0:2 nm to a separated state
with the ligand at + 1 . Furthermore, a transition state, Xy, that the system
needs to pass in order to reach this new energy minimum deveto Secondly,
the amount of thermal energy that the system needs to accunaié in order
to fully dissociate is lowered. Therefore, the kinetics cinge and the larger
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Figure 6.6. Schematic of energy landscape of a molecular doffhe energy
scale is arbitrary, but is considered to be substantially lger than the thermal
energy, kg T, so that the bond will not dissociate spontaneously duringhie
experiment. The blue curve shows the unperturbed energy adunction of
position of the ligand, where the minimum atx = 0:2 nm is the position of
the bound state. The green curve shows the same energy laragse but under
an applied force. Now the bond will break once the position dhe ligand
passes the transition state. The force is e ectively lowarg the activation
energy of the dissociation process by 60%.

F the shorter one has to wait until the dissociation occurs. Tén underlying
mechanisms of the breaking of molecular bonds has been inigeged gen-
erally and in detail by a number of authors[66, 67]. Here theesults from
Reference [51] which are useful in the current force spedoopy experiment
are presented. In a typical experiment, the force on the bonithcreases at
a constant rater, the loading rate, until the rupture occurs. Repeating the
experiment multiple times yields a distribution of ruptureforces which in the
simplest model for the energy landscape becomes

#

Fxts + kokBT(l eFth:kBT) : (63)

ke T X ts

P(F)= ?exp
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Figure 6.7: Calibration of AFM-cantilever. A: When the tip is forced into
contact with the substrate, a conversion factor relating te photodiode output
to the bending of the cantilever can be found using the slopé the signal. B:
By integrating the thermal noise spectrum an estimate of thepring constant,
k of the cantilever can be found using Equations 6.5 and 6.6. B) only every
10'th data point above 3 kHz is plotted. Care has been taken taclude any
peaks in this interval in order to represent the noise levehithfully.

wherekg is the unloaded o -rate andxys is the position of the transition state
relative to the bound state in the energy landscape. The caasits kg and
T denote the Boltzmann constant and the temperature. From th@eak of
this distribution the most likely rupture force, F , is found as

ke T Xts
F = |
Xts n kokBT
kBT th
= In +In(r 6.4
e B ©4

This result shows that the most probable rupture force depels on the rate
at which the force increases. Eg. 6.4 implies that the modelapameters
Xts and ko can be found from a plot ofF versus Inr. In Section 6.4 this
is used to obtain estimates of the model parameters for the SPmaltose
interaction. If the rupture between the ligand and the recefor proceeds via
intermediate states, these may be revealed by changing theatling rater.
This principle is used in Dynamic Force Spectroscopy to exane complex
energy landscapes[49].
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6.3.2 Calibration of AFM-cantilevers

During a measurement, the principal signal recorded is theecection of the
cantilever. This is measured by monitoring the re ection ofa laser beam
focused on the cantilever by a photodiode, as seen in Fig. 6ahd after
pre-ampli cation this signal is measured in units of Volts. In order to re-
late this signal to spatial coordinates, the cantilever isofrced onto the sub-
strate by moving the piezo tube as in Fig. 6.7 A. Here a convéos factor
b* 0:0055 V/nm is found by taking the slope of the indentation whes the
amount of bending induced by the piezo tube is known.

The next step to nd the forces acting on the cantilever is to nd the
spring constant of the cantilever,k. The cantilever is calibrated using the
power spectral density of the thermal uctuations. Denotig the coordinate
of the cantilever by x, the equipartition theorem gives

_ ksT,

- m, (65)

for the spring constant. The mean squared displacement islaged to the
sum of the power spectral density by

hx?i = 1x i%ni%; (6.6)

T n

where jx,j? is the absolute square of then'th data point in the discrete
Fourier transform of the time seriesx and T denote the total sampling time.
Fig. 6.7 B displays an example of the power spectrum of a cdetier. In
practice, the summation in Eqg. 6.6 is restricted to includehe area under
the peak only, at frequencies from 10°-10* Hz. At frequencies below 10 Hz
mechanical instabilities dominate and so do electronic re@ above 1 kHz.
Typical values fork obtained with this method was around 7 pN/nm for the
type of cantilever with which the data in Fig. 6.7 was obtaind.

The calibration must be performed with each individual carntever which
means that an indentation curve and a corresponding power egtrum must
be recorded. If the laser beam on the cantilever has been igakd or the
photodiode has been adjusted the conversion factor may haskanged and
the cantilever must be recalibrated.

6.3.3 Materials and methods

SP-D was isolated and puri ed by S ren Hansen and Prof. U e Hbmskov
at the institute of medical biology, University of SouthernDenmark. The
biotinylation of the protein has been performedn vitro which means that
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Figure 6.8: lllustration of the assay. The AFM-tip is functonalized with
the carbohydrate by physical adsorption of a glycosylated 8A. Similarly, a
microscope slide is biotinylated by BSA-adsorption. The stptavidin is then
linking biotinylated SP-D and the biotinylated surface.

the biotin binds chemically to randomly positioned residugon the surface of
the protein. Since this may in uence the function of the progin, the sugar
binding functionality of the biotinylated protein was veri ed.

A sketch of the principle in the functionalization of the twocomponents
in the experiment is shown in Fig 6.8. Here, the AFM-tip is caad with
maltose by physical adsorption of glycosylated bovine serualbumin(BSA).
The binding of SP-D to the glass surface proceeds similarliirst, biotiny-
lated BSA is adsorbed onto the surface. Thereafter the slide incubated
with streptavidin. Streptavidin has four binding sites for biotin and some
of these will be available for the biotinylated protein to bind. The adsorp-
tion of proteins to both AFM-tips and glass slides was foundat work best in
phosphate bu ered saline(PBS), SP-D requires a high condeation of CaCl,
(3 mM), higher than the 1 mM solubility in PBS. Therefore the experiment
was carried out in a calcium enriched Tris-bu er. Coating pocedures and
exact description of the bu ers are given in Appendix B
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Data analysis

When the cantilever sti ness,k, and the response of the signal from the pho-
todiode with respect to cantilever de ections have been foul, the measured
signal is converted into a force curve similar to that of Fig6.5. In each
retraction the maximum de ection of the cantilever was stoed as the rup-
ture force. In the fraction of retractions in which no adhesin between the
cantilever and the tip is observed, this method will record aery low force
of around 10 pN due to the thermal noise of the cantilever.

It is generally the case that the data recorded after the rupire event vary
linearly with the position of the cantilever over the substate. Therefore, the
slope in the baseline after the rupture events has been suétted in order to
measure the maximum force correctly.

Subtraction of non-speci ¢ adhesion

In many of the measurements non-speci ¢ adhesion forcesalsontributed
to the distribution of forces accumulated. This was found wén a histogram
of measured forces was compared with a control experiment&vk no specic
interaction was expected to form. In the control experimemtthe distribution
binding events was non-vanishing for rupture forces up to QQN. Since the
binding strength of a single bond between SP-D and, for examep maltose
is below 100 pN in the later experiments and the probability foencountering
a speci ¢ binding event is low it is therefore necessary to Btract the dis-
tribution of the non-speci ¢ bindings before analyzing thehistogram. This
procedure will be explained below.

In the following it is assumed that the probability of measung a speci ¢
rupture force is p and the probability of measuring a non-speci ¢ binding
force is 1 p. This means the any measured rupture force mither specic
carbohydrate-lectin interaction or non-speci ¢ backgrond. For simplicity,
the possibility that any measured rupture force is the sum adboth specic
and non-speci ¢ interaction is ignored. The value op changes with the
probing position on the substrate and is constant only when easuring on
the same spot and with the same cantilever. The speci ¢ and énon-speci c
adhesion forces are assumed to have di erent force distritions, as pictured
in Fig. 6.9. Here, the non-speci ¢ background (green) is daging smoothly
from 20 to 150 pN whereas the distribution of the specic inteaction is
modeled as a single peak (blue). In this analysis the distubon of non-
speci ¢ forces includes the possibility of measuring zerorte as a result of
no adhesion between the tip and substrate. Let(F) denote the probability
distribution of the speci c forces andy (F) be that of the non-speci c forces.
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Figure 6.9: lllustration of mixing of probability distributions. x represents
the distribution of specic forces whiley is the non-specic background.
The distribution of the mixed measurementM is obtained whenp = 0:5 and
contains measurements of both non-speci ¢ and speci ¢ ruptes.

Then the distribution of forces from a typical measurement W have the
formM (F) = px(F)+(1 p)y(F) which is also shown in Fig. 6.9. Thus the
observed probability distribution is the normalized sum othe background
and the speci ¢ interactions. Consider two such measurenmtsnM ; and M ,,
with probabilities p and g of encountering a speci ¢ binding:

My px+(1 p)y (6.7)
M, = ogx+(1 0Qy: (6.8)

To nd the distribution of the speci c interactions these equation must be
solved forx. However, since bothx, y, p and g are unknown, equations 6.7
and 6.8 constitute 2 equations with 4 unknowns which canno#solved gener-
ally for x. In the present case it is reasonable to assume that the diktation
of speci c interactions vanishes below a certain value, faxample 30 pN.
Then it is possible to identify some value oFy around whichx =0 in some
nite region where the measurement contains contribution®f non-speci c
interactions only. Therefore

Mi(Fo)=(1 p)y(Fo) (6.9)
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and
M2(Fo) = (1  a)y(Fo): (6.10)
The ratio of Eq. 6.9 and Eq. 6.10 now gives a normalization fexr that can be

used for subtracting the contribution of the background in he measurement.
De ning

_Ma(Fo) _ 1 q.
NEMF) T T P 61
then
M,(F) NM,(F)= 2—'; x(F): (6.12)

Thus by subtracting force distributions from two di erent measurements the
result is proportional to the speci ¢ interactions only. The constant of pro-
portionality vanishes if g = p, and diverges ifp = 1. Sometimes it may be
known that the measurementM ; hasp = O for example in a control experi-
ment. Even though one posses more information in this cas@égtbackground
still cannot be subtracted without making the same assumpins as those
leading to Eq. 6.12. To apply this method, the background cdmbution y
is assumed to be identical in the two measurements. This apgred to be a
problem when the background was subtracted using the contrexperiment.
The best results were obtained wheM ; was taken as an average over many
measurements where it was found thgy' 0.

6.4 Results

Here some of the results from the force spectroscopy expegints are pre-
sented. Since the method for the functionalization used heerdoes not in-
volve covalent binding of the protein to the substrate, the tsength of the

anchoring of the receptor and ligand has been tested by pemfung a simi-
lar experiment, but where the interacting parts are biotin ad streptavidin.

The specic bond between biotin and streptavidin is known tobe one of
the strongest non-covalent interactions and is furthermer used in the later
experiments to bind SP-D to a biotinylated glass surface ab@wn in Fig. 6.8.

6.4.1 Biotin-Streptavidin

In general, the force experiments are conducted by measugirapproach-
retract-cycles at di erent locations on the substrate. At @ch spot typically
100 cycles were performed in order to estimate the local distution of ad-
hesive forces. One of the main observations from this expeent, as well as
in the later lectin assay, is that the probability of forminga speci c bond is
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Figure 6.10: Streptavidin biotin result. A typical histogram of the measured
biotin-streptavidin interaction is shown in blue. Here theextremal position,
F ' 266 pN, is found using a Gaussian t to the data points. Red s@ues is
the non-speci ¢ background interaction which is present @n in the absence
of streptavidin on the surface. The inset shows the most prable rupture
force versus loading rate, the error bars indicating the witl of the distribu-
tions. In these experiments, with the limited range of velaties available, no
correlation between loading rate and= was found.

very low. In most of the retractions only a non-speci ¢ backgund interac-
tion was found. An example of the distribution of these nonggeci ¢ rupture

forces from a control experiment is shown as red squares igF6.10. The
control experiment, where the substrate was not incubatedith streptavidin

but only biotinylated BSA, yields a decaying distribution d binding forces
which is essentially faded out above 100 pN. Above 100 pN thevél of non-
speci ¢ binding events is constantly low. Thus, the distrilation of forces
shown by the red curve indicates that there always is some amaction be-
tween the AFM-tip and the substrate even in the absence of reptors on the
surface. However, for substrates incubated with the appropte receptors,
the majority of measurements followed the same distributioas the control
experiment. Only at very few locations was the measured digtution found
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to stand out signi cantly from the background. The reason fothis nding
may be that the receptors are sparsely distributed on the ssbrate, or that
only a fraction of the receptors are available for binding téthe biotin-ligands
on the tip. In this binding assay, where no exible linkage bveen the re-
ceptor and the surface is introduced, the components haverydittle spatial
freedom to orient themselves to each other.

