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Chapter 1

Preface

For a physicist, interaction forces between objects are perhaps the most fun-
damental observable: Newton's Laws which introduce the concept of force
ranks among the principal laws in physics. In this thesis various aspects of
interaction forces in the pico-Newton range are investigated. Interactions
in this regime are encountered throughout living systems. From the long
range forces between cells and substrates to the forces produced by single
molecules such as RNA polymerase and kinesin. And from the strength of
speci�c bonds between biological recognition molecules and their ligands to
the forces involved in single molecule studies of DNA and RNA. The prime
focus in this thesis is on interactions in colloidal systemsand biomolecular
interactions. In this work, the colloidal interactions aremeasured using op-
tical tweezers. With this method the motion of a microscopicdielectric bead
is investigated and less than one pico-Newton forces are measured.

The range of the forces governing speci�c biomolecular interactions is
between 50 pN and 100 pN. This is within the optimal working range of
the atomic force microscope which is used to investigate such interactions in
Chapter 6. Here the measurement of the interaction force between a protein
involved in the immune system and its carbohydrate ligands is presented.

1.1 Thesis outline

The thesis contains material from 4 di�erent research projects that I have
worked on during the last 3 years. This part of the thesis covers the chapters
3-6. The optical tweezers related material constitutes thebulk of the thesis.
This re
ects the fact that I have spend most of the 3 years in the Optical
Tweezers Lab at the Niels Bohr Institute in Copenhagen. The measurements
using atomic force microscopy were conducted during a visitat the MEM-
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PHYS center for biomembrane physics located at the University of Southern
Denmark.

The material presented in the various chapters contains descriptions of
di�erent experiments. The general idea of the thesis has been to enable the
reader to understand the chapters independently. Therefore some of the basic
concepts, such as the trap sti�ness, are de�ned several times throughout
the thesis. However, cross references between the chaptershave not been
completely avoided in order to clarify some of the similarities and analogies
the experiments in between.

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

Chapter 3. In this chapter an analysis of the optical position detection
system is presented. It is shown how simple adjustments of the opti-
cal system improves the position detection considerably. Without this
insight, the results presented in Chaper 4 would not have been pos-
sible. The results presented here have appeared inApplied Optics[1].
However, in this chapter I have included some material regarding the
position detection of beads of various sizes. Furthermore,the discussion
of the results in two papers by Rohrbach and Stelzer is more detailed.

Chapter 4. This chapter deals with interactions between a micrometer-
sized sphere and a solid glass wall. The measurement is carried out
under various concentrations of electrolyte to investigate the role of
dissolved ions for the interaction potential. In some measurements the
van der Waals interaction between the sphere and the surfacecould
be detected. A manuscript containing the results from this chapter,
among others, is submitted toJournal of Colloid and Interface Sci-
ence[2]. The description of the experimental procedure is enlarged in
this chapter and I have analyzed some of the di�culties encountered.

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

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

Appendix B Here, the protocol for the experiments discussed in Chapter6
is stated.

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

Appendix C contains a paper describing the work of my Master's Thesis[3].
All the relevant details are described there and I do not discuss 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 Chapter4.

Appendix F contains a conference proceedings on the same subject. This
paper includes the description of optical tweezers measurements of the
speci�c interaction between the biomolecules streptavidin and biotin.

1.2 Acknowledgements

In an interview with the Italian scholar Umberto Eco, I have read that stu-
dents are not supposed to thank their supervisors. As I remember from the
article, the reason for this is that they (the supervisors) are only doing their
job. In this case I will make an exception. . . Without Lene andKirstine's
encouragement and understanding, I believe this thesis would never been
possible. Thank you.

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

I am grateful to S�ren Hansen at SDU for patiently answering my ques-
tions about SP-D and for the biotinylation of the protein. I would like to
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thank the entire sta� at the MEMPHYS center for the good atmosphere and
their hospitality. In particular Esben Thormann, Adam Simonsen and Per
Lyngs for the fruitful discussions and Lars Duelund for sorting out the mess
I made in the lab.
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Chapter 2

Introduction to optical tweezers

2.1 Trapping with light

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

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

Since the �rst demonstrations of optical trapping in the seventies by
Arthur Ashkin[5], optical trapping has by now evolved into amature tech-
nique. The �rst description of a single beam optical trap, similar to the one
presently used in most laboratories, was presented in 1986,also by Ashkin
and coworkers[6]. In Reference [7] a list of 377 of the most important re-
search papers concerning optical tweezers is compiled, including applications
like biomolecular motor proteins, cell mechanics, colloidal interactions, poly-
mer science, and, in addition, a considerable number of theoretical studies
of various aspects of the optical trapping of particles. This illustrates the
tremendous success of the technique which is now used in laboratories world
wide both as a sophisticated quantitative measurement device in itself, but
also as a tool for contact free manipulation of specimens while investigat-
ing them with other techniques. There are multiple reasons for this success.
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The capability of measuring nanometer scale displacementsand pico Newton
forces enables experiments that probe mechanics on an energy scale close to
the thermal energy,kB T, where important biological phenomena take place.
Here, kB = 1:3807� 10� 23 J/K is the Boltzmann constant and T is the ab-
solute temperature. The optimal size of the particles that can be trapped
is in the micrometer range which also makes an optical trap the ideal tool
in many studies of colloidal interactions and for manipulating cells inside a
microscope.

2.2 Description of setup

The optical tweezers setup is depicted in Fig. 2.1 and is essentially similar to
the one described in Reference [8]. The key ingredients in the optical tweez-
ers setup is a Nd:YVO4 laser, operating at a wavelength of 1064 nm, and an
inverted microscope equipped with a high numerical aperture oil-immersion
objective (NA = 1.4, 100� ). Our microscope is additionally equipped for

orescence microscopy which occupies the 
orescence port of the microscope
traditionally used to introduce the laser trap. Therefore the optical trap is
introduced into the microscope via a side port which complicates the align-
ment of the setup since the laser beam must pass the built-in tube lens of
the microscope, the position of which must remain �xed in theoptical path
for the microscope to retain its function. The tube lens is denoted L2 in
Fig. 2.1 and has focus length,F2 ' 25 cm. To compensate the focusing of
the tube lens, the lens L1 (F1 = 35 cm) is mounted in the laser beam outside
the microscope in a distance,D, from L2 such that D = F1 + F2.

In order to detect the position of a trapped object, an oil-immersion con-
denser (NA = 1.4) collects the forward scattered laser light and directs it
through a lens, L3 (F3 = 3:75 cm) that images the back focal plane of the
condenser onto a detector. In some of the experiments described in Chapter 3
the detector is a CCD-camera, otherwise it is quadrant photodiode. When
the forward scattered light is collected with a CCD-camera,the laser beam
is attenuated using an absorptive density �lter. Position detection in the lat-
eral plane, transverse to the laser beam is accomplished with the quadrant
photodiode by pairwise summation of the light intensity of the four quad-
rants. For the projects described in the following sections, the direction of
interest is along the beam axis. Position detection in this direction is accom-
plished measuring the total light intensity on all quadrants, see Chapter 3.
For optimal control of the sample, it is mounted on anxyz-piezo translation
stage with capacitative feedback control that enables nanometer positioning
of the substrate being investigated.
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Figure 2.1: Schematic illustration of the optical path in the experimental
setup. The laser shown to the left emits an infrared laser beam (� = 1064 nm)
that constitutes the trap inside the microscope. Along the laser beam, a
beam expander and two mirrors M1 and M2 are mounted. A �= 2-plate and
polarizing cube are used as attenuation system of the laser beam. The lens
L1 focuses the laser beam and thereby compensates the e�ect of L2, the
built-in tube lens inside the microscope. The focusing by the microscope
objective forms the trap inside the sample immediately above the bottom
coverslip, see the inset. Above the sample, the laser light is collected by the
microscope condenser. The lens L3 serves to place the position detector in a
plane conjugate to the back focal plane of the condenser. Dichroic mirrors are
used to de
ect the beam in and out of the optical axis of the microscope. The
inset shows a closeup view of the trap with the coordinate system employed
that has the z-axis along the laser beam and thex-y-plane orthogonal to it.

The sample chambers are made of microscope coverslips cleaned by ultra
sonication in 96% ethanol. Two such glass slides form the bottom and top
of the chamber and are separated with vacuum grease. The particles 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 transfer from a fo-
cused laser beam to the trapped object. A dielectric particle in a light �eld
is subject to two kinds of forces. In the electrical �eld of the light, the object
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Figure 2.2: Ray-optical view of optical trapping. Panel A illustrates the
principle of trapping of a spherical bead in the direction perpendicular to
the laser beam, while B shows how trapping forces arise that are directed
along the axis. In both panels, the red bar represents the intensity pro�le in
a cross section of the laser beam. In A, the light ray number 1 comes from
the central region of the beam and is therefore more intense than 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 much larger than the
wavelength of the light rays.

will minimize its energy by moving to the position where the electrical �eld
is the greatest. This gives rise to the gradient force,Fgrad , which in a focused
laser beam always is directed towards the focal point of the laser where the
light is most intense. On the other hand, some light will alsobe scattered
back from the object which result in another force, the scattering force,Fscat,
which tends to push objects along the laser beam. The scattering force coun-
teracts the gradient force but under the right conditions the gradient force
overcomes the scattering force and a particle can be trappednear the focal
point of the laser.

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

using ray-optics. Figure 2.2 A is a schematic illustration of trapping in a laser
beam where the Gaussian intensity pro�le generates a gradient force always
directed towards the beam axis. The bead is positioned o�-axis and the light
rays, 1 and 2, are bend by the bead and the recoil arising from the change of
direction of the two beams is directed towards the most intense light ray. In
this setup the bead will be trapped in two dimensions only andmay travel
along the direction of propagation of the laser due to the scattering force
which is not included in Fig. 2.2. To trap the particle in three dimensions a
strongly focusing lens is introduced in panel B. In this casethe gradient force
is acting towards the focal point of the light rays and is, in combination with
the forces acting perpendicular to the laser beam sketched in A, constituting
a 3 dimensional optical trap. In the experiments at hand the diameter of the
bead is typically close to the wavelength of the laser beam. In this situation,
the picture given in Fig. 2.2 is not valid.

A key property of the optical trap is that the force exerted ona trapped
object is harmonic to a good approximation. Thus for positions 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 the measured power
spectral density of a bead moving thermally in the optical trap. From the �t
(solid line) the trap sti�ness and a conversion factor that relate the photodi-
ode signal to spatial coordinates of the bead are obtained.

is similar to that of a Hookian spring. That is

F (z) = � � z(z � z0); (2.1)

where the spring constant� z denotes the trap sti�ness andz0 is the equilib-
rium position of the trap. Generally,z0 will not be identical to the focal point
of the laser, but is shifted a few hundred nanometers away duethe scattering
force. Similar relations as Eq. 2.1 are valid in the directions perpendicular
to the laser beam where the trap sti�ness,� x and � y , are about one order of
magnitude larger than the axial trap sti�ness, � z. Typical values for � z in
this project are around 0.001 pN/nm. Since positions of the bead along the
z-axis can be found within a few nanometers, external forces are measured
with sub pico-Newton resolution.