In a measurement with a streptavidin coated substrate, showin blue
in Fig. 6.10, the histogram exhibits a well-de ned peak at asund 266 pN.
The position of the peak is found by a Gaussian t giving the mst probable
rupture force. The inset shows the most probable rupture foe at di erent
loading rates each found by a Gaussian t to similar distribtions as shown in
Fig. 6.10. The error bars in the inset have been set to the stdard deviation
obtained t to give an impression of the width of the distribuions. Here, the
two measurements giving rupture forces around 400 pN or highare seen to
be derived from wide distributions.

The value of the force measured is consistent with the valuggven in
the literature, where the reported values are within the rage 257 25 pN
to 409 166 pN[68]. The fact that the rupture force apparently doesat
depend on loading rate may be due to the limited range of rettavelocities
tested. When this interaction is studied over a vast range ¢dading rates, the
rupture force is found to vary according to Eq. 6.4[51, 49]. &t importantly,
this experiment shows that the physically adsorbed BSA whicultimately
binds the receptors to the substrate binds strongly enouglo twithstand even
high rupture forces. As will be shown below, the forces betaw the lectin
and its carbohydrate ligands are much lower than forces measd with the
biotin-streptavidin system.

6.4.2 SP-D-carbohydrate

The data presented here was collected during a 4 months vigit the mem-
phys-center of biomembrane physics at the University of SoutherDenmark
and represents some of the rst studies of this kind made on ith biological
system. The SP-D project is still ongoing and some of the laeresults by
Esben Thormann are brie y discussed in Section 6.5. Also, ¢hnteraction of
SP-D with ligands is the subject of a molecular dynamics sirfation project
at the Technical University of Denmark.

Maltose interaction

Figure 6.11 shows histograms of three di erent situationsneountered during
measurements with a substrate coated with SP-D and the AFMg func-
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Figure 6.11: Maltose experiments. Histograms have bin widt= 10 pN. The
red histogram shows the distribution of forces from a conttaexperiment
with the protein in a bu er containing EDTA which deactivates SP-D. The
green and blue histograms are recorded with active SP-D ondlsubstrate
but in two di erent situations. The green histogram is the result of probing
the interaction with the substrate at a site where the probaitity of the

carbohydrate on the tip to bind to a SP-D molecule is low. The loe shows
a histogram collected at a site where the probability of a boling event is
signi cantly higher.

tionalized with maltose. The measured forces were colledten bins of width
10 pN with centers at Q10;:::;500 pN. In red is shown the histogram of
250 approach-retract-cycles recorded when SP-D was keptarbu er devoid
of Calcium but with 2 mM of EDTA added instead. Thereby the catium
ions are removed from the active site of SP-D which loses itsgar binding
properties. This serves to control that the measured intecion indeed is cal-
cium dependent as it should be with a C-type lectin. The contil experiment
is the sum of observations from 9 di erent locations on the fistrate. For
forces above 20 pN the distribution decays essentially asetltorresponding
control in Fig. 6.10. At rst sight, the green histogram, which shows the
forces from 593 cycles at 8 di erent random locations, seemsry similar
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Figure 6.12: Rupture force histogram of SP-D interacting wh maltose, in-
vestigated at loading rate 2.0L0* pN/s. The histogram has bin width of
20 pN. Circles indicate the accumuylated histogram of rupter forces and the
length of the error bars is given ag n; wheren; is the number of counts in
bin i. The green curve shows a Gaussian t to the distribution. Thepeak of
the Gaussian tis located at 85 pN while the most populated lstogram bin
is at 60 pN.

to the EDTA-experiment. Here no apparent speci ¢ binding wa observed.
However it appears that the presence of EDTA actually changethe distri-
bution of low rupture forces of the non-speci c binding. In he gure, the
lowest populated bin in the EDTA experiment changes from 10Nbto 20 pN
indicating that with EDTA in the bu er the probability of obs erving non-
adhering retractions is essentially zero. Correspondinglthe bin at 20 pN
have higher counts in the EDTA experiment. The reason for teichange may
be that EDTA changes the ionic environment and therefore atschanges the
distribution of the non-speci ¢ adhesion. Due to this di erence, the unsuc-
cessful measurements, where the binding probability wasuiod to be low,
are used in some of the experiments described below to estienéhe level
of non-speci ¢ binding events and not the EDTA experiment. Te relative
di erence between the supposedly unsuccessful tries andetlEDTA-control
experiments reveals a slight di erence in the number of cotsin the 50 pN
range and some fraction of the counts in this range may actigloriginate
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Figure 6.13: Peak forceF , versus loading rate. Here, the position of the
peak force is found with two di erent methods. Circles showte position of
F as found from a Gaussian t of histograms similar to Fig. 6.12The lled
symbol is from a data set where non-speci ¢ binding events the histogram
was removed by subtraction of the control data. The dashednke indicate
a linear t through the data points, removal of the single nomalized data
point does not change the tting parameters signi cantly.

from maltose-SP-D interactions. The data shown in blue areotiected from a
site where the binding e ciency is higher. This distribution, which is based
on 861 observations has not been included in the histogramtbke previous
data set taken at random positions. The blue histogram is foul to peak at
50 pN and has a wide tail of forces up to around 150 pN.

The data set shown in blue in Fig. 6.11 is the sum of four measments
all taken at the same spot on the substrate but with each of théour data
sets recorded at di erent loading rates. Below, this set ofata is analyzed
in more detail to identify the precise distribution of forces at each loading
rate. A histogram for one data set is shown in Fig. 6.12. In tki gure, the
distribution is tted by a Gaussian t producing a peak value of 85 pN. It is
evident that the Gaussian t only gives a rough estimate of te mean value
of the distribution, and does not reproduce the peak force around 60 pN
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Figure 6.14: Mannose experiment. Bin width is 20 pN. In bothiktograms,
the rst bin counting forces within  10-+10 pN is empty and the rst non-
zero bin is at 10-30 pN. In blue is shown the histogram over thmeasured
forces, while the control is shown in red. The large number ebunts in the

range 10-30 pN indicate that the fraction of non-speci c biding events is
high.

very well. A similar peak could be identi ed in all of the fourmeasurements
and its position appeared not to change with loading rate.

Figure 6.13 shows the result of applying this procedure toldbur mea-
surements. Here, open symbols indicate the peak positionafGaussian t
similar to that of Fig. 6.12. The lled symbol represent the gak position
also from a similar t, but to a histogram where the distribution of the non-
speci ¢ background interaction from the control experimenwas subtracted.
This was done due to a high number of non-speci c rupture foes in order
to obtain a peaked distribution of forces. To estimate the fative ratio of
speci ¢ to non-speci ¢ adhesion all ruptures below 30 pN werassumed to be
non-speci c. The data points are plotted on a semilogarithms axis against
the loading rate,r = K Vietract » WhereVieract 1S the speed of retraction andk
is the cantilever spring constant. The relation between th&garithm of the
loading rate and the position of the peak force is found by fihg a linear
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Figure 6.15: Mannose experiment. Circles indicate the databtained by
subtracting the background from histogram of measurementsThe green
curve a Gaussian t to the data points close to the peak, ignarg the rst
2 bins of the histogram. The position of the peak is found to bat 91 pN.

The loading rate during the experiment was 3 10° pN/s. The size of the
error bars is explained in the text.

function,
F = ax+ b; (6.13)

with X =In r, to the data. From this tthe values a=7:0 pN andb= 3:9 pN
for the constants are found. Due to the limited number of datgoints and
their considerable scatter, the slope may vary by a factor d if just one
of the data points from the t is omitted, and similar for the parameter b.
From the linear t the following values for the parameters ofEq. 6.4 can be

deduced:

ke T
Xis = BT ' 0:6 nm; (6.14)

for the transition state in the energy landscape and
1 b=a 11 . 1.
kKo = ae [pPNs “]" 0:08 s ; (6.15)
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Figure 6.16: Mannose experiment. Similarly to Fig. 6.15, #hcircles indicate
the data obtained by subtracting the background from histogam of mea-
surements, the size of the error bars is explained in the texTwo peaks are
identi ed. The green curve a Gaussian t to the data points obse to the rst
peak, ignoring the rst bin 2 bins of the histogram. The red cwve is a t to
the second peak. The position of the peaks is found to be 84 pNdal97 pN.
Loading rate 25 10° pN/s.

for the dissociation rate. For comparison, the correspontj values ob-
tained in a similar lectin-carbohydrate study arex;s = 0:14 nm andkq =
0:20 s 1[62].

Mannose experiments

Figure 6.14 shows the histogram of this experiment compared the same
control experiment as in Fig. 6.11. The rst bin, which holdsthe number of
counts from 0-20 pN is empty in both histograms. From the congpably large
number of counts at low forces, 0-20 pN, it becomes evidentatithe signal
to noise ratio, the level of speci c interactions over the no-speci c, is lower
than the in maltose experiment. From the present gure, therfction of non-
speci ¢ events is around 1/3 at 60 pN, while it can be estimatesimilarly for
the maltose experiment to be 1=10 also at 60 pN. The di erence may only
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be due to the detailed orientation of the particular SP-D macules involved
in the binding. A number of measurements with maltose inculted tips,
such as the lled data point in Fig. 6.13, also gave similar ghal to noise
ratios. In spite of the relatively high number of non-specc binding forces
in the blue histogram in Fig. 6.14 there are indications of ggi ¢ interaction
with the substrate. At high forces, around 150 pN, an increase in forces is
observed. Also, around 60-80 pN the number of events is inased relative
to the background.

Using the method described in Section 6.3.3, the backgroumeas sub-
tracted in order nd the distribution of speci c interactio ns only. As com-
parison measurementN! ; of Eq. 6.7), the series of interactions from Fig. 6.11
where no speci ¢ interactions were detected is used. Alteatively the dis-
tribution of forces from the EDTA experiment can be used to é¢snate the
background, with similar results. The resulting histograra are similar to
those shown in Fig. 6.15 and 6.16. The rst two bins, holdinghte number
of ruptures below 30 pN, are used in estimating the backgrodncontribu-
tion in the measurement and are therefore not included in thanalysis. In
both gures, the error bars indicate the sum of the error in ech of the two
measurements used in the subtraction of the background.

In Fig. 6.15 the histogram has a single peak at intermediat®rces. The
location of the peak is determined from a Gaussian t to be at B pN. In
Fig. 6.16, two peaks are identied. The position of each bejn84 pN and
197 pN. These peaks may be the result of having either one orotweceptor-
ligand-bonds breaking simultaneously. The mannose bindja have only been
measured at one loading rate, = 2:5 10° pN/s, and the force versus loading
rate relation is yet to be investigated.

Galactose experiment

As an extra control experiment, the interaction of SP-D withgalactose has
been examined. In typical binding assays as those in Refecen[59], the
a nity of SP-D towards this carbohydrate is close to the lowest measurable.
The a nity measurements show that the Gibbs free energy, G = H
T S, is close to 0. However, this may be the result of the bindinghthalpy,
H, being compensated by an unfavorable change in the entropyS, upon
binding. In this case, the binding enthalpy can still give 8e to a measurable
rupture force. Strictly speaking, a rupture force may stillbe present even
though the enthalpy is zero. If the bound state and the free ate have the
same enthalpy but are separated by an intermediate state ofgher enthalpy,
a binding force may still be present. This could be the situ&n if the ligand
forms energetically favorable molecular bonds with the ptein but the energy

101



Bl galactose
Il control

counts [%]

0 50 100 150 200 250 300
rupture forces [pN]

Figure 6.17: Galactose experiment. Bin width is 20 pN. In bathistograms,
the rst bin counting forces within  10-+10 pN is empty and the rst non-
zero bin is the number of rupture forces in the interval 10-3pN. In blue is

shown the histogram over the measured forces, while the cooitis shown in
red.

hereby gained is compensated by an unfavorable conformat# change in
the protein.

The result of the measurements is shown in Fig. 6.17. The higfram
is accumulated from 100 retractions. As before, the blue bmarepresent the
measurement and red is the control. In the regime of forcesloe 150 pN the
two histograms have similar shape. The increase in the numbef observed
ruptures between 30 pN and 100 pN may be removed by proper natzation
of the background measurements where the number of counteeets appear
to be a constant fraction of the galactose-measurement. lhe histogram, a
small peak at 160 pN is observed, but apart from this, no feates are visible.

As in the mannose experiment, background subtraction is glermed and
the resulting di erence is shown in Fig. 6.18. Even though th gure displays
a slight systematic increase of events, no peak is detectélthe higher number
of bindings in the galactose measurements relative to the ddayround in forces
up to 250 pN is due to uncertainties when subtracting a backgund from
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Figure 6.18: Residual histogram from galactose experimeater subtraction
of background. The binding events have increased probabylifor all forces
at 20 pN or higher, but no peaks originating from speci c inteaction was
encountered.

one measurement to a distribution of forces from another.

In this case, the protein was bound to the AFM-tip and having glactose
on the substrate. The function of the AFM-tip was veri ed by replacing the
galactose substrate with maltose and observing similar tdts as discussed
in the section above.

6.5 Discussion

As noted previously, the position of the peak of the Gaussiahin Fig. 6.12

does not reproduce the peak of the histogram very well. Similobservations
were made for the other distributions investigated. In theight of the results
from the mannose experiment, it may be that the distributionin Fig. 6.12
really is the sum of two peaks positioned at 60 pN and 140 pN, bwhere
the resolution in the histograms of some reason does not allais to resolve
the peaks unambiguously as in the mannose experiment. In tf&lowing, it

is discussed why this possibility is unlikely to be the casd.he position of the
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rst peak in Fig. 6.12 is located around 60 pN and the locatiof a similar
peak observed in the other 3 data sets does not change very muwver the
loading rates investigated here. If this peak really indidas the rupture force
of a single bond, then the loading rate correlation found inig§. 6.13 may
be due to dierent relative weights of the two peaks: at highdading rate
there is a higher probability for two bonds to break simultaeously whereas
they tend to break sequentially when the loading rate is lowTherefore, the
factor a of Eqg. 6.13 relating the peak forceF , to the loading rate will be
substantially smaller than the observed 7 pN. If it is assunaethat the value
of a is overestimated by one order of magnitude its value will be.D pN.
According to Eg. 6.14, this assumption implies that the trasition state is
located 6 nm away from the bound state. However, this is sewatitimes the
length of the maltose molecule itself and is unreasonablea fan a molecular
scale. Since the peak observed at 60 pN does not obey the force versus
loading rate relation of Eq. 6.4 the peak observed at 60 pN niube an
experimental artifact. Since all bins of the histogram showin Fig. 6.12 are
included in the Gaussian t, this artifact imposes a bias onhe peak force
towards a lower value. Furthermore, the signi cance of thidias increases
with loading rate resulting in an overestimated value ok,;. Comparing the
value ofxis * 0:6 nm with the result of a similar experiment suggests that
this might be the case. In Reference [62], Dynamic Force Sfrescopy was
applied in a study of the interactions of P-selectin, a leati expressed on the
surface of endothelial cells, with its corresponding reciep, a glycoprotein.
In that study the position of the transition state was found D xis ' 0:14 nm
which is somewhat lower than reported here.

Comparing Figures 6.15 and 6.16 from the mannose experimeittseems
that in this case more than one receptor interacts with the p simultaneously.
Due to the trimeric structure of the SP-D receptors and the desity of the
glycosylation, this situation is likely to occur. If the two peaks resolved in
Fig. 6.16 are originating from one and two receptors interéing, the peak
force from the second peak should be 2that of the rst. In the case at hand
this was found to be approximately true as the positions werg4 10 pN
and 197 10 pN. The con dence interval for each peak is estimated from
the width of the Gaussian t normalized with square root of tre humber
of observations that form the peak. Similar bimodal distrilations could be
identi ed in other experiments with mannose and maltose.

More surprising is the fact that the typical rupture force ofthe interaction
with mannose is observed to be larger than for maltose. Frorhé linear t
in Fig. 6.13, the rupture force of a maltose ligand is found tbe 59 pN at
the loading rate of the mannose experiments. In comparisohd most likely
unbinding force for the mannose ligand is clearly higher anglas found to be
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Cantilever

Figure 6.19: Model for the dissociation of maltose from theadbohydrate
recognition domain(CRD) of SP-D. The observation that the upture force
of mannose is larger than for maltose may be the result of anténmediate
bound state where only one of the glucose monomers remain hdu In the
discussion below, the rst glucose unit is the residue clostetowards the
AFM-tip

91 pN from the distribution shown in Fig. 6.15 and 84 pN in Fig6.16. How-
ever, the exact value can be subject to systematic errors dtlee background
subtraction.

There may be several explanations for this result. From theagstal struc-
ture of SP-D-maltose complex[58], see Fig. 6.1, the maltodisaccharide ap-
pears to bind mostly as a monosaccharide with the rst glucesunit. In the
crystal, the second unit is only weakly bound in one of the m@mers. If the
structure of the crystal resembles the native state in solign, the contribu-
tion in binding enthalpy of the second glucose unit of maltesis low, and thus

Hma ' Hgu. Thus the measured di erence in anity shown in is due
to a gain in binding entropy of the disaccharide compared tohe monosac-
charide. As changes in entropy are not measurable with the AH63], the
higher rupture force of mannose is due to a higher binding dlpy than in
the maltose case.

An other explanation of the higher rupture force of mannose idue to the
limited information available in the force spectroscopic xeriment. Even
if it were the case that the second maltose unit contributesotthe binding
enthalpy of the maltose by making a number of contacts to theacbohydrate
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recognition site of SP-D, this gain in enthalpy may not be defctable in the
present force spectroscopic experiment. The fact that malse is a disaccha-
ride enables a bound molecule to break away from the protein two steps
and where the force needed to dissociate the rst glucose turis low. Then,
on the time scale on which these measurements are performedipossible
that only the terminating glucose unit limits the force of dssociation for the
whole maltose complex. This scenario is sketched in Fig. 8.1To test this
hypothesis the interaction must be investigated in a regimef loading rates
where both units contribute to the measured rupture force.flsuch a regime
were to exist a change of the slope in the force versus loadiraje would
appear as this loading rate regime is entered. However, theeak binding
observed in the crystal structure suggests that only at verfast loading rates
any contribution from this part of the molecule may be found.Actually, the
binding of the glucose unit closest top the AFM-tip may be so &ak that it
does not form a bond under the conditions where both SP-D andattose
cannot fully reorient them selves towards each other as isdhcase in this
experiment.

The contribution from non-speci ¢ interactions constitute the most promi-
nent di culty with these measurements. Since the typical foces are in
the regime where non-speci ¢ interactions cannot be negted, two di er-
ent strategies have been used in the pursuit to nd the true Jae of the
bond strength. In the maltose experiment, it was possible taxd a location
on the substrate where it appeared that a protein was orientiein such a
way that a high number of ruptures was observed. In the mannesexper-
iment such circumstances were not encountered. Instead,etttontribution
from non-speci c interactions was subtracted. It is imporant to note that
both these strategies are subject to systematic errors. Ime rst method,
which requires some luck, one investigates outlier eventSince the criterium
picking a particular spot is the observation of an unusual dtribution of rup-
ture forces, the probability of picking a spot where for exaple more than
one protein interacts with the tip is high. The mannose expénents are
more statistically satisfying since the events investigat follow a distribu-
tion closer to the average. But the di culty of estimating th e contribution
of non-speci ¢ forces measured with di erent cantileverstadi erent loading
rates, and maybe having added other substances to the bu eanch as EDTA
contributes to the overall error in the measurement. Also irorder to max-
imize the signal to noise ratio, the mannose measurementsalstand out
from the average in terms of a comparably high number of binaly events. A
systematic survey of SP-D covered substrates yielded so feimding events
that the only signi cant di erence from control experiments were found at
forces above 100 pN which may be due to interaction with mordan one
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receptor.

Due to these problems the SP-D experiments are now carriedtano an
assay where SP-D is bound to the surface via a 50 nm polymer spa In
this way, the force counts from speci ¢ binding events betvean the tip and
SP-D may be identi ed by means of their position away from thesubstrate.
Consequently non-speci ¢ binding events occurring when dtip is in contact
with the solid surface can be lItered out. Recently, the di @ence in rupture
force between mannose and maltose has been veri ed in suchexperiment
by Esben Thormann at University of Southern Denmark. Here t maltose-
SP-D force was found to be 55 pN against 70 pN with mannose aeittical
loading rates. In the experiment described above, the resuwbas 59 pN and
84 pN. In the new experiments, the loading rate cannot be fodndirectly
from the retract velocity and the cantilever sti ness sincehe polymer linker
has its own compliance that must be taken into account[69, J.0

6.6 Conclusion

It was found to be possible to detect the force needed to break single
speci ¢ bond between surfactant protein D (SP-D) and carbojdrate ligands.
The specicity was checked in two ways. First, by introducig EDTA in
the measurement bu er which deactivates the calcium depeedt binding
site. Secondly an experiment was conducted in which SP-D whsactional
but interacting with galactose, a carbohydrate towards with SP-D has no
a nity.

By observing changes in the rupture force at di erent loadig rates, the
unloaded o -rate, ko, was found to be 0.08 s'. This measurement yields
also the length scale of the molecular interaction in form ahe transition
state, xis ' 0:6 nm. However these numbers are based on relatively few
observations.

It was found that the rupture forces between SP-D and maltose 60 pN
which is lower than the observed 85 pN with mannose, both at loading rate
r =2:5 10° pN/s. By measurements using traditional a nity assays, su
aselisa , the a nity of SP-D towards these two ligands is found to be the
opposite. This discrepancy may be due the fact that the di eence in a nity
is due to entropy-changes in the free energy of associatiofich are not
present in force spectroscopy. Alternatively, a model in vith the maltose-
molecule breaks o the receptor with an intermediate statean explain the
result.

A major obstacle with the assay used here is the contributionf non-
speci c adhesion of the AFM-tip to the functionalized substate. The typical
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range of both the speci ¢ and non-speci c force overlap andaase complica-
tions.

6.6.1 Outlook

As mentioned the project is still ongoing and more results ameeded in order
to fully investigate the interaction of SP-D with carbohydmates. In addition
to examining the relation ship of the a nity of dierent liga nds with the
most likely rupture force, experiments can be performed wreean amount of
unbound carbohydrate is added to the bu er to occupy the acte site and
prevent the interaction.

A di erent type of experiment could be conducted with the opical tweez-
ers: here the long range interactions of SP-D with, for exartgy bacteria and
yeast can be investigated directly in a setup similar the ondescribed in
Chapter 4. In such experiments the role of the electrostaticharge from the
Ca?* ions in the active site when binding to negatively charged neao ions
such as bacteria may be investigated with similar methods akescribed in
Chapter 4.
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Appendix A

Calculation of zi5 and z3

In this section the calculation leading to Eq. 5.33 and 5.34 presented. These
equations give the position of the transition state and therergy minimum
in expressed terms of the interaction potential.