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

hz2i =
kB T
� z

: (2.2)
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Using this relation and the value of� z, the amplitude of the thermal noise is
found to be around 50 nm in the axial direction while it is around 20 nm in
the lateral plane. The probability distribution of the positions visited during
the 
uctuations can be found using Boltzmann statistics andthe resulting
distribution is Gaussian,

P(z) =
1

p
2�� z

exp

"
(z � z0)2

2� 2
z

#

; (2.3)

with the standard deviation, � z, given by Eq. 2.2 Figure 2.3 shows an example
of this. Here, the circles represent a histogram obtained from a time series
of positions, while the solid line is a �t of Eq. 2.3. As can be seen the
assumption of a harmonic trapping potential is valid even atlarge distances
from the equilibrium.

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

S(f ) =
2kB T 

f 2 + f 2

c
: (2.4)

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

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

f c =
�

2�

: (2.5)

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

During the measurements with the optical tweezers the positions of the
bead, obtained by the photodiode, are expressed in arbitrary units, typically
Volts. In order to perform quantitative measurements this signal must be
converted into spatial units by means of a conversion factorthat relates the
light intensity measurement of the photodiode to positionsof 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 to�nd f c.
Under the assumption that the size of the bead is known, the drag coe�cient
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 can be calculated, with appropriate corrections if the bottom of the sample
chamber is within the proximity of the bead[11]. Then from Eq. 2.5 the trap
sti�ness can be found and the conversion factor is found by comparing the
amplitude of the signal to the thermal energy,kB T.

In the previous discussion, we used thez-axis as the principal axis as
positions along this coordinate axis are of the greatest interest in the forth-
coming chapters. However, the principles introduced are general 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 interactions be-
tween molecules and microscopic objects. Several methods has been proposed
to undertake such experiments using optical tweezers, usually by means of
two interacting beads held in separate laser traps[12]. However, the geometry
of the optical trap is such that the force constant,� z of Eq. 2.1, is approxi-
mately one order of magnitude lower in thez-direction along the laser beam
which therefore appears to be a more sensitive measurement axis. When
measuring forces in thez-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 advantage that
the interaction energy of the bead is constant for 
uctuations of the probe
in the directions perpendicular to the laser beam axis sincethe distance to
the surface remains the same. With the two-bead geometry, onthe other
hand, this is not the case. Here, 
uctuations in the axial direction increase
the distance between the beads which changes the interaction energy and
complicates the interpretation of the results.

Having decided the measurement geometry, conducting the �rst interac-
tion experiments seemed an easy task. This experiment, which is described
in Chapter 4, is a measurement of the interaction force between a bead and
a glass surface. The principle of axial position detection with the quadrant
photodiode had been known for a long time[13, 14]. In order tomeasure
the position of the bead in the direction along the laser beamone simply
records the total intensity of the forward scattered light by summing the
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currents from all four quadrants of the detector. The resulting time series
is then proportional to the positions of the bead which in this way can be
recorded with nanometer accuracy and at sample rates in the kilohertz to
megahertz regime. All the necessary ingredients were already available in
the lab: microscope, laser, glass slides and polystyrene beads. But it didn't
work. Mainly because the 
uctuations in the signal from the photodiode
were very small compared to the constant background originating from the
laser beam. This made even minute 
uctuations in laser poweroverwhelm
the signal. Alternative approaches such as sampling the laser intensity be-
fore it entered the sample and subsequently subtracting this signal from the
position signal did not help much. It turned out that whereassome labs used
extrinsic methods, such as two-photon excitation[15] or scattering 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 method[13, 17].

Even though the optical trap in itself may be more sensitive in the ax-
ial direction, the position detection scheme must still be accurate in order
to exploit this advantage. In the planned experiments, the range of axial
positions where the response of the photodiode is approximately linear is of
concern, too. Position detection outside the linear detection range is com-
plicated. Even though it may be possible in principle to include non-linear
terms when converting the photodiode signal into positionsof 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 occupied by the photo-
diode detailed insight in the scattering processes of a trapped 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 laser beam without
a trapped bead where the light �eld passes the focus without being scattered.
The black region outside the central part correspond to regions in the back
focal plane that receives no light from the laser due to totalinternal re
ec-
tion at the water-glass interface between the trap and the condenser. At the
edge of the circular image a marked increase in intensity is observed. 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 revealed by the
presence of a dark region in the center of the image surrounded by a region
of increased brightness. Also the intensity of light detected at the periphery
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A B

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

of the image is decreased due to the presence of the bead.
The symmetry of the scattering patterns re
ects the rotational symmetry

of the optical system around the beam axis. On average, the amount of light
scattered will be the same for all directions on the cone forming 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 assumed that the
condenser ful�lls the sine condition[18] such that light scattered in the angle
� is detected at a distance

r = f sin(� ) (3.1)

from the center of the back focal plane. Here,f is the focal length of the
lens. This is illustrated in Fig. 3.2. Here the trapped bead is located near
the focal point of the condenser and scatters light in a direction 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 aperture of the con-
denser,NA cond. When NA cond is reduced, the maximal angle captured by the
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Figure 3.2: Geometry of the detection system.f denote the focal length of
the condenser and the abbreviation BFP is the back focal plane. Close to the
back focal plane a diaphragm is placed which controls the working numerical
aperture of the condenser. The beam waist of the laser which forms the trap
is indicated by the two lines to the left. The microscope objective 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 condenser placed
above the laser trap.

condenser,� cap, is also reduced according to the formula

NA cond = n sin(� cap); (3.2)

where n is the refractive index of the medium outside the lens which for
immersion oil is 1.51. In the back focal plane the position where the light
ray is detected is given by the sine condition, Eq. 3.1. In theanalysis the
focal length, f , is found by identifying the critical angle of the glass-water
interface, � crit ' 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 component,was checked by
changing the medium in the sample chamber. In a sample with glycerol, the
critical angle is higher and it was observed that the radius of the image-disk
increased accordingly. Similarly the radius decreased when the critical angle
was reduced by inserting an air-�lled sample. Owing to the presence of the
glass-water interface in the sample chamber before the angle of the forward
scattered light from the bead is changed at the interface. Inthis discussion�
represents the angle of the light beam when it has passed the interface. The
relation of � with the actual scattering angle in the sample follows by Snell's
law of refraction.

The light intensity detected by the condenser as a function of � is shown
in Figure 3.3. Here, the average intensity is computed from the 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. 3.1 A. The circles
are from Fig. 3.1 B.

in Fig. 3.1 by polar integration

hI (r )i =
1

2�

Z 2�

0
I (r; � )d�; (3.3)

where I (r; � ) is the brightness in the images at the polar coordinatesr and
� and wherer is related to the detection angle� by Eq. 3.1. In Fig. 3.3,
squares indicate the empty trap and circles show the intensity in the case of
the trap containing a bead. In the curve representing the empty trap 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 again at � � 40 deg.
The intensity reaches a peak at 61 deg corresponding to the bright ring seen
at the edge of the scattering pattern in Fig. 3.1 A. Comparingthe empty trap
result with the measurement of a trapped bead it is seen that the amount
of light incident at low angles is decreased by the presence of the bead.
Correspondingly it is increased at higher angles. Close to the critical angle,
the intensity is lower when a bead is trapped than it is in the case of the
empty trap.
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Figure 3.4: Correlation analysis of the back focal plane scattering pattern.
The brightness of each pixel is correlated with the axial position of the
trapped bead. Central region, in yellow, is found to have positive corre-
lation while the correlation further away, in the blue region, is negative. At
the periphery of the image, a thin rim of positive correlation 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 scattering
pattern and these perturbations gives rise to the signal used for position
detection. Fluctuations of the bead in the lateral plane breaks the rotational
symmetry and the thereby induced di�erence in the intensitydetected by
the di�erent quadrants of the photodiode is used for position detection in
the x-y-plane. Here the attention is focused on the axial 
uctuations, which
cause the angular distribution of the laser light to vary with the position
of the trapped bead but conserves the rotational symmetry ofthe 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 similar to Fig. 3.1 B
was analyzed. For this investigation, the correlation of the intensity of the
forward scattered light measured at each individual pixel with the total in-
tensity in the image was calculated as

Ckl = hpi
kl �

i i i � h pi
kl i i h� i i i : (3.4)

Here, pi
kl 2 f 0; : : : ; 255g denote the brightness of the pixel with indicesk

and l 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. Similar as 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 di�erent beads have been re
scaled. The size of the beads used is given in the legend.

i = 1; : : : ; 1500. The total intensity, � i , in imagei in the recording is de�ned
as

� i =
X

kl

pi
kl ; (3.5)

which is analogous to the sum of the intensity on the four quadrants of the
photodiode.

In the series of images investigated the total intensity wasfound to be
proportional to the position of the bead such that when the bead moved
towards a higher z-position relative to equilibrium in the trap this signal
would increase. Then, a positive value ofCkl indicates that the average
intensity of the pixel, pkl , also increases when the bead moves upwards along
the beam axis and vice versa. The result of the analysis is shown in Fig. 3.4
where the matrix consisting of pixel correlation values,Ckl is shown, with
circles that indicate the radii which correspond to di�erent detection angles,
� . This matrix has the same size as the individual images in therecording.
As indicated in the color bar to the right, regions colored from red through
yellow and green possess di�erent degrees of positive correlation. In the cyan
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regions, the pixel intensities are uncorrelated with the axial position while
blue indicate negative correlated pixel values. From the �gure, it is clear that
the central regions in the pattern of the forward scattered light, detected at
� � 35 deg, are positively correlated while regions of higher scattering angle,
� > 35 deg, are negatively correlated.

The solid line in Figure 3.5 shows the correlation of the previous �gure
averaged over regions with identical detection angle, as inFig. 3.3. The
dashed line, which indicate the correlation pro�le for a 0.40 � m bead, has
almost the same shape as the result for the 1.07� m bead and both curves
intersect thex-axis at about 36 deg. The amplitude of the correlation signal
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 plot. Also shown
in Fig. 3.5 is the result of a 2.01� m bead (dash-dot line). Here the pro�le is
qualitatively 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 0.4� m bead, this curve
has been re scaled to �t on the graph, this time by a factor of 0.2.