Assume an interaction potential,U, for the bead and the surface of the

form

— C.
u= (A1)

and a harmonic trapping potential
W= (z 2z): (A.2)

When the bead is trapped near the surface, it will experienca resulting
potential,

C
V=U+W= (z 2g) - (A.3)
similar to Eqg. 5.14. The position of the two statesz, and zs, are found by
identifying the locations on thez-axis where the resulting forceF = %; is

zero. These locations are termed xed points. By di erentiing Eq. A.3 the
xed points are found to be solutions to the 3rd order polynonal

3

~| O

2 z2°+ — =0: (A.4)
When z5 > z., three non-complex solutions existzy. being the critical
trap position de ned in Chapter 5. One of these solutions has > 0 and is
therefore not physically relevant. The other two gives the gsition of z, and
Zs. Eg. A.4 has analytical solutions using Cardano's formulaHowever, the
results presented in equations 5.33 and 5.34 are based on @praximate

solution to Eq. A.4. This approximation is valid in the limit where z; is
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large. Correspondingly they are describing the energy laschpe found from
the jump-distribution when v is low.

By expanding the interaction energyU to rst order around z, we nd
Z, to be solution to c
— =0 A5
7 (A5)
which leads to Eq. 5.34 presented in Chapter 5. The equatioarfzs follows
by polynomial division of Eq. A.4 with z 2 where2‘is a constant. In this
case we nd

(z  20)

® z07°+ ©
% =22+(% 20)z+%2(2 2z0)+ R(2): (A.6)

Here, the remainder,R(z), is expressed as

22 z)+ &
z 2?2 '

R(z) = (A.7)

If 2 is a root of the polynomial of Eq. A.4 thenR (z) = O for all z. Therefore,
if z; is known and inserted forz"in Eq. A.6, then R(z) = 0. This would

reduce the problem of nding the transition state. Instead ® nding roots

in the 3rd order polynomial of Eq. A.4, the transition state @an in this case
be found from the 2nd order polynomial

Z2

az a(zgp a)=0: (A.8)
Here, a is introduced as a shorthand notation foz, z,. Equation. A.8 has
in general two roots. Of these only the positive solution isfanterest. From
Eq. A.8, it follows that

0 s 1

a 4z,
=@+ — 3A: A.9
Zis 5 a (A.9)

By assumingz, zo = tobe arootof Eq. A4, itfollows thata= z, z,=
0
<,. Then Eqg. A.9 leads to Eq. 5.33 directly.
0
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Appendix B

Preparation of SP-D
functionalized substrates

Protocol
Preparation of functionalized glass microscope slides, agated from Refer-
ence [68].

1. The slide is thoroughly cleaned by immersion ipirafa solution for 30

minutes. This solution consists of a mixture of 70% 60, and 30%
H,0O, which is mixed immediately before use. (Pirana-solutioreacts
explosively with organic solvents, such as acetone, and rhbg handled
with extreme care.)

. The slide is washed 5 times in milliporre water and dried iargon.

. Then the glass is incubated overnight in 1 mg/ml biotinyleed BSA(B-

BSA) in 20 mM phosphate bu ered saline(20 mM NakHPO,4, 150 mM
NacCl, pH 7)

. The surface is rinsed in PBS to remove excess B-BSA and isth

incubated in 20 g/ml streptavidin also in PBS-bu er for 2 hours.

. After removal of the unbound streptavidin by washing withPBS, the

slide is washed a few times in Tris-bu er(10 mM Tris, 145 mM Na@l,
3 mM CaCl,, pH 7.4)

. The glass is now incubated for another 2 hours with 20g/ml of bi-

otinylated SP-D in Tris.

. Finally, after removal of excess SP-D by washing the slide Tris-bu er,

the slide is ready for measurement.
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The slide and the tips were kept refrigerated until use. Therngparation of the
biotin-streptavidin experiment followed the protocol gien in Reference[68].
The AFM-tips are cleaned similarly and incubated with glyceylated BSA
overnight. Thereafter the tips were rinsed and stored in Ts-bu er until used.
For most of the results shown here the AFM-tip had been funainalized with
the carbohydrate, and the lectin was bound to a glass micragee slide. As
a check, in some experiments this assay has been reversettlyig the same
results.

All materials { except SP-D { where purchased from Sigma-Aidch. This
includes the glycosylated and biotinylated variants of BSAand the strepta-
vidin.
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The Motion of a Single Molecule, the -Receptor, in the
Bacterial Outer Membrane

Lene Oddershede,* Jakob Kisbye Dreyer,* Sonia Grego, Stanley Brown," and Kirstine Berg-Sgrensen**

*The Niels Bohr Institute, University of Copenhagen, 2100 Copenhagen @, Denmark; "Department of Molecular, Cell Biology,
University of Copenhagen, @ster Farigmagsgade 2A, 1353 Copenhagen K, Denmark; and *NORDITA, 2100 Copenhagen @, Denmark

ABSTRACT Using optical tweezers and single particle tracking, we have revealed the motion of a single protein, the

-receptor, in the outer membrane of living Escherichia coli bacteria. We genetically modified the -receptor placing a biotin
on an extracellular site of the receptor in vivo. The efficiency of this in vivo biotinylation is very low, thus enabling the
attachment of a streptavidin-coated bead binding specifically to a single biotinylated  -receptor. The bead was used as a
handle for the optical tweezers and as a marker for the single particle tracking routine. We propose a model that allows
extraction of the motion of the protein from measurements of the mobility of the bead-molecule complex; these results are
equally applicable to analyze bead-protein complexes in other membrane systems. Within a domain of radius 25 nm, the
receptor diffuses with a diffusion constant of (1.5 1.0) 10 °cm?/s and sits in a harmonic potential as if it were tethered
by an elastic spring of spring constant of 1.0 10 2 pN/nm to the bacterial membrane. The purpose of the protein motion
might be to facilitate transport of maltodextrins through the outer bacterial membrane.

INTRODUCTION

The bacterial outer membrane is a complex structure conconstant of 10 ° cnm?/s. Also, the same authors (Sako et
taining proteins, lipids, carbohydrates, and the peptidoglyal., 1995) used laser tweezers to determine the motion of a
can layer. Diffusion in the bacterial outer membrane isprotein in the plasma membrane and propose the “fenced
crucial for a number of vital functions as, e.g., passiveversus tethered” models of membrane protein motion. Pralle
transport through pores. Little is known about the mobility et al. (2000) have identified how proteins embedded in lipid
of proteins in live bacterial outer membranes, but there haveafts move across the plasma membrane and find typical
been several intriguing studies of the motion of proteins indiffusion coefficients in the range 1 to 4 10 & cn¥/s

the lipid membrane of eucaryotic cells. In Edidin et al. (dependent on the amount of cholesterol in the membrane);
(1991), membrane proteins were labeled with gold particlesiso, these authors provide an elegant way of measuring a
and dragged with optical tweezers through lipid mem-local diffusion constant as the movement of the protein is
branes. It was found that within the membrane, primarily onrestricted to a linear dimension of100 nm. Suzuki et al.

the cytoplasmic one-half, there exists dynamic barriers tq2000) have dragged membrane-bound proteins across the
lateral movement. Kusumi and coworkers (1993) have useglasma membrane using optical tweezers. This is a more
single particle tracking (SPT) and fluorescence photoglobal” way of determining diffusion constants as the
bleaching recovery to study how receptors move in theprotein is dragged a long way compared with its size
plasma membrane and have found four characteristic typesrough parts of the membrane, which could be inhomoge-
of motion; one of these they denote as a “confined diffu-neous. Doing this, diffusion constants in the range 1.5 to
sion” mode where the molecule is confined within a com-13 10 ** cn?/s are obtained (Suzuki et al., 2000). Also,
partment of diameter 300 to 600 nm and within which thepeters et al. (1999) have studied adhesion proteins by drag-
diffusion coefficient is between 4.6 10 *?cn¥/s and 1 ging them through the plasma membrane with optical twee-
10 ° cns. In a later study (Sako and Kusumi, 1994), zers. They find diffusion constants between 1@m?/s and
video-enhanced contrast optical microscopy is used to rerg 12 ¢p/s. Furthermore, they find that if the actin cy-
veal the motion of single proteins embedded in the plasmgoskeleton is disrupted by pretreatment with cytochalasin D,
membrane. They observe mainly confined diffusion with athe proteins appear to be harmonically attached to the
confinement diameter of 500 to 700 nm and a diffusionpjasma membrane with spring constants o6 10 3
pN/nm.

To our knowledge, there has never before been a single
Submitted September 13, 2001, and accepted for publication August énolecule study of mobility of a protein in the membrane of
2002. bacteria and, in particular, no previous studies of the mo-
Sonia Grego’s current address is MCNC, 3021 Cornwallis Road, Durhamb”ity of the -receptor at the single molecule level. The
NC 27709. -receptor, also called LamB or maltoporin, is a channel in
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characterized this motion whereby we obtained informatiorincubated at room temperature in the perfusion chamber for 15 min,

on the physical properties of the membrane. Furthermorea,llowing them to adhere to the polylysine-coated coverslip. Heparin

we gain information on how the protein is connected to the(12.5 g/ml) was then_ perfused into the c_hambe_r and incubated at room
temperature for 15 min. A layer of heparin passivates the charge on the

membrane; the protein appears to be sitting In a harmonl[:}oly-L-Iysine thereby diminishing the attraction between the polysine-
potential and as Gabay and Yasunaka (1980) showed th@éated coverslip and the streptavidin-coated beads. Subsequently, the
the -receptor binds to the peptidoglycan layer, it is likely chamber was washed with buffer four times. The washed streptavidin
that it is this binding that is observed and that has a hookiafgoated beads were added and allowed to incubate at room temperature for

. - 15 min. The chamber was then washed with M63 media as described above
Spring behavior. The receptor also extends throth the with the only exception that it contained 0.2% glucose and no glycerol. It

Qu.ter membran.e layer 9f lipopolysaccarides and phOSthNas washed until it appeared clear (after rinsing approximately five times)
lipids. But as this layer is much softer than the peptidogly-where after the chamber was sealed with valap and stored at 5°C until it
can layer, the restriction of the-receptor is probably was used within a few hours. Glucose was used in the final perfusion

caused by its connection to the peptidoglycan layer. AFMchamber to support anaerobic growth. We have observed that the number

. . f moving coincident beads was increased by a factor of six when glucose
measurements of the stifiness of an isolated hydrated pelir/))vas added. The residual movement, which was observed when glucose was

tidoglycan layer in a direction Orthpgqnal to the I?yer haVenot added to the bacteria, may be an intrinsic property of theceptor or
been reported (Yao et al., 1999), yielding an elastic modulugay be due to incomplete starvation of the bacteria. The increased diffu-
of 25 10" N/m2 The square root of this elastic modulus sion observed in the presence of glucose is consistent with the measure-
is several orders of magnitude larger than the spring conments described by Ryter et al. (1975).

stants describing the motion of thereceptor within the Attaching a bead to the biotinylateareceptor might alter its biological
function. As the fraction of in vivo biotinylated receptors is very low, any

plane of the bacterial membrane reported here. result from probing the function of the-receptors in general would be
dominated by the response from receptors with no bead attached. There-
fore, we are not able to check the degree of retention of biological function

MATERIALS AND METHODS of a -receptor with a bead attached to it.

Bacterial assa .
y Immunofluorescence experiments

To ensure specific binding of the bead to theeceptor, we make use of . . )
a biotin-streptavidin binding, which is known to be very specific and Bacterial samples of both the bioclone (harboring pLO15 or pLO16) and

sufficiently strong (Merkel et al. 1999) that a single bond is enough tothe control (harboring pSB2267) were prepared as described in the Bac-
attach the streptavidin coated bead to the biotinylateeceptor. A strain ~ t€rial assay section but instead of mixing with streptavidin-coated beads,
has been produced where theeceptor has been biotinylated in vivo: A the bioclone and the control were both incubated for 10 min with a
biotin-acceptor site (Beckett et al., 1999) was introduced into thecep- streptavidin-fluorescein isothiocyanate (EITC) conjugate allowing for an
tor by insertion of oligonucleotides between the codons 157 and 158 oftttachment of the fluorophore to the biotinylated receptors. Then, the
mutatedlamB in pSB2267 (Brown, 1997). The host strain used in all bacteria were resuspended in M63 'v_wth glucose ar_ld put |nto_ perfusion
experiments was S2188: Fcl® lamB106 endA hsdR17 supE44 thil chambers where they were immobilized by potysin as previously
relAl gyrA96 fimB-H::kan (Brown, 1997), which lacks an intact gene described. Each streptavidin-FITC conjugate contains three to nine fluoro-
encoding the -receptor. The sequence inserted including the flankingPhores (product no. S3762, Sigma, St. Louis, MO). The samples were
restriction sites was (Operan Technologies, Inc., Alameda, CA): cTG-nvestigated under a microscope equipped with a Hg lamp and a SONY
CAGGGTGGCCTGAACGACATCTTCGAAGCTCAGAAAATTGA XC-E150 Charge—coupled device camera. The experiments were carried out
ATGGCACGAGGACCTCGAG. without the addition of IPTG and for IPTG concentrations of 0.1 and 1
This sequence was inserted to generate two independent clones, pLOI@M'
and pLO16. To ensure retention of biological function we determined that
the engineered proteins permitted fermentation of maltodextrins. .
The bacteria were grown for 24 h at 37°C on YT agar (Miller, 1972) Optical tweezers

supplemented with 25 g/ml chloramphenicol. A single colony was sus- Our optical tweezers setup is based on a Nd:Y\Ber and is capable of

pendedin an‘M63 (M:)IIer, 19_72) medium contamlngog/ml B1,25 g/ml ‘measuring corresponding forces and distances in the picoNewton and
chloramphenicol, 0.1% casein hydrolysate, and 0.2% glycerol. The bacterig, , , eter regimes with a time resolution of microseconds using a quad-

were gdrﬁ)wnc;n'shakfing xva;er l;ath fgr 24hat 37°C;There';]1ftir, the bactgri%m photodiode system as detection method. This setup is described in
were diluted into fresh broth and grown at 37°C until they were in o0 iy Oddershede et al. (2001), and our detection routine is basically

Iog-phas_e then grown for 1/2 h at 37°C_2 in 0.1 mM isopropylthi_o- similar to the one used by Pralle et al. (2000).
galactoside (IPTG) to induce the expression of theceptor. One milli-

liter of this culture was centrifuged for 3 min at 1700g, and the bacteria
were resuspended with buffer. The buffer used throughout the experimerg pT
was a KCl-potassium phosphate (10 mM potassium phosphate, 0.1 M KClI,
pH 7) buffer with 0.2 mg/ml gelatin. In the SPT analysis of the motion of thereceptor, bright field microscopy
The beads were streptavidin-coated polystyrene beads from Bangsnages of a bead attached to the protein were saved on S-VHS using a
Laboratories, Inc. (Fishers, IN) with a diameter of 0.53. To wash the  NI-IMAQ utility integrated in LabView. The charge-coupled device cam-
beads they were suspended in millipore water fdi0 min and thereafter era was a Sony XC-75CE with 752 582 pixels. The pixel resolution was
centrifuged at 1700 g for 10 min. They were resuspended in buffer and 50 to 60 nm/pixel, depending on the exact distance between the camera and
put in an ultrasonic bath for at least 15 min to dissociate agglomerates. the sample. We used the method of finding the position of the bead
A perfusion chamber was made by attaching a clean coverslip coatedttached to the protein described by Gelles et al. (1988): In one particular
with poly-L-lysine to a microscope slide by two pieces of double-sided frame, a subregion containing only the bead is stored. This is called a mask.
tape. The chamber was washed twice with millipore water. Bacteria werd-or each image, the cross-correlation matrix of the mask and the image of

Biophysical Journal 83(6) 3152-3161
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interest is calculated and normalized to have values in the range1].

The cross-correlation matrix has high values where the image resemble K

the mask and the position of the bead in the image will be seen as .

prominent peak in the cross-correlation matrix. A threshold-value(.5,

is subtracted from all entries in the cross-correlation matrix, and-taad

y-coordinates of the bead are then found as the “center of mass” of th

positive entries of the cross-correlation matrix. The same mask and threst

old are used during the analysis of all images in the recording. Within the

field of view is also included a still object, typically a bead stuck to the

cover glass. The coordinates of this still object are subtracted from the —

(moving) object of interest to eliminate drift of the sample, which can be

substantial during measurements of up to 15 min. ! b -
Measuring the relative distance between two stationary beads stuck t Kow Xp XiXirap

the cover glass of the specimen gave a standard deviation of 7 nm. This is

interpreted as the spatial resolution of our SPT routine. The time resolutiofflGURE 1  Sketch of the one-dimensional model on which the data

is 25 Hz determined by the frame rate of the charge-coupled device camera@nalysis is based. The protein is located in the outer membrane and
attached to the cell wall by a spring of spring constag}. Furthermore,

it is attached to the bead by a spring of spring constggtand the bead

is trapped by the optical tweezers, described by a spring constarite
A BEAD IN AN OPTICAL TRAP position of the bead ix,, and that of the protein i%,. The equilibrium

position of the optical trap is at,,, and the equilibrium position of the
If a bead is held in an optical trap, its motion in one attachment between protein and cell wall ixg}. The components in this

dimensionx is well described by the Langevin equation; 9ure are not drawn to scale.

Outer membrane

mx X x BT (1) SPT routine. The width of the distributionis related to
in which is the stiffness of the optical trap,is the friction
of the surrounding liquid on the bead, afqT) is the 2 E
stochastic force resulting from the Brownian motion of the '
liquid molecules at temperatufie As inertial forces can be
neglected, the left side can be set to zero. The motion of th
bead in the liquid can be treated as a simple Stokes flo
with friction coefficient 6 r,r being the radius of the
bead and the viscosity of the liquid.

From Eg. 1 the power spectrum of the positiois found

4

There are two independent ways of determinindl) from

the power spectrum of(t) (Eq. 2)f., and hence is found

Yand used in Eqg. 3 to find in meters. 2) The quadrant

photodiode measures position in volts. From the histogram

of these positions, is found in volts. These two values of
can be compared to give a conversion factor between

to be Lorentzian (Gittes and Schmidt, 1998): volts and meters describing the output from the photodiode
(e.g., see Oddershede et al., 2001). To find the conversion

P f kgT @ factor and the optical trap is always calibrated with a bead
X 2f2  f2 unattached to a bacterium at the relevant height above the

coverslip in every sample and for every laser intensity used.
with a corner frequency, /2 from which can be
found. _ _ ~ MODELING THE SYSTEM
The optical tweezers constitute a harmonic potential for . ' '
the trapped bead, as demonstrated in Simmons et al. (1996)N€ Purpose of this model of the motion of the bead-protein
Thus, the distribution of the bead’s position in the trap is aOMPIeX is to extract a series of parameters describing the

Gaussian distribution: In thermal equilibrium, the distribu- bio!ogical sys.tern: a vqlue for the friction F:oefficient d,e'
tion of positionsp(x) is scribing the friction, which the protein feels in the bacterial

membrane, ,, and from this quantity the diffusion coeffi
U x cient of the protein in the membrane, As will be shown
—Z dx (3)  inthe Results section, we have experimental evidence that
ke T the protein feels a harmonic potential from the cell wall. To

describe this interaction, we extract a value for the apparent
in which U(x) is the potential felt by the bead. Thus, a spring constant of the attachment to the cell wall,,.
Gaussian distribution corresponds to a harmonic potential, Consider a one-dimensional model of the motion of the
U(X) (1/2) x?, provided the measurements are made oveprotein in the bacterial membrane. The protein is attached to
sufficiently long time. This result applies for both the tem- a dielectric bead, and the protein is embedded in and some-
poral resolution of the optical tweezers and for that of ourhow attached to the bacterial membrane (Fig. 1). We treat

pxdx exp

Biophysical Journal 83(6) 3152-3161
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the coupling between bead and protein through the biotin- E 1 X2, providing the desired value,,, 1 10
streptavidin binding as a stiff hookian spring with spring pN/nm.
constant . Also, the attachment of the protein to the cell Because a typical spring constant of the optical trap is
wall is treated as a hookian spring with spring constat  considerably less, on the order of 10 10 ? pN/nm, and
which we assume frequency independent as discussed in thee find that ., 10 2 pN/nm (see Results), we assume
Results section. Finally, the coupling between bead anthat , o INnthat case, and in the relevant frequency
optical trap is treated as a spring with spring constafithe  range { bd2 10" Hz) the power spectrum fe
motion of the protein in the bacterial membrane is describedluces to
as a frictional motion with friction coefficient .

The above assumptions and definitions lead to the fol- P f ke T (9)
lowing set of equations of motion for the bead with spatial ® P y 2 12
coordinatex, and for the protein with spatial coordinatg

p

with corner frequency
MpXs, Xp  Xyap bs Xp  Xp X Fp  (5)

f. ———.
M X, ow Xp  Xew bs X Xo X Fp (6) “2 b
Here,M, andM, are the masses of bead and protejs, is This result for the power spectrum can be compared with

the equilibrium position of the optical trap, ang, is the that of a bead alone (Eq. 2) to reali;e; that the protein-bfead

equilibrium position of the attachment of the protein to theCOMPIEX has a power spectrum as if it were a single object

cell wall. F, andF,, are stochastic, time-dependent forces™°VINg I a liquid with a friction coefficient,  , held

resulting in Brownian motion of the bead and the protein,in & harmonic potential of spring constany, , and with

respectively. We assume thag andF, can be represented & ©OMer frequency equal fp .

by white noise terms, i.e., they have vanishing mean and are 1€ Power spectrum of the position, Eq. 9, of the bead
-correlated. As both the protein and the bead have ver§Ontains two unknowns,.,, and . To determine c,, we

small Reynolds numbers, we can neglect the inertial term iffOnSider the position histogram of the bead on the protein.
each of Egs. 4 and 5, making the left side vanish. Experimentally, we find that this histogram fits well to a

In the experiments, the position of the beag, is ob Gaussian distribution (Results section, see Fig. 3), which
served, and from this we wish to extract information on howiMPlies that the bead attached to the protein feels a har-
the protein moves in the bacterial membrane. To obtain th8'0NiC potential. The spring constant of this harmonic po-

(10)

power spectrum of the bead position, Egs. 6 and 7 aréentidl, o IS Simply the sum: o, ~ ow The width of
Fourier transformed: the distribution can be determined directly from the mea-
sured positions as® X2 X, ° from which , can be
0 %  bsK K 12 % Fy (7)  extracted because:
% X, K i o = ke T
0 cwip s X Xp 02 F % F,  (8) 2 B (11)

cw

in which, e.g., the Fourier transformed of the position of the )
bead,x,, is denoted%,. Note that the unknown constants, "WN€N cw Nas been determined,, can be extracted by
Xyap ANd Xy, disappear from the expressions. fitting Eq. 10 to the e>.<p¢.3r|mental datg. Finally, the diffusion

Itis now straightforward to deduce the power spectrum ofconstant of the protein in the bacterial membreDean be
the position of the bea®,(f)  %,(f) 2. The resultis a ound:
fraction between a second and a fourth order polynomium in D kiT/ .. (12)
f, which simplifies considerably if we assume that the spring P
connecting the bead and the protein, of spring constant Depending on the size of the bead and the precision ob-
is much stiffer than the other two springs, of spring con-tained in the experiments, it can be quite important to
stants ., and . A crude estimate for the value of ,can  account for the motion of the bead when extracting physical
be obtained: the association consta€yt, for the streptavi  quantities describing the motion of the protein. The larger
din-biotin binding is roughlyk, 10"°M *(statedin, e.g., the bead and the larger the diffusion constant, the larger the
Livnah et al., 1993) from which we find the height of the influence of the bead on the total friction coefficient,
energy barrierasE  kgTIn K, 35kgT. Furthermore, b p- Thus, for small diffusion coefficients and small
we note that the extension of the inner barrigg,, in the  beads, as in the work of Sako and Kusumi (1994), we found
interaction potential is roughly 5 A (Merkel et al., 1999; the effect of the bead to be smaller than 1%, whereas for the
Grubmiuiller et al., 1996). If we approximate the interactionlargest diffusion coefficients measured in later work of the
potential as being harmonic out to the position of this innersame authors (Sako and Kusumi, 1995), we estimated the
barrier, we may estimate the spring constaptbased on effect to be roughly 33%.