The results of the CCD-camera investigations immediately imply that
a position detection scheme that utilizes the total intensity 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 since the integrated
signal contains regions where the 
uctuations contribute oppositely to the
position signal. Under some circumstances, the magnitude of the signal from
the positively correlated regions exactly matches the opposite signal of the
negative regions so that the total signal vanishes. However, by reducing
the numerical aperture of the condenser, the balance between positively and
negatively contributing regions change which may be used tooptimize the
position detection method.

3.2.2 Photodiode measurements

Returning to the photodiode detector, this hypothesis was investigated fur-
ther. Now an experiment was performed in which a trapped 1.07� m bead
was moved in a controlled manner along the beam axis through the focus of
the laser beam. Meanwhile, the response of the total light intensity detected
by the photodiode under di�erent settings of the condenser numerical aper-
ture was measured. By lowering the numerical aperture with the diaphragm,
see Fig. 3.2, the maximum scattering angle captured by the condenser,� cap,
is reduced. This has consequences both for the sensitivity of the position
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detection method and the linear range.
In order to move the trapped bead relative to the laser focus the sample

was oscillated with a prescribed frequency,f 0, using the piezo stage. In this
way the 
uid in which the bead is immersed moves relative to the optical
trap and when the sample moves with velocityv, the bead is in
uenced by
a drag forceFdrag = 
v from the motion of the surrounding water. Here
 is
found from Stokes law,
 = 6��r where� = 1:002� 10� 3 Nsm2 = 1:002 centi-
poise is the viscosity of the water andr = 0:54 � m is the radius of the bead.
Assume a harmonic trapping potential of spring constant� z. The position
of the bead is denoted byzbead and zsample is the position of the sample, both
relative to the optical trap. Then the motion of the bead relative to the
optical trap is described by


 _zbead + � zzbead = 
 _zsample; (3.6)

where the inertia of the bead has been neglected. The dots indicate a time
derivative, and hence _zsample equals the velocity of the 
uid relative to the
trapped bead. As function of time the coordinates of the sample are given
by zsample = A sin(2�f 0t) where A = 1:29 � m, and the driving frequency
f 0 = 40 Hz. From Eq. 3.6, the position of the bead is found to be

zbead = A0sin(2�f 0t + � ) (3.7)

with

A0 = A

2

41 +

 
� z

2�
f 0

! 2
3

5 ; (3.8)

and

� = tan � 1

 
� z

2�
f 0

!

: (3.9)

In the experiment the intensity of the laser was kept at the absolute minimal
power that could still keep the bead trapped. This enabled the bead to be
moved over a wide range of coordinates so that the linear detection range
could be established. Since� z

2�
 = f c, where f c denote the corner frequency
of the power spectrum, see Eq. 2.5, was found to be 3:80� 0:15 Hz, the value
of � z was determined to be (2:41� 0:095)� 10� 4 pN/nm. The dimensionless
ratio � z

2�
f 0
is then 0.095 and using this value the parameter� was found to

be 5.4 deg and the amplitudeA0 = 0:996A = 1:28 � m, showing that the bead
essentially follows the position of the sample due to the relatively high driving
frequency and slow relaxation time in the weak trap. Thus, byapplying
minor amplitude and phase corrections, the average position of the bead can
be deduced from the positions of the sample. To correct for the phase lag
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Figure 3.6: Photodiode response depends on the numerical aperture of the
condenser. Each curve shows the raw voltage signal obtainedfrom the pho-
todiode when a 1.07� m bead moves along thez-axis in the trap. The legend
states the exact value of� cap, which may be converted into the e�ective nu-
merical aperture by Eq. 3.2. The inset shows the sensitivityas function of
� cap.

between the sample positions and the bead an experimentallyderived 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 amplitude
of the oscillations which force the bead to make large excursions from the
equilibrium point. When zbead is out of the regime where the assumption of
a harmonic trapping potential holds the restoring force of the optical trap is
less than� zzbead. As a result the average force constant experienced by the
bead in this experiment may be lower than the value obtained from power
spectral analysis.

The photodiode output from the oscillated bead is averaged over many
periods to minimize the e�ect of thermal 
uctuations. The resulting curves
give insight in both the linear detection range and the sensitivity of the
photodiode. When the photodiode signal is plotted versus the position of
the bead, the slope at the origin gives the volt to position sensitivity of
the position detector. The linear detection range of the position signal is
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� cap/deg NAcond 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. 3.6 as function of
maximum capture angle,� cap. The e�ective numerical aperture is found using
Eq. 3.2. The sensitivity is de�ned as the slope of the signal at the origin,
and the linear range indicates where the photodiode signal is 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 summarized in
Table 3.1. In the �gure, each color indicate a di�erent valueof the maximum
capture angle,� cap, the exact value is indicated in the legend. The value of
the linear detection range is dependent on how large error istolerable, and
is furthermore generally di�erent in the two opposite directions along the
beam axis. The values in Table 3.1 indicate the minimum widthin which
the position signal predicts the position of the bead within30 nm.

The obtained sensitivity for each capture angle is plotted in the inset of
Fig. 3.6, negative values indicating negative slope aroundthe origin. Here,
the optimal � cap seems to be around 26 deg which correspond to an optimal
numerical aperture around 0.66. Interestingly, an intersection with the x-
axis occurs, indicating a critical� cap at around 40 deg where the position
signal vanishes. In the following the maximum capture angleat which the
sensitivity is highest is denoted by� max and the critical angle by� min .

By comparing the two curves in Fig. 3.6 which are recorded at capture
angles close to� min , at � cap = 35 deg and 44 deg, it appears that when the
capture angle of the condenser is set to� min , the photodiode output must
have a peak right at the equilibrium point of the trapped bead. In the cyan
curve, where� cap = 35 deg is slightly less than� min , 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 � cap = 44 deg which is slightly
higher than � min . Thus when � cap = � min ' 40 deg, the photodiode output
is maximized when the position of the trapped bead is at the equilibrium
position and decreases when the bead 
uctuates both up and down. In this
case position detection is not possible as the mapping of positions 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 thez-axis at � cap ' � max .
Here, the error in the positions in one step is about 2.8 nm, asshown in
the inset. The step investigated is indicated by an arrow. B:power spectral
density of the raw time series. By lowering� cap from 61 deg to 35 deg the
intensity of the signal is increased by a factor of 80 and the peaks originating
from noise in the electronics disappear from the power spectrum.

The presence of the peak indicates that the range of linear detection must
also be 0 when� cap = � min . In Table 3.1 it seems that the linear detection
range does in fact show a minimum at the two capture angles closest to
� min . Also it appears that even though both the linear detection range and
the sensitivity are minimized at � cap = � min , the linear range of detection
continues to grow upon lowering� cap below � max where the sensitivity is
maximized. Here, the lowest capture angle investigated is found 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 theposi-
tion of a bead �xed on the bottom of the sample chamber recorded with the
photodiode when� cap � � max . The surface was moved in the axial direction
in 14 nm steps while the position of the bead was tracked with the photodi-
ode. In the time series shown in the �gure, the steps themselves are easily
distinguished. A Gaussian �t to a histogram of positions in one of the steps
yield a standard deviation of 2.8 nm which is taken as the resolution of the
detection scheme. The other panel, B, shows the power spectral density of
a recorded time series. Upon decreasing the maximum captureangle from
61 deg to 35 deg, the increase in signal is 80-fold. Correspondingly, the signal
to noise ratio is improved as can be seen by the vanishing of the peaks in the
power spectrum when� cap is reduced.

28



3.3 Discussion

Both of the two types of measurements presented here, the correlation mea-
surement of Fig. 3.4 and the photodiode measurement of Fig. 3.6, yields a
value of the optimal maximum capture angle of the condenser,� max . From
the correlation pro�le of Fig. 3.5 the optimal sensitivity is found from the
intersection of thex-axis. When adjusting� cap to this angle, all the forward
scattered light that enters the detector adds constructively to the signal and
therefore the intersection angle must equal� max . In the correlation pro�le for
the 1.07� m bead the intersection, which occurs at� ' 36 deg, is clearly dif-
ferent than from � max ' 26 deg that was found in the photodiode experiment
of Fig. 3.6. This deviation is due to the di�erent circumstances under which
the results have been obtained. As stated, the laser power inthe experiment
leading to Fig. 3.6 was very low. Whenf c ' 3:80 Hz, the trap sti�ness
equals 2:25� 10� 4 pN/nm { less than a femto-Newton per nanometer. Fur-
thermore, the measurements were conducted at a distance of 6� m from the
surface. The other experiment was conducted at intermediate laser intensity,
with � z around a factor 10 higher and at a surface distance of only 2� m.
The di�erence in surface distance between the two experiments changes the
balance between the scattering force and the gradient forceand is moving
the equilibrium point of the trap along the beam axis. Close to the surface
as in the correlation analysis of Fig. 3.5,� min was consistently found to be
� 61 deg and� max � 35 deg regardless of laser power.

Similar results regarding the sensitivity of the axial position signal of
a photodiode have been presented in a numerical study by Rohrbach and
Steltzer[19]. In their investigation, which covers beads of diameter 200-
600 nm and trapping wavelength� = 1064 nm, the axial position signal
is also found to be very bad when the numerical aperture of thecondenser
is high. In the cited work it is assumed that the trap is formedusing a wa-
ter immersion objective and also that the position detection is accomplished
using a water immersion objective. Even though this experimental setting
is di�erent from our setup, some of their results are similarto ours: In the
numerical study the signal is found to be completely lost when the numerical
aperture of the condenser is 1.2, corresponding to a value of� min ' 50 deg.
This is in agreement with our results where� min is found to be in the range
from 40 deg to 61 deg, with the exact value depending on the experimen-
tal conditions. However they also �nd the sensitivity to be proportional to
NA � 1

cond which means that � max is to be found at very low angles. This is
in contrast to what is being observed here. From the result for a 400 nm
polystyrene bead shown in Fig. 3.5 it appears that for this type of bead� max

is around 35 deg. Furthermore, from Fig. 3.5 it seems that forbeads of size
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� 1 � m or less, the correlation of the forward scattered light is constant for
capture angles below 20 deg. This implies that the sensitivity of the photo-
diode for such low detection angles is proportional to the illuminated area of
the detector which again is proportional toNA 2

cond.
In a later work by Rohrbach et al[20] axial position detection of a wide

range of beads were investigated including a 1� m polystyrene bead. Here
the conclusions from the numerical simulations do not agreewith the obser-
vations in the experiments presented here. In Reference [20] the 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 with the results above
where the sensitivity is strongly decreasing forNA cond > 0:66 in the experi-
ment of Fig. 3.6. From the analysis of the correlation experiment of Fig. 3.5,
the sensitivity is found to decrease whenNA cond > 0:87. Again, the simu-
lations were carried out using water immersion optics. In the experiments
oil immersion lenses were used for both the microscope objective and the
condenser. This complicates the comparison of the simulations by Rohrbach
et al with the present experiment, and may explain some of theobserved
di�erences.