Biophysical Journal 83(6) 3152-3161
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For further modeling we approximate the motion of the having more than a single receptor bound to each strepta-
-receptor to take place in two dimensions. This is justifiedvidin coated bead, the biotinylation efficiency of secreted
because the-receptor stays within a region of diameter of proteins must be very low. Reed and Cronan (1991) show
50 nm, and the dimensions of the bacterium ag900 that only a small fraction of the exported proteins were

500 nm. biotinylated due to the rapid kinetics of protein export.
The orientation of the bacterium in a given measuremengander et al. (1996) observe that the efficiency of the in vivo
was random relative to the coordinate system defined by thbiotinylation of secreted proteins is as rare as to be below
detection method. We have transformed this random coortheir limit of detection. Therefore, we expected the fraction
dinate system into the bacterial coordinate system and intof biotinylated -receptors to be very low and verified this
principal axes. When transforming into principal axes theprediction in the following manner. With IPTG, we con-
maximal deviation of the measured quantities in two or-trolled the number of expressed receptors, and if no IPTG
thogonal directions is found. Sometimes, this gave a differwas used we saw no increase in the number of streptavidin
ence of up to a factor of two in, e.g., diffusion coefficients coated beads attaching to the bacteria harboring pLO15 or
D, and the values dD, andD, thus seemed to depend upon pLO16 compared with the number of beads attaching un-
the orientation of the coordinate system in which they werespecifically to the controls harboring pSB2267. This ab-
measured. When the direction of the principal axes werasence of attached beads must have been due to inefficient
compared with the coordinate system of the bacteria, howbiotinylation because the bacteria hadeceptors in their
ever, no correlation was observed, and thereby we have neuter membranes as they were able to transport and ferment
evidence for any preferred direction of the anisotropy withmaltodextrins. For the concentration of IPTG used in our
respect to bacterial axes. experiments, the number of coincident beads and bacteria
In the forthcoming, the andy directions are random with was four times larger for the bacteria expressing the mod-
respect to bacterial and principal axes. In the lack of &fied -receptor than for the controls. Also, the beads asso-
natural coordinate system, the results we presentfgr |, ciated with the bacteria expressing the modifiedeceptor
and diffusion constarid are defined as to be independent of showed a motion that was qualitatively different from those
choice of coordinate system. This is accomplished by notingissociated with the controls. They performed a clearly vis-
that (r  ry)? (Xt %)? (y(t) yo)? isinde ible and characteristic Owiggling® motion. The frequency of
pendent of the orientation and origin of the particular coor-beads performing wiggling motion on bacteria wag0-
dinate system used. For a particle diffusing in two dimen-fold higher with bacteria harboring pLO15 or pLO16 than
sions we have: with those harboring pSB2267. Using the optical tweezers
rt ro0? 4Dt 2Dy 2D, (13) to monitor the motion of one of the rare beads, which
seemed to move on the controls, we saw a power spectrum
makingD a simple averageD  &(D, D,). Following  that was not fitted well by a Lorentzian function and there-
the relation betweed and (Eq. 11), a generalized friction fore was not the same signal as from the motion of a bead

coefficient, , can be defined: moving on bacteria expressing the modifiedreceptor.
This fact ensures that what we are observing is indeed a
2 1 1 . ) i
- = = (14) bead on a moving, engineeredreceptor and not just the
P pX Py motion of the beagi attached to somgthing residing on the
Similarly, ., can be defined as: cell surface (as a Oballoon on a stickO). After induction with

IPTG, the average number of diffusing beads on each en-
2 1 1 . S . .
) (15) gineered bacteria is only 0.27, supporting our conclusion
ow cwx cwy that the efficiency of biotinylation is very low.

The definitions of and ., share the property that if the As a further check on the efficiency of the biotinylgtion,
values of the quantities in the two directions are identical e measured the frequency of fluorescent bacteria after
then the generalized value is also equal to this number. Fgtdding fluorescine-labeled  streptavidin - (Materials - and

the above definitions and Eg. 12 to hold in two dimensiong€thods). As we are not equipped for single molecule
and to get a value for , which is independent of choice of fluorescence spectroscopy, we cannot determine how many

coordinate system, we have chosen to defines: fluorophores a particular signal originates from, and we
' might not be able to detect the signal from a single fluoro-

phore. To test our equipment, we prepared a sample with a
dilution of the streptavidin-FITC conjugate to a degree
where we expected to havelO fluorophores within the
field of view of our microscope objective. The number of
observed bright areas are approximately in accordance with
Our first results concern the efficiency of the in vivo bioti- the expected number, which suggests that we are able to
nylation described in Materials and Methods. To avoidobserve the signal from a single streptavidin-FITC conju-

oy (16)

I\J\‘ =

RESULTS
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FIGURE 2 Position of a bead on areceptor versus time as detected by [am]

optical tweezers. The optical tweezers serve both to trap the bead and a$9GURE 3 Position histogram of a bead orreceptor §quared and of
detection method in conjunction with a quadrant photodiode. a bead unattached to a bacteriutirgles) found by optical tweezers. The
data from the unattached bead are referred to as OreferenceO on the figure
and are needed for calibration purposes. The lines are Gaussian fits to the

gate. We have detected that some bacteria fluoresce weaklgata (ull line, bead on -receptor;dashed line unattached bead). From
whereas others do not and we can compare the detecté'lfse .fits _the standard deviation in one dimension for the bead on the
fluorescence among the diffrent samples. The numbers df“Sur = o0 obe 181w and o e atecied vead 102
fluorescent bacteria from the bioclones having undergone
the in vivo biotinylation was, respectively, 5%, 12%, and
31% for IPTG concentrations of 0, 0.1, and 1 mM. These
values correlate well with our measurements of bindingstems from that of a bead unattacted to a bacterium from the
streptavidin-coated beads. Strains harboring pSB2267 failesame sample in an optical trap. The inset shows the same
to fluoresce. Using the streptavidin-coated bead as a markediata on semilogarithmic axes. The lines in Fig. 3 are Gauss-
there were on average 0.27 beads per bacteria for [IPTG] ian fits to data. Fig. 3 confirms that a single bead in an
0.1 mM, which is the concentration used in the reportedoptical trap experiences a harmonic potential and further-
experiments. This should be compared with the 12% of thenore shows the intriguing fact that a bead bound to a
in vivo biotinylated bacteria that appear to be fluorescently -receptor also has a Gaussian position distribution, indi-
marked. The reason that the beads appear to be more effiating that it, too, sits in a harmonic potential. This obser-
cient markers for the biotinylation frequency might be thatvation led to the assumptions behind Eq. 13 in the model
we are able to exactly count the number of beads on aection.
bacteria, and there might be one, two, or even occasionally Fig. 4 shows the power spectrum of the position data both
three beads wiggling on a single bacterium, but we are nofor a bead unattached to a bacterium (full thin line) in the
able to determine the number of streptavidin-FITC conju-optical tweezers and from a bead attached teraceptor in
gates on each bacterium. Alltogether, the immunofluoresthe optical trap (dashed thin line). Both data sets are fitted
cence data support very low efficiency of the in vivo bioti- with Lorentzian functions according to Egs. 14 (full thick
nylation, which is also suggested from our experimentdine) and 15 (dashed thick line). Attaching the bead to the
using the beads as markers and reported in literature (Redzhcterial system lowers the corner frequerfgy, f, and
and Cronan, 1991; Jander et al., 1996). also shifts the horizontal asymptotic behavior at low fre-
With the optical tweezers setup, the position of the beadjuencies. In the model leading to Egs. 16 and 13, is
on the -receptor versus time is measured. An example ofassumed to be a constant, however, it might be frequency
such a measurement is shown in Fig. 2. The duration of @ependent. Gittes et al. (1997) and Helfer et al. (2001)
typical optical tweezers measurement is on the order ofeported on the frequency-dependent viscoelasticity of some
seconds, and the sampling frequency was 22,000 Hz givingoft materials giving rise to a deviation from normal Brown-
a temporal resolution of 465 for this particular measure- ian motion and a corresponding shift in the exponent. But as
ment. The sampling frequency could easily be chosemur power spectrum for frequencies above the corner fre-
higher if needed. Histograms as shown in Fig. 3 are obquency fit well to an exponent of 2, we do not have
tained by binning the position data. The narrower positionexperimental evidence to prove viscoelastic behavior,
histogram is from a bead attached to-aeceptor (position which would give rise to a numerically lower exponent, on
data of which are shown in Fig. 2), and the wider histogranof the order of 1.75, in that frequency range.
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The standard deviation (defined in Eq. 16) that is a ol v . e ¢ ) %
measure of the radius of the area, which theceptor-bead 0 0.25 0.5 0.75 1
complex scans during a measurement, is found from plots Relative Laser Intensity

like Fig. 3. Fig. 5a shows obtained with various laser

intensities for six bead-protein complexes from six indepen—FIGU,RE 5 Physical parameters versus relative laser intensity from bead-
rotein complexes from six independent samples (each sample is shown by

dent samples (each sample is shown by one type of marke'ﬁne type of marker).d) Standard deviation of the Gaussian position
As we do not know the exact amount of power delivered bygistribution for a bead bound to areceptor. The horizontal dashed line is
the laser in the actual trap, the abscissa is given in relativene average value,gpr  22.6 8.1 nm, obtained from SPT analyses with
intensities instead. As expected, the motion of the bead iﬁhtehoﬂtri]ca' t}'\/te'fgerrgfébotiffii:gtﬁznﬁzggcrviva‘lih;?nifggg r:ehz:zggi;al
.more .C.OHmed 6}'[ high laser mten_smes than for |(?W Iasertdeasﬁedglinz is the avenge valug, spr  (0.98 0.44) 10 ?pN/nm,
intensities and vice versa. Th.e .horlzontall dashed line is thg, . o4 from sPT analyses with the optical tweezer aif.[fiffusion
average of the standard d‘eV|at|0n5’ obtained from the SPdonstantD of the -receptor in the bacterial membrane as a function of
measurements giving the OnaturalO value of the unperturbieskr intensity.
system (see below). The value of measured by optical
tweezers approaches that of the SPT measurements as the
laser intensity is decreased. thus obtained fob from the optical tweezers measurements
Knowing and , ., can be found via Eq. 18. Fig. 5 at all laser intensities i® (1.5 1.0) 10 ° cn/s.
b shows ., as a function of laser intensity. For laser Within one time step the receptor approximately moves
intensities below a certain threshold valug,, seems inde XoT D tor 2.6 nmin a linear direction. Hence,
pendent of applied intensity. If this threshold value is cho-in the unlikely case that its motion is in one direction only,
sen to be at a relative laser intensity of 0.5, the averagé takes 20 time steps (sampling at 22 kHz) to move from
value of , found by the optical tweezers measurementsone end of the 50-nm domain to the other. Thus, the tem-
with intensities below this threshold is,, 1.1 10 ?  poral resolution of our optical tweezers setup allows for a
pN/nm. The averaged value of,, found by SPT (see determination ofD. A similar evaluation for SPT gives
below) is shown as the dashed horizontal line in Fidp. 5 Xspr /7 nm showing that our SPT data cannot be used
From power spectrum analyses as shown in Fig.4, to determineD.
can be found using Eqg. 19. Asand ,, are known from the As SPT is an almost noninvasive detection method, the
previous analysis, the total friction coefficieng p can  results of the SPT routine can be used to see how and if the
be found from Eq. 20. As,, is found from Stokes equation bacterial system is perturbed during the optical tweezers
tobe 5.0 10 °Ns/m, we can find p and hence, from Eq. measurements. SPT was done on six independent samples,
21 the diffusion constard of the -receptor in the mem- four of which were the same as those used in the optical
brane. Fig. 5¢c showsD as a function of laser intensity. tweezers measurements shown in Fig. 5. For technical rea-
Within the precision of current measuremebtseems to be sons we did not always succeed in investigating the exact
independent of applied laser intensity. The average valusame bead on bacteria with both techniques. Fig. 6 shows
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350 . . . : tracked for 4 min. Fig. & shows the position histogram of
300 A) the data shown in Fig. &. Fitting these data by a Gaussian
= function yields a value of o+ 19 nm directly compara
£ 250 ble with the squares in Fig. & showing  obtained by
§ 200 optical tweezers measurements with various laser intensities
’g‘: 150 on the same sample. The average value fgi;using six
o independent samples is found to bg-r 22.6 8.1 nm.
100 Thus, the average value of,, spy the spring constant of a
50 nonperturbed system is,, spr (0.98 0.44) 10 2
0 S0 100 150 200 pN/nm. Fig. 6¢c shows a scatter plot of the data obtained by
Time [s] SPT analysis. The motion of the-receptor is restricted
800 within a certain domain for time scales at least on the order
B) of minutes (we never saw a receptor leave this region
” o0 although watching for more than 15 min). Also, the motion
g 400 is fairly isotropic. Fig. 6d shows the mean square displace-
8 ment defined asr? (x(t)  x(0))?, as a function of time
200 taken over 50 averages within the same time series. This is
a method suggested by Saxton (1993) to find the confine-
e — ment radius of a confined diffusion. The square root of the
100 150 200 050 asymptotic value, whichr® approaches gives a confine
Position [nm] ment radius of 26 nm ( 2 ), which was consistently
seen for the other samples as well. If the SPT time resolu-
100 g tion had been better, the increase in mean square displace-
= C) - | .
£ ment at short time lags would give a value forand show
E- 50 possible anomalous diffusion.
o
3 0
2
> —50 DISCUSSION
_1000 160 260 360 a6 The invoked in vivo biotinylation scheme results in a very
st-prsition ] Iqw efficiency of b!otlnylatlon, thus enhgncmg the proba-.
bility that the bead is only attached to a single receptor. This
1500 is in accordance with the literature. Also, it is supported by
the fact that the observed spring constalj describing the
<< 1000 attachment of the protein to the cell wall does not vary
E between measurements on independent samples, neither
=] while using the SPT routine or while using the optical
= 500 ff tweezers as detection method provided that the laser inten-
sity is below the threshold value. If the bead occasionally
had been bound to two or more receptors, the obserygd

0 1 2 3 " 5 would vary accordingly.

The value of the standard deviation of the position
measurements of a bead attached to a protein determined by
FIGURE 6 Data from a bead attached to aeceptor in the bacterial SPT was 23 8 nm. In the optical tweezers measurements
membrane obtained by SPB)(Thex-position of the beadbj Histogram  a similar value is approached as the laser intensity is low-
of the position distribution. The position histogram is fitted to a Gaussianared. The limit as to how low laser intensity we can apply

distribution ullline) and has a standard deviation afpy  19nmforthis 3, yhe measurements is determined by the fact that the trap
experiment. €) Scatter plot, showing the distribution of locations of the

bead within the plane of the bacterial membrar®. Nlean square dis- must be strong enough to trap a single bead for calibration
placement (MSD) as a function of time taken over 50 averages. purposes.

In the optical tweezers measurements with high laser

intensities we occasionally observed some anisotropy of the

data obtained by SPT on the same bead bound terex  measured physical parameters. The direction of the princi-

ceptor of which data obtained by optical tweezers are showpal vector appeared random with respect to the bacterial

in Figs. 2, 3, and 4. Fig. & shows the position obtained by axes, and at lower laser intensities no anisotropy was ob-

SPT in an experiment where the position of the bead waserved. This suggests that the anisotropy could be a result of

Time [s]
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optical damage of the bacterial system at high laser inten- Finally, while studying bacteria by optical tweezers, one
sities. should also be aware of the possible photo damage that one
Apparently, the -receptor was harmonically bound in mightinduce in the biological system (Neuman et al., 1999).
the bacterial outer membrane. Using the optical tweezerds our results seem independent of applied laser intensity
with laser intensity below a certain threshold, the value of(below a certain intensity threshold) and as they coincide
the spring constant was found to bg, (1.1 0.4) with our results from SPT, which is an almost noninvasive
10 2 pN/nm. Above this threshold,,, increased signifi ~and independent method, we believe that photo damage can
cantly, which might be a sign that some biological processbe ignored for most of the results presented here.
restricting the motion of the protein, is being enforced by
the optical tweezers. Using SPT we found,, spr
(0.98 0.44) 10 2 pN/nm. Within the uncertainties, the
value of ,, found by the two different methods are iden We have studied the motion of a singleeceptor protein in
tical. By dragging a protein through the membrane of euthe outer membrane of aA. coli bacteria. We have pre-
caryotic cells without a cytoskeleton, Peters et al. (1999gented a method for the in vivo biotinylation of an extra-
obtain spring constants on the order of 0.5L0 2 pN/nm,  cellular site of the -receptor, and in agreement with pre-
approximately one-half of what we find for the bacterial vious literature, the efficiency of the in vivo biotinylation
system. That the two values of,, are different is not was found to be extremely low. By attaching a streptavidin
surprising considering the different nature of the two typescoated bead to the-receptor, the motion of a singlere-
of membranes. ceptor protein in the outer membrane offancoli has been
Within the accuracy of our measurements the value of théevealed using the techniques of SPT and optical tweezers.
friction coefficient , and of the diffusion constai of the ~ We propose a model of the bead-protein complex allowing
protein in the membrane seemed independent of the applidf€ extraction of several physical parameters describing the
laser intensity. These values have only been determined Uyotion of the protein in the membrane and its connection to
optical tweezers measurements as our SPT routine was td@e bacterial membrane. The assumptions in the model that
slow to permit a measurement hereof. The obtained value df¢ Pead and protein are tightly attached to each other and
2.7 10 ®Ns/m, was larger than, by approximately that the protein is attached_ in a sprlng—llke fashion is sup-
a factor of 5. If we, in lack of earlier work on the mobility POrted by experimental evidence. This model can equally
of single molecules in the bacterial outer membranes, inWell bé used to analyze motion of protein movements in
stead compare to the work done on plasma membranes, off1€r membrane systems. _ _
value ofD (15 1.0) 10 °cn?s is consistent with The -receptor stays within an area W|th_a_ rad!us of
the findings of Kusumi et al. (1993) and Sako et al. (1994).foughly 25 nm for at least several minutes. Within this area
If we consider the work by Pralle et al. (2000) who are usingIt performs a motion as '; it were held by aspring O.f spring
the same local method as we are to measure diffusio on_stan_t ew 1_'0 . 10 p'\'”?m anc_i sat_mavery viscous
constants, we see that our diffusion constants were Iowe{(lqi_"d Wlltg')n erl'(():hg'i:?c;\s/ed with a diffusion constaml
than what they find, suggesting that the part of the bacterial™ ' ’

. ) . The results of this paper open many directions for future
outer membrane to which thereceptor is attached is more . . . .
. work, e.g., the exploration of possible anisotropy in the
viscous than a plasma membrane. Our result Dowas

. . motion of the -receptor, the dependence of the motion on
higher than observed by Peters et al. (1999) and Suzuki € : .
al. (2000), but they are using a different detection method:EOdu'aItlorl of the peptidoglycan layer, and the dependence

which yields a OglobalO measurement by dragging a prote?r? acterial metabolism

across the plasma membrane. Therefore, these results may

not be directly comparable with our results where the proWe are grateful for discussions with and suggestions by E.-L. Florin, H.
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Improved axial position detection in optical

tweezers measurements

Jakob Kisbye Dreyer, Kirstine Berg-Sgrensen, and Lene Oddershede

We investigate the axial position detection of a trapped microsphere in an optical trap by using a

quadrant photodiode.

By replacing the photodiode with a CCD camera, we obtain detailed information

on the light scattered by the microsphere. The correlation of the interference pattern with the axial

position displays complex behavior with regions of positive and negative interference.

By analyzing the

scattered light intensity as a function of the axial position of the trapped sphere, we propose a simple
method to increase the sensitivity and control the linear range of axial position detection. © 2004

Optical Society of America

OCIS codes: 040.5160, 040.1880, 120.4640, 140.7010.

1. Introduction

Since the brst demonstrations of optical trapping of
dielectric particles, optical traps, also known as op-
tical tweezers, have become an important tool in
biophysics and colloidal science: see Ref. 1 for a
recent overview of the literature. In many cases
measurements of the lateral position of the trapped
object, i.e, the position in the direction perpendicu-
lar to the laser beam, give information sufbcient for
probing the system of interest. There are, how-
ever, applications where knowledge of the position
in all three dimensions would contribute signib-
cantly to the understanding of the system. For
example, three-dimensional position detection
might considerably improve measurements of the
diffusion constant of proteins in the bacterial outer
membrane, such as in Ref. 2. In such experiments
the motion of the protein in the membrane is likely
to have signibcant components out of the lateral
plane because of the relatively small radius of cur-
vature of the bacterium. In other experiments the
forces investigated may have small, but signibcant,
axial components. 3 Often, axial position detection
relies on extrinsic methods, such as total internal
reRection microscopy “ or two-photon excitation. 5
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One commonly used method for determining both
axial- and lateral position of an object in an optical
trap is to measure the intensity of the forward-
scattered light with a quadrant photodiode placed in
the back focal plane of the microscope condenser. In
this case, for small Buctuations of the bead, the lat-
eral x- and y-coordinates of the trapped bead are
proportional to the differences in light intensity on
the four quadrants, ¢ and within a certain regime the
axial position is proportional to the Ructuations in
the sum of the intensities on the quadrants. 78 Here
we report a new experimental approach to back-focal-
plane detection with emphasis on resolving the axial
positions of the bead. We show that, through deeper
understanding of the back-focal-plane interference
pattern, the signal-to-noise ratio and the linear range
of detection can be controlled and optimized.

2. Experimental Setup

The optical tweezers setup consists of a Nd:YVO ,
laser operating at a wavelength of 1064 nm 10 W,
Spectra Physics Millennia , which is directed into an
inverted microscope Leica DMIRBE The laser
output is expanded with a commercial beam ex-
pander 20 ,Casix and passes a half-wave plate and
a beam-splitter cube used for attenuation of the laser
beam. Two mirrors serve to steer the beam during
the alignment. Before entering the microscope, the
beam is focused by alens, L, f 35 cm, that com-
pensates the defocusing of the built-in microscope
tube lens, L, f 25cm.

The essential components, including L ; and L,
forming the optical trap and the detection system are
depicted in Fig. 1. The trap is formed by the micro-
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Fig. 1. Schematic illustration of the components forming the op-
tical tweezers and the detection system. The laser beam enters
the microscope via the side port, and the built-in tube lens, L,
must be incorporated into the optical path. Lens L 5 images the
back focal plane of the condenser onto the detection system, either
a quadrant photodiode or a CCD camera. Inthis bgure the beam
expander, mirrors, and attenuating system have been omitted.

scope objective 100 , oil, numerical aperture NA

1.4 . The forward-scattered light from the sample is
collected by the microscope condenser oil, NA 1.4,
diameter 22 mm The back focal plane of the con-
denserisimaged by alens, L ; f  3.75 cm, diameter
254 mm, onto either a quadrant photodiode
Hamamatsu S5981 or a CCD camera Sony XC-
75CE, frame rate 25 Hz Lens L 5 is placed 19.9 cm
along the optical path from the condenser and 4.2 cm
from the detector. The sample is mounted on an  xyz
piezo translation stage Physik  Instrumente,
P-517.3CL ; before entering the CCD camera, the laser
beam is attenuated by an absorptive neutral-density
plter Thorlabs ND40B Except where indicated,
measurements have been performed on polystyrene
microspheres dissolved in deionized water.

3. CCD-Ilmage Analysis

Inserting a CCD camera into the back focal plane of
the condenser instead of the quadrant photodiode
yields more detailed information on the interference
pattern of the forward scattered light. Figure 2 a
shows a CCD image of the back-focal-plane interfer-
ence pattern of a trapped bead. The image appears
as a bright disk, as only light at angles less than the
critical angle of the glass-water interface at . 61
deg is detected from the sample. At each pixel the
angle is debned as sin r f, where r is the radial
distance from the image center to the pixel. The
constant f is given by f r. sin ., where r is the
radius of the disk of the interference pattern. The
presence of a bead in the optical trap is seen as a dark
shadow in the image center.