3.4 Conclusion

The result in Table 3.1 clearly indicates that for the sensitivity of axial po-
sition detection there exists an optimal numerical aperture of the condenser
which is around NA ' 0:66. In our experiment this corresponds to an op-
timal capture angle of � max ' 26 deg. While this result was obtained at
low laser power and far from the surface, studies at higher laser power and
close to the surface resulted in an optimal numerical aperture around 0.87, or
equivalently � max ' 35 deg. At numerical apertures higher than the optimal
numerical aperture, the distribution of the scattered light incident on the
photodiode contains regions that contribute with oppositesign to the posi-
tion detection. This may lead to a critical value of the numerical aperture, or
equivalently critical capture angle,� min , where these two regions have equal
amplitude and position detection is not possible. The valueof � min 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 that this pa-
rameter is also zero when the detector integrates the scattered light �eld over
angles up to� min . The maximum in detection range occurred at low capture
angles. The fact that the two parameters of the axial position detection dis-
played in Table 3.1 do not share the same maximum as function of condenser
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aperture implies that in an experiment where axial positiondetection plays a
crucial role some numerical apertures that constitutes a compromise 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. Fromthe di�usivity
the particles was determined to be larger than individual molecules, more
than 1 nm. But still the particles were found to be small enough to remain
dispersed under the in
uence of gravity which imposes an upper limit on their
size at around 1� m[21]. Examples of naturally occurring colloidal 
uids are
milk, which contains colloid-sized fat particles and protein aggregates, and
mud which consists of small crystalline clay particles suspended in water.
Living cells which contain a large number of macromoleculesand polymers
fall into the category of colloidal systems, too.

A simple example of a colloidal suspension is an aqueous solution of
monodisperse latex particles. Such micro spheres are of great technical rel-
evance and are used in many water based paints and coatings aswell as in
the pharmaceutical industry. Under various conditions a dense suspension
of these particles may form colloidal crystals or glasses which makes such
systems useful as directly accessible microscopic models for many molecular
systems.

In this chapter, the interaction forces between individualpolystyrene col-
loids and a solid glass surface are investigated. Such interactions are usually
carried out using the Atomic Force Microscope(AFM)[22, 23]or Total In-
ternal Re
ection Microscopy(TIRM)[24, 25]. By using the optical tweezers,
more sensitivity is gained relative to the AFM experiments and hence di�er-
ent regimes of the interaction can be investigated. In TIRM,the achieved
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sensitivity is similar. Here the thermal 
uctuations of a bead in
uenced by
gravity are analyzed and used to evaluate the potential energy in the neigh-
borhood of the probe. By combining TIRM with optical tweezers[16, 26],
more information can be accessed since the radiation force can bring the
probe into regions of high potential energy compared tokB T. Here a similar
approach is taken but using the improved photodiode detection scheme[1]
described in Chapter 3. In comparison to Reference [16], this combination
is less restricted in the geometry of the setup as it does not require the col-
loid to be close to the surface where an evanescent �eld enters the sample.
Most often, this is opposite to the side of the chamber where the trapping
laser light enters the sample in which case the optical trap may 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 sketched. For a fuller
description the reader is referred to textbooks such as [27]and [21] and the
references therein.

4.2 Interaction potentials and forces

Interparticle interactions in a 
uid are generally comprised of a wide range
of forces that have di�erent origin. For example in a living cell hydrophobic
forces, suspended charged polymers, and depletion forces contribute along
with van der Waals forces and electrostatics to the interactions in a compli-
cated and still not entirely understood way. In the present experiments the
system consists of water, electrolyte and polystyrene micro spheres and the
main focus is on electrostatic and van der Waals forces, which are the dom-
inating type of interactions that govern the behavior of theparticles on the
length scale accessible to the optical tweezers. A principal observation is that
in pure water colloidal particles remain dispersed while increasing the con-
centration of salt the particles start to coagulate at some critical concentra-
tion. This behavior was explained in the mid-twentieth century by physicists
Derjaguin, Landau, Verwey, and Overbeek who combined the electrostatic
double layer repulsion with the Hamaker theory of van der Waals forces into
the theory now known as the DLVO-theory. The repulsion observed at low
salt concentrations between similar charged particles is mediated by a di�use
layer of counter ions at the surfaces of the colloids, calledthe electric double
layer. When the particles are closer than the typical thickness of the double
layer, the entropy of the ions is decreased which results in repulsion between
the particles. The length scale of the repulsion is thus determined 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� 20 J and electrostatic surface potential
 = 6:5 mV on both surfaces. The curves show the prediction of the DLVO-
theory when the salt concentration in the solvent is varied.The legend shows
the amount of an 1:1-electrolyte such as NaCl. At 5 mM NaCl, the interac-
tion is purely attractive and the bead will eventually adhere to the surface.
The other curves show the transition to the kinetically stable situation at
low salt concentration where an energy barrier of severalkB T separates the
bound and the free state.

the Debye length. When the concentration of ions in the solution is increased
the Debye length decreases and the particles can come closer. Coagulation
occurs when the Debye length is shorter than the range of the van der Waals
attraction. In the present case the interaction between a spherical particle
and a 
at glass substrate is measured which has similar behavior: Only at at
high concentration of electrolyte, in this case around� 1 mM NaCl or above,
do the polystyrene particles adhere to the glass surface on atime scale rel-
evant to the experiment, at low salt concentration they remain dispersed in
the solution. In the case of a spherical probe interacting with a 
at surface,
the DLVO theory gives the interaction potential � (z) as[27]

� (z) = � 0e� �z �
AR
6z

: (4.1)
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In Eq. 4.1, z denote the distance between the particle and the surface,� � 1 is
the Debye-screening length,A is the Hamaker constant andR is the radius
of the spherical bead. The constant� 0 = 4�� w � 0 glass beadR depend on the
permittivity of the water, � w , the vacuum permittivity � 0, 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 10� 20 J
for dielectric objects interacting across water. In the limit z � R, Eq. 4.1
no longer holds and the van der Waals interaction energy falls o� like z� 3,
similar to van der Waals forces between an individual atom and a wall. The
van der Waals force between two individual atoms decays asz� 6.

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

F (z) = � 0�e � �z �
AR
6z2

(4.2)

using the relationF = � @�=@zwhich is used to interpret some of the results
presented below. Both equations, 4.1 and 4.2, relate to the case where the
surface distance,z is small compared to the radius of the interacting sphere.

The �rst term in Eq. 4.1 represents the electrostatic doublelayer repulsion
to the lowest order approximation and is valid for � 25 mV. Whereas� 0

depends on the properties of the interacting bodies, the Debye length depends
only on the environment in the 
uid. Generally there may be several types
of ions dissolved in the medium and the Debye screening length may be
expressed as a function of the concentration of the di�erentions

� � 1 =

 
� 0� wkB T

P
i (zi e)2� i

! 1=2

: (4.3)

Here, � i is the number density of thei 'th ion in the bulk of the 
uid and zi

and the valency of the ion. In the case of water containing a 1:1 electrolyte,
such as NaCl, the Debye length can be expressed as

� � 1 =
0:304

q
[NaCl]

nm; (4.4)

where [NaCl] is the molar concentration of the electrolyte in the bulk of the

uid.

The second term in Eq. 4.1 gives the contribution of van der Waals forces
which are comprised of various kinds of dipole interactionsof molecular ori-
gin. All atoms posses an instantaneous dipole moment which induce a dipole
moment on nearby atoms. Thereby an interaction energy between the atoms
arises that decays with distance as 1=z6. For molecules possessing a perma-
nent dipole moment there are additional interactions that contribute to the
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van der Waals interaction. In Eq. 4.1, the interaction decays as 1=z which
results from an integration over the atoms in the two interacting media un-
der the assumption that the atoms in the two media interact pairwise and
independently. The value of the Hamaker constant depends not only on the
polarizability of the interacting materials, glass and polystyrene, but also on
the medium over which the interaction occurs. Retarded van der Waals forces
between two atoms occur when the time scale of the dipole 
uctuations 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 Hamaker constant is
no longer constant but decays with the separation of the two media.

Figure 4.1 shows the di�erent DLVO potentials for a spherical colloid of
diameter 1 � m interacting with a 
at surface when the concentration of 1:1
electrolyte is varied from 0.1 mM to 5 mM. This �gure shows directly the
competition between attractive van der Waals forces and theelectrostatic
repulsion described in the DLVO-theory. At short distances, the van der
Waals attraction will always be stronger than the double layer repulsion.
Also, the van der Waals force extend further out from the surface which
gives rise to a secondary minimum in the potential energy. Inthe �gure,
this minimum can be seen in the potential curves representing electrolyte
concentration 0.5 mM and 1.0 mM. At the lowest electrolyte concentration
the secondary minimum is to weak to be observable on the scaleof kB T.
When the Debye length is long, at low salt concentration, thestate where
the bead is detached from the surface and the bound state are separated by
an energy barrier of severalkB T. When prepared in a state where the bead
initially is detached from the surface, the system will be kinetically stable
over a long time span. For the experiments with polystyrene beads discussed
later, a concentration of NaCl of 0.5 mM constituted the limiting case where
the beads could be brought over the energy barrier using the optical tweezers.
At even higher concentrations, the beads adhered to the surface during the
measurements. Such situations are analyzed in Chapter 5.

4.3 Measurement strategy

When a bead is trapped by the optical tweezers its distribution of positions is
described by Eq. 2.3. Under the in
uence of an external forcethe distribution
of the positions changes. In most cases, the position of the bead 
uctuates
thermally around a new equilibrium position,zb, where the external force is
balanced by the restoring force of the optical trap and no resulting force is
acting on the bead. Thereforezb can be identi�ed as the location of the peak
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Figure 4.2: Histogram of bead positions relative to the trapcenter. The blue
circles show a histogram of bead positions with the optical trap in a location
where no external force is present. The green histogram is recorded at a
location where a surface force is interacting with the bead and in
uencing
the distribution of positions visited by the thermal motion. In this case,
an external force of 0.13 pN shifts the equilibrium position, zb, 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 distribution. The
dashed black line indicates the position ofzb found by a Gaussian �t to the
positions close to the peak.

of the histogram of positions visited while under in
uence of the external
force. By comparing the location ofzb with the equilibrium of the trap, z0,
the external force can be evaluated using the relation

Fext (zb) = � trap (zb � z0) (4.5)

where � trap denote the trap sti�ness. By monitoring the change in equilib-
rium position of the trapped bead at various distances from the surface, the
force distance relationship can be mapped out. The principle of Eq. 4.5 is
illustrated in Figure 4.2. Here, histograms of positions ofa trapped bead
in two di�erent situations is shown. Along with the two histograms, the
Gaussian position distribution of the optical trap in the absence 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 measurement. When the
trapped bead is far from the surface, at positions further away than � 250 nm,
the histograms resemble the result of Fig. 2.3 and have all similar width. The
in
uence of the surface is seen by the crowding of the histograms in the left
hand side of the plot at distance around 100 nm.

indicated by circles (blue), the histogram is coinciding with the solid black
line. Since the equilibrium position,zb, and the position of the trap, z0, are
the sameFext = 0. In the second measurement, shown by squares (green),
the external force acting on the bead is revealed through thedeviation of
the positions of the bead from the unperturbed state. The position of the
new equilibrium, zb, is indicated by the dashed line and is determined by
a Gaussian �t to the data points close to the peak. The presence of the
external interaction force has several consequences. Primarily, the peak of
the measured distribution of positions is shifted 87 nm relative to the trap
center atz = 0. Using Eq. 4.5 the strength of the surface interaction is found
to be around 0.13 pN at the location of the peak. Secondly, thewidth of
the histogram is decreased. This is due to the second order derivative of the
interaction energy which increases thee�ective trap sti�ness, � e� , de�ned as

� e� (z) = � trap + � 00(z): (4.6)
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Here � e� (z) is the e�ective trap sti�ness in the point z and � 00(z) denote the
second order derivative of the interaction potential� . Higher order deriva-
tives in � (z) gives rise to the deviations from the Gaussian distribution of
positions.

In Fig. 4.3, a series of sequentially recorded histograms from a particular
measurement is shown. Here, the distance from the trap to thesurface was
decreased in 30 nm steps between the recording of each histogram. Hence
the measurement proceeds from right to left in the �gure and the histogram
furthest to the left was recorded last. Contrary to Fig. 4.2,this �gure shows
the coordinates of the bead relative to the surface and the trap positions
move towards the surface during the experiment. In the �rst histograms 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 atz � 100 nm. Between the
recording of these histograms, the trap position continuesto decrease but the
positions of the bead are now forced away fromz0 by the surface interaction.
In the last recording z0 is located atz � 0. When the surface is close to the
bead, an increase in the e�ective trap sti�ness is observed in Fig. 4.3 by the
narrowing of the distributions and by the their increased height.

For the measurements presented below, more than 30 histograms similar
to those of Fig. 4.3 are collected, the distance between the trap positions
between each histogram being on the order of 20-30 nm. When measuring
the surface force using Eq. 4.5 the shift of the histogram peak relative to
z0 is utilized to �nd the surface force acting in zb and the resulting force-
distance curve has similar resolution as the distance between the histograms.
However as illustrated by Equation 4.6 and in Fig. 4.2 more information
concerning the interaction potential is available in the histograms and this
may be used to increase the spatial resolution and the sensitivity of the
interaction measurement. One way to utilize the information content of the
observed distribution of positions is to �nd the potential energy, � , for the
positions covered in each histogram using Boltzmann statistics:

� i (z) = � kB T ln(pi (z)) �
1
2

� trap (z � z0)2 + � 0; (4.7)

the index i refers to the histogram number, andpi (z) is the probability den-
sity found in the particular histogram. In Eq. 4.7, the potential energy of
the optical trap has been subtracted to obtain the contribution from the ex-
ternal potential only. Since the energy obtained in this wayrelates only to
the speci�c histogram, the value of the arbitrary constant� 0 must be set so
that � i (z) is consistent with the potential energy obtained from other over-
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Figure 4.4: Coordinates employed. The coordinates obtained from the pho-
todiode are given in a coordinate system that remain �xed with respect to
trapping position, z0. In order to convert the positions,zi and zj into coor-
dinates where the surface remain �xed, the change in position of the sample,
�, must be subtracted.

lapping histograms. As seen in Fig. 4.2, each point on the z-axis is covered
by typically 5-10 di�erent histograms. A systematic way of obtaining the
underlying interaction potential from such a series of overlapping histograms
is to use Maximum Likelihood statistics to �nd the most probable value of
� (z) given of observations in each histogram. This procedure, originally de-
vised by Jesper Ferkingho�-Borg[28] increased the resolution 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 consisting of two
ethanol cleaned microscope coverslips joined by vacuum grease. A solution
of the desired concentration of NaCl was prepared to which a small amount
of 1.07� m polystyrene beads was added. Before use, the beads were washed
in milliporre water and ultra sonicated to break agglomerates. When probing
the interaction with a trapped bead, it was found that the number of beads
in the solution should be very low to avoid interference of randomly di�using
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beads in the sample with the forward scattered light of the trapped bead
used for position detection.

For the measurements discussed below, time series of 32768 data points
were recorded at 4000 Hz sample rate with the photodiode. Before sampling
the voltage signal was anti-alias �ltered at 2000 Hz using a �rst order �lter.
Since the DC-component of the time series contains information on the con-
stant force acting on the bead when it is near a surface, no high pass �ltering
was applied. The use of the low pass �lter distorts the frequency spectrum
of the recording down to frequencyf = 0:6f Ny [10] wheref Ny denote the
Nyquist frequency equal to half the sampling frequency. Consequently, only
frequencies up to 1000 Hz, half the Nyquist frequency, whereused for cal-
ibration of the optical trap. Between the recording of each time series the
micro coverslip, which constitute the interacting glass surface, was moved
30 nm closer to the optical trap using the piezo stage.

When mapping out the force-distance relationship from the recorded time
series several issues must be solved. As shown in Chapter 3, the amount of
forward scattered light measured by the photodiode detector is proportional
to the position of the bead relative to the trap center withina few hundred
nanometers. By calibrating the trap using power spectral analysis[10], the
value of the trap sti�ness, � trap , is obtained as well as the conversion factor
relating the samples, which are in arbitrary (voltage-) units, to coordinates
of the bead. In order to ensure the conversion factor and the trap sti�ness
to be accurate in the region where the interaction occurs, the calibration is
performed as close as possible to the glass surface but far enough so that
the interaction can be ignored, typically 400-500 nm. At this distance the
proximity of the surface reduces the rate of di�usion perpendicular to the
surface to about 40% of the value far form the surface.

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

4.4.1 Photodiode signal corrections

The assumption that the photodiode signal always gives the position of the
bead relative to the trap center is not valid without some corrections. Fig-
ure 4.5 shows the mean of the forward scattered light intensity (measured in
Volts) of a trapped bead as function of the position of the trapping point, z0,
relative to the glass substrate. In this �gure a strong increase in the signal
occurring for z0 < 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 distance from the
trap position, z0, to the glass surface. A strong linear trend is observed in
the photodiode signal whenz0 < 700 nm. For trap positions below 700 nm a
weak opposite linear relationship can be identi�ed by a linear �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 closeto the surface that
must be taken into account when deriving the surface force from the data.
At negative z0, the optical trap is located below the surface, while the bead
is being pushed out of the trapping point by the repulsive surface force.

the optical trap due to the surface interaction when the trapis located below
the surface. At distances more than 400 nm from the surface the interaction
potential is very weak and the mean position of the bead remains constant
with respect to the optical trap. But as indicated by the dashed line, the
photodiode output does not remain constant in the regime of trapping po-
sitions from 400-700 nm due to optical artifacts in the detection system. In
the present �gure, the slope changes sign atz0 � 700 nm where a strong in-
crease in the voltage signal appears. This is probably due tothe trap being
deteriorated by spherical aberrations at these distances from the surface[29].
However, at distances more than 700 nm from the surface no relevant surface
interaction occurs and data points in this regime are not included in the anal-
ysis. If not corrected for, the variation in light intensity in the region close to
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Figure 4.6: Measurements of the force acting on the trapped bead as function
of distance to the surface. In A� cap was set to 17 deg,NAcond = 0:44, in order
to increase the linear range of detection, see Chapter 3. This measurement,
however, is corrupted by a periodic modulation of the measured force caused
by multiple re
ections of the laser beam. In B,� cap, NAcond = 0:87, was set
to about 35 deg which maximized the sensitivity of the position detection,
while decreasing the linear detection range. Here the modulation artifact is
low.

the coverslip, below 700 nm, would be interpreted as a constantly increasing
force acting on the bead when it is moving towards the glass surface. In our
measurements, it is assumed that a linear �t through the datapoints in the
range of surface distances 400-700 nm can be used to estimatethis correction
for all data points including those close enough that surface interactions be-
come important. In the measurement of the surface interaction at the lowest
electrolyte concentration, at [NaCl] ' 0, the interaction potential still has
signi�cant e�ects 400 nm from the surface. Consequently, the number of data
points used in the linear �t estimate was reduced. The correction procedure
ensures { and constrains { the measured forces and potentialenergy 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 condenser have pro-
found e�ects on the quality of the position detection. As a selection of the
capture angle,� cap as de�ned in Section 3.2.2, may be used as a parameter to
control the sensitivity and the linear range of the positiondetection method,
lowering the numerical aperture of the condenser could increase the range of
linear detection in the present experiments. This would increase the range of
interaction energy that can be measured. However, in the surface interaction
measurements where the surface was approaching the trappedbead grad-
ually it was found that periodic artifacts in the intensity signal perturbed
measurements at low� cap. In Figure 4.6 A, the force measured on a bead
appears to oscillate as a function of the distance to the glass surface. This
phenomenon is caused by multiple re
ections of the trappinglaser by the
bead and the nearby surface and are similar to those described by Lang et
al[17]. It was found that only when� cap = � max � 35 deg, the modulation
artifacts were su�ciently suppressed to achieve the desired sensitivity as seen
in Figure 4.6 B. As de�ned in Section 3.2.2,� max 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 spherical aberrations stem-
ming from the refractive index mismatch at the glass-water interface in the
sample cause the position of the focal plane to be shifted by asubstantial
fraction relative to the apparent focal plane (sometimes called the nominal
focal plane). Figure 4.7, the right hand side of which is downloaded from
the web site ofOlympus Microscopy, illustrates this: As illustrated in the
left panel , the change in refractive index cause the light rays to bend when
passing the interface from glass to water. In this schematicdrawing only one
half of the optical system is shown. The other half results from mirroring
around the optical axis. The position of the actual focus is dependent on
the angle,� , that the light rays form with the optical axis and the depth of
the apparent focus in the sample,�z . One may show that the distance,zFS ,
from the apparent focus to the actual focus is related by a constant factor,
FS, such that zFS = FS � �z . The factor of proportionality, FS, is a function
of the incident angle� . Since the angles� and � 0 are related by Snell's law

sin(� 0)
sin(� )