From the CCD camera, a recording of 1500 consec-
utively sampled frames of a trapped bead undergoing
Brownian motion were analyzed to Pnd their infor-
mation content regarding the axial position of the
trapped bead. The axial root-mean-square devia-
tion of the bead from the mean position was 50 nm,
and the mean distance from the coverslip to the bead
was approximately 3 ~m. We investigate the corre-
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Fig. 2. Analysis of forward-scattered light detected with a CCD
camera. a Interference pattern of atrapped bead  diameter 1.07

m . The physical diameter of the image is 5 mm. b Corre-
sponding correlation matrix, CofEq. 1. Each surface elementin
the plot is the mean of 5 5 entries of C. ¢ Mean value of the
correlation matrix C as a function of the detection angle . At
angles  below 35 deg, the light intensity of the image in a
increases as the bead moves along the axis of the laser beam. At
angles from 35 to 58 deg the correlation is negative, while a peak
of positive correlation is visible close to the critical angle at 61 deg.

lation of each pixel intensity with respect to the total
intensity,

Cy pikl i pi(li i 1)

Here, py, O,..., 255 isthe intensity recorded at the
pixel with indices k and | in image number i, and
is the sum of all pixel intensities in image i. The
mean value is taken over all images in the recording.
By moving the bead in a well-controlled fashion in the
axial direction, the total intensity, i» was found to be
proportional to the axial position of the bead, z, ason
the quadrant photodiode. 78

In Fig. 2 b a surface plot of the correlation matrix
C is shown. It shows that the intensity in the mid-
dle of the image is positively correlated with the  z
position of the bead. Further from the center, the
sign changes and the intensity becomes negatively



correlated with the  z position. Figure 2 ¢ shows the
average of the correlation matrix in a rim d as a
function of In this Pgure the region of positive
correlation at low scattering angles and the region of
negative correlation at angles above 35 deg are
clearly distinguishable. In addition, a distinct pos-
itive peak develops at the critical angle. At angles
greater than 61 deg, the condenser receives no light
from the sample, and the correlation drops to O.
Note that in Fig. 2 ¢ the number of pixels that con-
tribute to the average increases with Figure 2
clearly illustrates that integrating the intensity of

the entire accessible area of the photodiode will de-
crease the amount of information on the axial posi-
tion, as regions with both negative and positive
correlations are included and their contributions to
the total intensity cancel. As is shown below, the
total contributions from the positively and negatively
correlated areas may even exactly cancel, and as a
result the total axial signal vanishes. This result
holds for beads of size 0.4, 1.07, and 2.3 m.

4. Photodiode Response

For various capture angles, ., of the condenser, we
investigated the response of the quadrant photodiode
and determined in which range this signal was pro-
portional to the axial position of the bead. The angle
cap 1S the opening angle of the light cone detected by
the condenser and can be easily adjusted with the
condenser aperture diaphragm placed immediately
above the condenser on the microscope; see Fig. 1.
We induced oscillations in the position of the bead
relative to the optical trap by oscillating the sur-
rounding medium with the piezo stage. The equilib-
rium position of the bead was set to be approximately
6 m above the coverslip of the sample, and the laser
intensity was kept at the lowest possible that could
hold the bead trapped. Under these circumstances
the bead is in Buenced by an external force of magni-
tude Fgy v, where the drag coef bcient, , is found
from Stokes Law, 6 r. Here denotes the Ruid
viscosity, r the radius of the bead, and v the velocity of
the bead with respect to the medium. Let Z,..4and
Zample denote the coordinates of the bead and the sam -
ple relative to the trap, with the axis oriented in the
same direction as the propagation of the laser beam.
The potential exerted by the trap is approximately
harmonic with spring constant ~ ,.47.°2 The motion of
the trapped bead can then be described by

z,'bead Z,Isample- (2)
Inthe presentcase, Zgmpe t Asin 2 fot , with A
129 m and fq 40 Hz. The response of the
trapped bead was sampled at 4 kHz with the photo-
diode and can be foundfromEq. 2 tobeZ, 4t A

z Z bead

sin 2 fot , with amplitude A A1l 5
2 f,2 '?2and phase tan * ,2 f,. From
power spectral analysis, the ratio , 2  was found

to be 3.80 0.15 Hz.*© Consequently, the ratio of
the amplitudes is determinedtobe A A 0.996, and
the phase lag 5.4 deg. A direct measurement
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Fig. 3. Total intensity on the quadrant photodiode with respect to
the axial position of the trapped bead diameter 1.07 m . The
legend provides the capture angle of the condenser,  ,,, and the
total range of linear detection. The inset shows the sensitivity of
the axial position signal de Pned as the slope of the photodiode
signal at the equilibrium position.

gave 3.6 deg. The deviation between the two
values of could be caused by the fact that the trapped
bead is forced to extreme positions where the assump-
tion of a harmonic trapping potential no longer holds.

In Fig. 3 the response of the photodiode is depicted
as function of the position of the bead. Each curve
corresponds to a different value of the capture angle
of the condenser, .,,. The exact angle is stated in
the legend. To minimize the effect of thermal  Ruc-
tuations, each curve shows an average over 400 pe-
riods. An offset, increasing with cap Nas been
subtracted to yield an output o f 0 V at the equilib-
rium, de bPned as the mean axial position of the bead
in the trap without external forces. The deviations
from the linear regime are obvious in most cases
when the bead is more than 0.5 m away from the
equilibrium. The legend also states the range in
which the photodiode output changes linearly with
the position of the bead. This range of linear detec-
tion has been debned as the minimal distance at
which the difference between the bead position and
the linear approximation is less than 30 nm.

We bnd that the range of linear detection is max-
imized at the lowest capture angle and is minimized
for .,p between 35 and 44 deg. In the inset of Fig.
3 the sensitivity of the photodiode, de Pned as the
slope of the output signal around 0 V, is plotted ver-
SUS 5, Here an optimal capture angle occurs at

cap max 26 deg. The minimal sensitivity ap -
pearswhen .., min 40 deg, where the sensitiv -
ity is 0. It appears that the minimum in the linear
detection range corresponds to a change in sign of
sensitivity.

If needed, the position detection can be improved
by including higher orders in the bt to the photodiode
response. In this manner it appears that the mea-
surement range is limited only by the presence of the
in Bection point in the photodiode output and can be
extended up to 1 m in the positive direction and
even more in the negative direction at low cap:
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Fig. 4. Probing the spatial resolution of the position detection
system by moving a Pxed bead with the piezo stage in 14-nm steps
in the axial direction. The inset shows a position histogram taken
at a typical step indicated by an arrow . The positions obtained
indicate a resolution of 2.8 nm in the axial direction. The capture
angle of the condenser was set to 35 deg.

However, at ., min NO ONe-to-one mapping from
the photodiode signal to position coordinates is pos-
sible.

To test the precision of the axial position detection,
the response of the photodiode was measured as a
bxed bead was moved in a controlled manner through
the focus of the laser. For this measurement the
best sensitivity was achieved with ., equal to 35
deg. The beads were suspended in water containing
0.5 mM NacCl in order to attach the trapped bead to
the coverslip: the bead was captured from the bulk
of the solution and, while the distance to the coverslip
was continuously decreased, the bead would at some
point attach to the surface owing to the presence of
the electrolyte. Care was taken not to perturb the
equipment after the attachment of the bead to the
coverslip to ensure that the bead was aligned later-
ally with respect to the beam axis.

Figure 4 shows the photodiode signal of the posi-
tion of the immobilized bead when it was moved in 14
nm steps close to the focus of the laser. The individ-
ual steps, of duration 0.1 s, are easily distinguished.
A typical step is indicated by an arrow in the  Pbgure.
This step is investigated further to get the spatial
resolution of the position detection system. A histo-
gram over the positions in this step is shown in the
inset of Fig. 4. A Gaussian bt to this histogram
results in a standard deviation of 2.8 nm, which we
take as the precision of the axial position detection.
In some of the steps periodic noise at a frequency of
50 Hz is visible in the time series. This noise is
probably caused by interference from nearby elec-
tronic installations.

5. Discussion

In Fig. 3 we demonstrate that the linear range and
sensitivity of the axial position detection depends cru-
cially on the aperture of the condenser. Similar re-
sults are found in the numerical work by Rohrbach
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Fig. 5. Power spectra of the Ructuations of a trapped bead, re-
corded with the quadrant photodiode at various opening angles of
the condenser. The increase in signal strength is 2 orders of
magnitude when the opening angle is decreased. Both signals
have been high-pass bltered at 1 Hz. In the lower curve, the
peaks are electronic noise, whereas in the upper curve only a 100
Hz peak is noticeable.

and Steltzer. 11 In their work, numerical simula-
tions of the axial sensitivity of the photodiode with a
trapped 150-nm polystyrene bead gave ,,, 64 deg.
Furthermore, they found |, to be inversely propor -
tional to sin ., , i.€, for axial position detection the
optimal capture angle is as low as possible. We mea-
sure a debnite .., and when ,, is lowered below
this angle the sensitivity in the axial position detec-
tion decreases. Furthermore, since the correlation
values in Fig. 2 ¢ are approximately constant as
function of angle below 20 deg, the sensitivity at
low angles should be proportional to the photodiode
area illuminated by the light cone of opening angle
cap’ f sin cap

We may also, as a further documentation of our
results, investigate the amplitude of the signal
through a power spectral analysis. At a laser power
similar to that of Fig. 2 we observe an 80-fold increase
in power spectral density upon lowering the capture
angle of the condenser from 61 to 35 deg; see Fig. 5.
This demonstrates a signi bcant increase in signal
when our method is applied.

We found the exact values of . and ., to be
sensitive to parameters such as the depth of the laser
trap in the sample, the laser intensity, and the size of
the trapped bead. From the correlation measure-
ment in Fig. 2 ¢, . Can be found as the angle
where the correlation, C , equals zero. When the
detector area is integrated over angles smaller than
this angle, only positively correlated regions contrib-
ute to the signal. From the plotin Fig. 2 ¢, xS
foundtobe 35deg. Thevariationin ., and i,
is due to the fact that the equilibrium position of the
trapped bead is shifted with respect to the geometri-
cal focus of the trapping laser. The point at which
the trapped bead is in equilibrium depends on the
balance between the scattering of the laser beam,
which tends to push the bead away from the focus
point and the electrical Peld gradient of the focused



laser, which attracts the bead toward the focus
point. 22 The relative strength of these opposing
forces depends on details such as laser power and
bead size. In the presence of spherical abberations
the equilibrium point may also depend on the depth
in the sample.

The results reported in this paper apply when scat-
tered light from the trapping laser beam itself is uti-
lized for position detection. Areas of positive and
negative correlation as in Fig. 2 b and 2 c are a
result of the axial momentum transfer from the fo-
cused laser beam to the bead. This also indicates
that position detection with a separate laser 13 may
have the same complex behavior only if it is as tightly
focused as the trapping laser and shares the same
focus plane inthe sample. Thusitis most likely that
position detection with a less tightly focused laser
beam does not display the same critical dependence
0N ¢4p Shown in Fig. 3.

6. Conclusion

The interference pattern in the back focal plane of the
condenser lens behaves in a complex non-linear fash-
ion with respect to the axial position of the trapped
bead. As demonstrated, the axial position detection
can be greatly improved both with respect to in-
creased sensitivity and to the range of linear detec-
tion when the capture angle of the condenser is
decreased to within 26 B35 deg, the exact value de-
pending on experimental conditions. When a large
linear detection range is important, the capture angle
should be as low as possible. Generally, when three-
dimensional position detection is needed, one must
bnd the aperture at which both axial and lateral
positions are detected optimally. The experimental
methods described above, the correlation measure-
ment and the photodiode response experiment, are
also easily applicable when optimizing lateral posi-
tion detection, and, in fact, wherever position detec-
tion relies on interference.

We thank Christoph F. Schmidt and Poul Martin
Hansen for useful discussions. This work was sup-
ported by the NKT Academy and the Danish Re-
search Council.
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