=
nwater

nglass
; (4.8)

with nwater = 1:33 andnglass = 1:51 being the refractive indices of the water
and the glass phase respectively, it follows from Fig. 4.8 that FS ! 1 when�
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Figure 4.7: Spherical aberrations caused by the mismatch inthe refractive
index at glass-water interface. Left: The distance from theapparent focus
to the actual focus is proportional to the depth of the apparent focus, � z.
The proportionality factor FS is dependent on the angle� . The relationship
between the angles� and � 0 follows by Snell's law. Right: Adapted from
Olympus Microscopy Resource center[30].(The objective isplaced above the
sample).

approaches the critical angle of total internal re
ection at 61 deg. For� ! 0,
one may show thatFS ! 1 � nwater =nglass ' 0:13. The consequences of the
positions of a trapped bead seems obvious since the locationof the optical
trap follows the position of the actual focus. Due to the angular dependence
of FS the magnitude of the correction factor is an integral over the 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 factor,FS, relating to the positions of the trapped
bead is nontrivial. Recent numerical calculations have determined FS to
be around 0.3[31, 32] and this phenomenon is expected to haveimportant
implications for the surface interaction experiment. Whenthe 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 surface during the
measurement. The jump onto the surface is indicated by the dashed line.
The part of the measurements after the jump is used in Panel B to estimate
the value ofFS. Here, the movement of the stuck bead, �bead, is compared
with the corresponding movement of the glass surface, �. From the slope
the value ofFS is determined to be� 0.05 using Eq. 4.9.

glass surface is moved by a distance � towards the trap, the corresponding
change in distance from the trapped bead to the surface, �bead, is

� bead = (1 � FS)� ; (4.9)

which must be taken into account when determining interaction potentials.
Since the experiments here require a good estimate ofFS, a simple exper-
iment was conducted to establish its value by measuring the movements of
a stuck bead by the photodiode detector. Figure 4.8 A shows the force-
distance relation between a 1.07� m polystyrene colloid and the glass surface
measured in water containing 1 mM NaCl. At this salt concentration, the
double layer repulsion is e�ectively screened and the attractive part of Eq. 4.1
dominates the interaction. Consequently the bead adheres irreversibly to the
glass surface during the measurement, in the �gure the jump is indicated by
the dashed line. During the recording of the last data pointsthe bead is
not moving relative to the surface and a force versus distance relationship
is not detectable. Ideally, the last seven data points, where the bead is in
contact with the surface should collapse into the same surface distance, at
approximately 0 nm. However, in Fig 4.8 A a slight deviation from the ideal
scenario is observed. In panel B this mismatch is investigated further. Here,
the movement of the glass surface, �, which is controlled by the piezo stage,
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is compared with the movement of the attached bead as detected with the
photodiode. When the coverslip is moved by the amount �, the apparent
focal plane moves the same amount with respect to the coverslip. On the
contrary, the photodiode detector measures the motion relative to the posi-
tion of the trap with follows the actual focus point of the trap 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 variation in bead size
and drift of the glass surface in the course of the measurement. The optical
trap was calibrated at 450 nm from the surface, similar to thelater exper-
iments, and the conversion factor from this calibration, which typically has
2-3% uncertainty, is used to obtain �bead. Similar experiments all gave val-
ues ofFS around zero. This leads to the surprising conclusion that within
the accuracy of the measurements, no correction for the spherical aberrations
should be used and in the followingFS 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 investigations of spheri-
cal aberrations have only recently been undertaken from an optical tweezers
point of view. Furthermore, the above work relate to the casewhere the
absolute distance to the coverslip is substantially more than in the measure-
ments of Figure 4.8. In the surface interaction experiments, the 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 measurements with silica
beads results were found that indicated a focus shift factorof approximately
0:20-0:25. This observation was, on the other hand, not the result ofa direct
measurement as in the experiment described above, but only from indirect
observations of force versus distance relations. It may be speculated whether
the di�erent optical properties and the substantial mass di�erence of the
silica beads compared to their polystyrene counterparts may facilitate this
di�erence. These di�erences cause the equilibrium point ofthe trapped bead
to be shifted towards the surface and therefore the locationof the optical
trap when the beads are near the surface is di�erent in the twoexperiments.
However, the issue of how to treat spherical aberrations near the 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 viscous drag coe�cient,

 , of a sphere of radiusr moving perpendicularly to a nearby �xed surface
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Figure 4.9: Measurement of local di�usion constants. The solid line is a �t
of Equation 4.10 with the absolute surface distance from thebead center,h,
and D1 as free parameters. The scale on thex-axis is then set so that the
surface distance is zero whenh equals the radius of the bead.

is found as

 = 6��r� (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 distance from the
center of the sphere to the surface byh, the correction term is given as

� =
4
3

sinh� (h)
1X

n=1

n(n + 1)
(2n � 1)(2n + 3)

(4.11)

where the surface distanceh enters through the parameter� (h) = cosh� 1( h
r ).

Far from the surface,� ! 1 and Equation 4.10 reduces to Stokes law.
Figure 4.9 shows the local di�usion constant as obtained during a par-

ticular measurement. The data points have been obtained using the formula
D = kB T=
 where the friction coe�cient is obtained as


 (zb) =
� e�

2�f c
: (4.12)
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In this equation, the value 
 (zb) denote the local friction coe�cient mea-
sured in zb, � e� is the e�ective trap sti�ness de�ned in Eq. 4.6, f c is the
corner frequency obtained from a Lorentzian �t of the power spectrum of
the recorded time series, similar to that of Fig 2.4. The value of � e� is
obtained by comparing the width of the histogram around the peak with
the width of the histogram far from the surface. The value of
 (zb) from
Equation 4.12 equals the average viscous friction coe�cient in the region of
positions visited during the recording of the particular time series. As higher
order derivatives of� (z) skew the Gaussian distribution of positions the as-
sumption of a harmonic potential used to obtain
 (zb) from Eq. 4.12 is no
longer valid. However even close to the surface, the value of
 is still found
to be in agreement with Eq. 4.11, presumably because only a small fraction
of the samples, at the tails of the histogram, experience thenon-harmonic
nature of the potential. In Figure 4.9, the value is normalized with respect
to the limit where the distance to the surface is large compared to the size
of the bead, D1 = 4:28 10� 13 m2/s, for a bead of 1 � m diameter. Since
D=D1 = 
 1 =
 = 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. Furthe r away the
data are not consistent due to changes in the conversion factor for the photo-
diode signal and the degradation of the trap. From measurements where the
bead would get stuck to the surface during the measurement, as in Fig. 4.8,
this method of determining the absolute distance to the coverslip was found
to be accurate within 50 nm. This method has also been used in similar
experiments surface interaction measurements using TIRM[16].

4.5 Results

Figure 4.10 pictures the force-distance relationship obtained for a 1.07� m
diameter polystyrene bead in water containing di�erent concentrations of
NaCl. The measurements representing electrolyte concentrations 0, 0.1, and
0.2 mM NaCl have been �tted to an exponential function,F0 exp(� �z ), rep-
resenting the �rst term in Eq. 4.2 and the resulting values of� � 1 are shown in
Table 4.1. The value ofF0 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 to alarge error inF0.
The dashed black line is a �t of Eq. 4.2 to the data recorded at 0.5 mM NaCl,
where the van der Waals force on the bead begins to play a role.From this
�t a value of the Hamaker constant is found to be 0:9� 10� 20 J and the Debye
length is found to be around 15 nm. In this �t, however, the resolution is too
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Figure 4.10: Force versus distance relation of 1.07� m polystyrene colloid
and a glass surface in water containing the various concentrations of NaCl
stated in the legend. The solid lines are exponential �ts, used to �nd the
Debye length of the interaction and the dashed line a �t usingEq. 4.2. From
this �t it is clear that the resolution in the measurement is too low to accu-
rately determine � . The values for� � 1 obtained from the measurements are
collected in Table 4.1.

low to estimate � � 1 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 potential energy
instead of the force is apparent. Here the histograms have been converted
into potential energy-pro�les, which have a spatial resolution of only 5 nm.
In the graph 4 out of every 5 data points are left out for clarity. Again,
since at low salt concentrations the double layer interaction overwhelms the
van der Waals interactions, the 3 curves from measurements at 0, 0.1, and
0.2 mM NaCl are �tted by the �rst term in Eq. 4.1 only. The Debye lengths
hereby obtained are compiled in Table 4.1. Only at concentrations of the
electrolyte around 0.5 mM the double layer interaction is ofsu�ciently short
range for the van der Waals forces to be detectable. In this case the potential
energy is �tted with Eq. 4.1 yielding both the Debye length,� � 1 ' 12 nm,
and the Hamaker constant,A ' 0:84� 10� 20 J, for the van der Waals part of
the interaction.
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Figure 4.11: Potential energy landscapes from surface interaction experi-
ments. From the same measurements as in Fig. 4.10, but deriving the inter-
action energy using the Maximum Likelihood method described in Ref. [2]
in the Appendix. The salt concentration for each measurement is stated in
the legend, solid lines indicate exponential �ts and the dashed line is a �t of
Eq. 4.1. The measured data is shown in Table 4.1. For clarity,only every
�fth data point is plotted in the curves.

4.6 Discussion

The quantitative outcome of the measurements, as compiled in Table 4.1
shows reasonable agreement with the theoretical value of the Debye length
obtained using Eq. 4.4. The only exception is the measurement in which no
electrolyte was added, where the theoretical prediction ofthe Debye length is
960 nm, which is due to small amounts of H+ and OH� ions in the pure water.
With this method measurements of� � 1 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 10� 5 M or even less will give
similar values of the Debye length. Apart from this particular measurement,
the Debye lengths obtained for non-zero salt concentrations reproduce the
theoretical values within few nanometers.

The van der Waals part of the DLVO-theory is only detectable in the
measurement at 0.5 mM NaCl. Here, a Hamaker constant of 0.8-0.9�10� 20 J

51



[NaCl] 0:0 mM 0.1 mM 0.2 mM 0.5 mM
Force:
� � 1 (nm) 52 42 19 (15)
A (10� 20 J) | | | 0.90
Energy:
� � 1 (nm) 55 43 26 12
A (10� 20 J) | | | 0.84
Theory:
� � 1 (nm) 960 30.4 21.5 13.6

Table 4.1: Values of the Debye length,� � 1 and Hamaker constants. The
�rst section shows the value from the curve �ts of the force-distance plots
in Fig. 4.10, the value of the Debye length is obtained with very few data
points and is therefore uncertain. Below, the result from the 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 potentialrecorded at
0.5 mM NaCl. The theoretical values are computed using Eq. 4.4.

is obtained which may be compared with the two polystyrene media interact-
ing across water where the Hamaker constant is 0.95-1.3�10� 20 J[27]. Strictly
speaking, the DLVO-theory does not reproduce the entire interaction 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 size o� the beads
will make the interaction fall of faster than described by Eq. 4.1 which is
only valid when z � R. In the present case the deviations are apparent
when z > 200 nm is comparable to the 500 nm radius of the bead. Also the
DLVO theory is based on a simpli�ed model of the van der Waals interac-
tions. In the more elaborate Lifshitz theory of van der Waalsinteractions
which include retardation e�ects, the Hamaker constant is allowed to decrease
with distance. In Ref. [2], the Lifshitz theory is implemented and compared
to these data. In this case it was found that the interaction observed in
Fig. 4.11 is much stronger than expected from the Lifshitz theory.

By comparing the �gures 4.10 and 4.11, the advantage of transforming
the measurements into energy landscapes is clear. The spatial resolution is
increased to about 5 nm, which means that in the curve �ts moredata points
contribute to the measured values. In particular, the measurement at 0.5 mM
bene�ts from this. In Fig. 4.10, the double layer repulsion is in this mea-
surement barely detectable, but the potential energy plot of Fig. 4.11 clearly
shows that the information is available when the full width of the histogram
is used. The interaction potentials appear smooth since each location along
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the z-axis is covered by several histograms as seen in Fig. 4.3. However, the
potential energy estimate also has its limitations. Since the energy is based
on a series of histograms and it is required that the potential energy found
from each of these is consistent with the previously obtained energies from
overlapping histograms, small errors will be integrated asthe measurement
proceeds.

It was found that the measurements at 0.5 mM salt constitutedthe great-
est challenge. Since in these measurements only very weak interactions occur
close to the substrate and on a relatively short length scale, these measure-
ments are susceptible not only to small errors in the previous measurements,
as discussed above, but also small drift of the glass surfaceand variations in
the probes. At lower salt concentration when the interaction is dominated
by the repulsive electrical double layer and the length scale is longer and the
interaction force is stronger, the measurements where not severely in
uenced
by these sources of error.

In the method for surface interaction measurements presented here, the
laser beam is used not only as a sensitive force transducer but also for position
detection of the probe. The discussion above in Sections 4.4.2 and 4.4.3
illustrates some of the di�culties encountered. At the present stage the
most important drawback of the method is the lack of a direct observation
of the surface distance. This has implications for the calibration procedure.
When the optical trap is calibrated near the surface as in this case, the
proximity of the surface must be taken into account in order to obtain the
trap sti�ness and conversion factor correctly. In the present methodology,
the surface distance is found as in Fig. 4.9, but with the caveat that the
di�usion constants measured in fact depend on the conversion factor and
trap sti�ness. This problem of self-consistency, however,does not constitute
a practical problem in the measurements, as the absolute surface distance
can be guessed from interaction measured within approximately 100 nm. In
this range the parameters obtained from the calibration varies 10-20%, which
is enough for the procedure to be stable.

In addition to these experiments, a parallel experimental project was
carried by Poul Martin Hansen, in which the identical measurements where
carried out with the optical tweezers but using an independent video based
detection scheme. In this method, which is described in References [2] and
[33], the surface distance of the trapped bead is determinedby measuring
the position of a reference object stuck on the surface. Using this method,
the �ndings described here were reproduced, both in terms ofDebye lengths,
Hamaker constants and the observed deviation from the DLVO theory. In
these experiments it was found that again, no correction forthe constant
shift in the focal plane, discussed in Section 4.4.3, was necessary.
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4.7 Conclusion

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

� A series of measurements is presented in which the interaction of a
1.07� m polystyrene micro sphere with a the glass surface is measured
and results were compared with the DLVO-theory. At low concentra-
tion of electrolyte, the results showed good agreement withthe theory.
Only at the highest salt concentration investigated, 0.5 mMof NaCl,
could the van der Waals attraction be investigated. The Hamaker con-
stant obtained in this experiment,A ' 0:86� 10� 20 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 numerical aper-
ture of the condenser was not equal to 0.87, where the sensitivity of the
position detection was found to peak. When the condenser aperture
was reduced from this value, the position signal from the photodiode
showed a weak oscillatory dependence of the distance to the surface.
The modulation was of wavelength 400� 500 nm, similar to half the
wavelength of the trapping laser. This phenomenon was interpreted as
interference of multiple re
ections by the surface and the bead of the
scattered light.

� Experiments undertaken to establish the correction for spherical aber-
rations induced by the glass-water interface gave the unexpected result
that no corrections should be applied. The correction factor described
by other authors, FS ' 0:2-0:3 gave non physical Debye lengths and
surface positions. This deviation may be due to the distancefrom the
trapped bead to the interface which is less than the wavelength of 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 colloidalprobe and a glass
surface was investigated. Here it was found that the interactions could only
be measured at low salt concentrations where the van der Waals attraction
is counteracted by electrostatic repulsion. In cases wherethe concentration
of electrolyte was around 1 mM or more, the bead would escape the energy
minimum of the optical trap and adhere to the surface. And this transition
would usually occur at a distance too far from the surface forthe measure-
ment to yield information regarding the interaction potential.

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

When examining such strongly attracting interaction potentials, it is
found that the measurement system becomes unstable when theprobes reach
a critical separation. Here, the restoring force of the measurement apparatus
is insu�cient to keep the probes apart and the probes jump into contact.
Examples of such situations are commonly encountered the literature: Dur-
ing measurement the interaction between a bacterium and a casein covered
substrate with optical tweezers, it was found that when the distance between
the trapped bacterium and the substrate was less than 100 nm,the attractive
force would exceed the force generated by the optical trap[36]. As a result
the bacterium would jump irreversibly onto the surface. Similar situations
frequently arise in experiments with SFA[37, 38, 39, 40] andAFM[41, 42].

Such events, termedjump-in or jump-to-contact, are usually analyzed us-
ing stability analysis[43, 44, 45]. In this picture, the probe is initially located
in the local energy minimum such as the potential of the optical trap. When
the distance to the surface in decreased, this minimum becomes unstable and
disappears at the critical separation. Before the instability, the presence of a
high energy state between the local minimum and the ground state prevents
the jump-event to occur. In this chapter, a more comprehensive analysis
is presented where the thermal energy of the system is taken into account.
As the probes approach each other, the energy barrier separating the local
minimum and the ground state is lowered. Correspondingly, the probability
of reaching the ground state is increased. However, any �nite energy barrier
can be crossed by thermal 
uctuations given a su�cient amount of time.
Therefore it turns out that the probability of measuring a given jump-length
is history dependent. In particular, it depends on the timescale on which
the experiment is conducted. In the present framework, the jump to con-
tact event is described as a stochastic process. This implies that in order
to interpret the experiment correctly, one needs to consider the probability
distribution of the jumps in order to capture the physics involved.

5.2 Theory

The particular system discussed in this Chapter is that of a spherical colloid
interacting with a 
at surface. As in Chapter 4, is the interaction measured
with optical tweezers. The concepts developed, however, are general and may
be applicable to measurements with AFM, SFA, and other systems 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 anoptical trap of
trap sti�ness � = 0:01 pN/nm. The interaction potential is given by Eq. 5.14
with C = 1000 pNnm2. Due to the attraction from the surface, the position
of the local energy minimum,za, is slightly displaced from the equilibrium
position within the optical trap, z0. The transition state is denotedzts and
is located at the peak of the energy barrier.

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

In the following we will apply a coordinate system in which the 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 an optical trap
close to an attracting surface. The solid line shows the combined 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 and the surface,U(z),
is indicated by the dashed line. Presently we need only assume U that the
energy inz = 0 is much lower than any other energy in the system. However,
a more precise description ofU is given in Section 5.4. In Fig 5.1, the
potential generated by the optical trap is shown by the dotted line. The
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trapping potential

W(z) =
�
2

(z � z0)2; (5.1)

is assumed to be harmonic and is described by the two parameters � and z0.
Here, the trap sti�ness, � , and the equilibrium position, z0, are determined
by calibration. In Fig. 5.1, the probe may be trapped in the local energy
minimum, za, around 100 nm from the surface. In this case, it must pass an
energy barrier, � V , of around 4kB T in order to reach the ground state at
z = 0. Here, kB ' 1:3810� 23 J/K is the Boltzmann constant and T is the
temperature. The position of the energy barrier, the transition state zts , is
around 40 nm from the surface.

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

r =

p
kakts

2�

exp

�

�
� V
kB T

�

: (5.2)

Here, ka denote @2V
@z2 jza and kts = � @2V

@z2 jzts . These parameters describe the
width of the local energy minimum and the width of the energy barrier
at the transition state. 
 denotes the frictional damping on the bead. It
must be found using Stokes law with the corrections due to theproximity
of the surface presented in Section 4.4.4. The term �V in the exponential
denotes the energy di�erence between the local minimum and the peak of
the activation barrier, thus � V = V(zts) � V (za). The prefactor in Eq. 5.2
has units of s� 1 and in the following the frequencyf is de�ned as

p
kakts
2�
 .

This parameter describes the number of attempts made by the probe to
pass the barrier per unit time and is referred to as the attempt frequency.
Equation 5.2 is derived under the assumption of quasi-stationarity. This
means that, in this equation, the escape rate,r , 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,v. As function of time
z0(t) = � vt and thereforeV(z) will change in time also. In the most general
case, the parametersf and � V that govern the escape rate are ultimately
functions of the trap position and will vary accordingly in time.

Consider an experiment in which the optical trap is approaching 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
dt

= � r (t)P(t): (5.3)
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Figure 5.2: Numerical integration of Eq. 5.4 at di�erent velocity. Each curve
depicts the probability density of measuring a transition to the attracting
surface when the optical trap is at positionz0. The two curves represent
dP=dz0 from from a energy landscape similar to that of Fig. 5.1 and isde�ned
in Eq. 5.14. The approach velocity is stated in the legend.

Using z0(t) = � vt, Eq. 5.3 can be rewritten in terms of the trap positionz0:

dP
dz0

= v� 1r (z0)P(z0): (5.4)

Here,P(z0) is the probability of not having escaped the local minimum when
the optical trap has reached positionz0. In the analysis, the jump length
is de�ned as the distance fromz0 to the surface. The distribution of jump
lengths that may be obtained from an experiment is equal todP

dz0
. The most

general solution to Eq. 5.4 is

P(z0) = exp
�

v� 1
Z z0

+ 1
r (z)dz

�

; (5.5)

which may be substituted back into Eq. 5.4 to obtaindP
dz0

.
As noted above, the parameters needed in Eq. 5.2 to describer all vary

during the approach. Thus an analytical solution to Eq. 5.4 is generally
not possible. Instead, a numerical integration of the equation is shown in
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Figure 5.2. The two di�erent curves showdP
dz0

with the same potential,V (z),
but with di�erent approach velocity. The potential used in the calculation
is de�ned in Eq. 5.14 below. For the dashed linev was 1 nm/s whereas it
was set to 10 nm/s when calculating the escape probability indicated by the
solid line. It is seen that the mean jump length di�er substantially between
the two curves. For v = 1 nm/s, the escapes occur whenz0 ' 130 nm
whereas the most likely jump length is around 117 nm whenv = 10 nm/s.
Furthermore, the height and width of the distributions is di�erent for each
case.

5.2.1 Approximate solutions

In Figure 5.2 it is seen that the escape out of the trap occurs in a relatively
narrow region inz0 where the energy barrier, �V , is low enough to permit the
escape on the relevant timescale. The parameters that describe the escape
rate in Eq. 5.2 vary in a complicated manner whenz0 is varied from +1
to the position where the escape occurs. However, we may assume that in
the region ofz0 where the escape is likely to happen, the attempt frequency,
f , remains constant. The energy barrier, �V , is de�ned asV(zts) � V (za),
where againza and zts are functions of the trap position. In the following
the barrier height is assumed to decay linearly as function of trap position,
z0, and parameters� and ~z are introduced such that

� V (z0) = kB T � (z0 � ~z): (5.6)

It must be emphasized that� and ~z are 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 distance of the trap.
Therefore di�erent values of� and ~z may 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 ofz0 is found from Eq. 5.14 to be 0.23 nm� 1.
In the other experiment � ' 0:18 nm� 1 is found. This value is valid when
z0 ' 117 nm where the jumps are most likely to occur whenv = 10 nm/s.

Using the approximation of Eq. 5.6, the escape rate from Eq. 5.2 reduces
to

r (z0) = f exp[� � (z0 � ~z)]: (5.7)

Using Eq. 5.7 allows us to obtain an analytical expression for Eq. 5.5. Now,
the probability, P, to survive in the local minimum becomes

P(z0) = exp[ �
f

v�
e� � (z0 � ~z) ]: (5.8)
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Having found the probability of not escaping the energy minimum of the
optical trap, the expression analogous to Eq. 5.4 becomes

H (z0) =
dP
dz0

=
f
v

exp[�
f

v�
e� � (z0 � ~z) � � (z0 � ~z)]; (5.9)

in which we have de�nedH (z0) as the distribution of jump lengths dP
dz0

. The
distribution predicted by Eq. 5.9 was compared to the distribution obtained
by solving Eq. 5.4 numerically. Using the appropriate values of� and ~z, plots
of Eq. 5.9 were practically indistinguishable from the numerically obtained
results in Fig. 5.2.

The distribution described by Eq. 5.9 has a single peak at thevalue ofz0

where the escape probability is maximized. By di�erentiating Eq. 5.9 with
respect toz0 the most probable escape position,z� , can be found as

z� = ~z + � � 1 ln
f
v�

: (5.10)

By inserting this result for z� into Eq. 5.6,

� V (z� ) = kB T ln
f
v�

; (5.11)

is found for the height of the energy barrier atz� .
Eq. 5.9 may be reduced further by changing to the coordinates� = z0 � z�

and ~� = ~z � z� . By substitution into Eq. 5.9 and using Eq. 5.10,

H (z0) = � exp[� �� � e� �� ]; (5.12)

in which all dependence on the parametersf and v vanish. The value of
H at z0 = 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, no information
can be obtained about the attempt frequency,f . The fact that � is the
only free parameter in Eq. 5.12 implies that it is the rate of descent and not
the absolute height of the energy barrier that determines the 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

H (z0) '
�
e

exp[�
� 2(z0 � z� )2

2
]; (5.13)

wherez0 � 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 Eq. 5.14. The
thin blue line shows the accumulated histogram. The green line indicate a �t
of Eq. 5.12 giving parameters parameters� = 0:26 nm� 1 and z� = 139 nm.

5.3 Numerical Testing

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

V(z) =
1
2

� (z � z0)2 �
C
z

; (5.14)

with C = 1000 pNnm2, and trap sti�ness � = 0:01 pN=nm. The surface
potential U = � C

z models a van der Waals type of interaction between a
sphere and a 
at substrate. At high electrolyte concentration where the
electrostatic interactions are e�ectively screenedU is equal to Eq. 4.1. In
that case the constantC = AR

6 with A = 1:2 � 10� 20 J being the Hamaker
constant andR the radius of the sphere.

The trap center, z0, is gradually moved with a prescribed velocity,v,
towards the surface. From Eq. 5.14, the exact location of thetransition 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 withN = 100.

zts , and equilibrium position, za, and the height of the energy barrier, �V ,
is known for all values ofz0. In the course of the simulation, an ensemble of
N particles were initialized in the local minimum. The initial trap position,
z0(0) = 200 nm was chosen su�ciently far from the surface to havevanishing
rate of escape. In each short time step,dt, the position of the trap position
relative to the substrate was updated by

z0(t + dt) = z0(t) � v dt (5.15)

using a predetermined approach velocityv. 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 ofp was found using
the exact value ofkts, ka, 
 and � V as function ofz0. The survival of each
particle in the local minimum was determined by choosing a random number
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Figure 5.5: Average value of� from the slope ofz� versus lnv. 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 which gives � '
0:21 nm� 1. The positions ofz� are found from simulations withN = 100.

between 0 and 1. If this random number was greater thanp, the particle was
counted as having escaped. Otherwise it was kept in the ensemble. After
determining which members of the ensemble that escape from this trap po-
sition, the process was iterated with the reduced ensemble until all members
had escaped. As de�ned in Eq. 5.16, the survival probabilityis an approx-
imation valid only when dt r (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 whendt

v > 1. Any error from the
stochastic implementation was found to be vanishing whendt

v < 0:01.

Figure 5.3 shows a typical result of the simulation togetherwith a �t of
Eq. 5.12 indicated by squares. Here, the pictured distribution was obtained
by counting the number of particle members that escape at each value ofz0.
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 ensemble was large, a
Gaussian �t of the data close toz� would yield results indistinguishable from
those of Eq. 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 rangev = 0:001-100 nm/s and
compared to the exact value (solid line). Squares indicate values 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 lineindicating
the exact result.

If the change in peak position of the distribution of jumps asfunction
of v is determied, Eq. 5.10 constitutes an alternative route to obtain the
parameter� . This equation predicts a linear relationship between lnv andz� ,
the slope being� � � 1. In Fig 5.5 this method is used to �nd � ' 0:21 nm� 1

using values ofz� from 115 nm to 140 nm. Comparing this with Fig. 5.4, this
value turns out to equal the exact result whenz� = 125 nm. For the other
data points used in the linear �t, the value of � varies between 0.17 nm� 1

and 0.26 nm� 1. This shows that the value of� extracted from Eq. 5.10 only
is valid for z0 in the middle of the interval in ln z� used in the linear �t.
Since only values ofz� are used in Eq. 5.10, it appears that measuring�
using method is more economical in terms of ensemble number,N . However
this method also assumes a constant value of� over 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 howknowledge about
the energy landscape can be gained from these parameters.

The location ofza and zts are found by determining the values ofz where
the resulting force on the probe is zero. In the case when the combined
potential V is de�ned by Eq. 5.14,za and zts are solutions to the equation

F (z) = � � (z � z0) �
C
z2

= 0: (5.17)

From the analysis of this formula, it is found that forz0 above a critical trap
position, z0;c, two solutions exist; namelyza and zts . Sinceza is the position
of the local energy minimum, small 
uctuations aroundza will generate a
force directed towardsza. Therefore za is said to be a stable �xed point
of Eq. 5.17. On the other hand,zts is an unstable �xed point since small
deviations fromzts give rise to a resulting force directed away fromzts. The
point z = 0 is the global energy minimum and constitutes a third �xed point.
In the case whenz0 < z 0;c the two �xed points za and zts no longer exist.
In this case the resulting force on the bead is always directed towards the
global minimum.
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Figure 5.6: Overview of the force on a bead as function ofz0. For each value
of z0 the bead moves along they-axis. For each point the resulting force will
follow the arrows. Forz0 > z 0;c trajectories will go towards eitherza or the
global minimum z = 0, but when z0 < z 0;c ' 87 nm only the global minimum
exists.

The position of za and zts as function of trap position is shown if Fig-
ure 5.6. Here, the position of the stable minimum,za, is indicated by the
solid line. As seen in the �gure,za converges asymptotically to the liney = x
indicating that za ! z0 when z0 ! 1 . The dashed line indicates the posi-
tion of zts . The direction of the resulting force is indicated by the arrows.
For example if z0 = 150 nm and the bead is positioned atz = 80 nm, the
resulting force is directed away from the surface and towards za. The critical
trap position, z0;c, is identi�ed at the bifurcation point z0 ' 87 nm where the
two �xed points meet and annihilate. When the position of thetrap is closer
to the surface thanz0;c the �xed points are not present and for all positions
of the bead the resulting force is directed towards the surface. In this case
the only �xed point is the state at z = 0.

In Fig. 5.6 the positions of the �xed points,za andzts annihilate each other
in the saddle node bifurcation atz0;c. At z0 = z0;c, the energy landscape
becomes critical in the sense that the local minimum disappears 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, z0;c ' 87 nm, where the energy barrier vanishes. The two
extremals in the combined potential energy,za and zts , have merged together
to single point, zc ' 57 nm.

depicted in Fig. 5.7. The limiting position ofza when z0 ! z0;c is denoted
by zc. Near zc, the following conditions are met by the interaction potential,
U:

@2U(zc)
@z2

= � � (5.18)

�
@U(zc)

@z
= Fc = � (zc � z0;c) (5.19)

@3U(zc)
@z3

� 0: (5.20)

Here, � denotes the force constant of the optical trap de�ned in Eq. 5.1.
The �rst condition determines the position of the critical point. At zc, the
gradient of the attracting surface force equals the gradient of the restoring
force of the trap. This point does not depend onz0 and remains constant
during the entire experiment. It can be identi�ed in Fig. 5.1 as the point
where total energy changes from being upwards concave to start bending
downwards at z = 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 indicate the exact
position of the transitions state using Eq. 5.14, the dashedline is the ap-
proximation zts � za � �

� kB T, equivalent to Eq. 5.28, using the exact values
of za and � obtained during the simulation. The symbols indicate values of
zts obtained with Eq. 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 simulation with
N = 1000 and circlesN = 100.

z0 = z0;c the restoring force from the trap exactly balances the surface force
in zc. In order to facilitate the escape of the probe atzc, the condition in
Eq. 5.20 is necessary. Belowun = @nU(zc)=@zn is de�ned as a shorthand
notation for the nth-order derivative evaluated in zc. Given the case that
u3 = 0, u4 must also equal 0 andu5 must be positive to maintain zc as a
critical point, and so forth. In the following u3(zc) > 0 will be assumed.

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

V(z) = U(z) +
1
2

� (z � z0)2

� Uc � Fc(z � zc) �
1
2

� (z � zc)2 +
1
6

u3(z � zc)3

+
1
2

� (z � z0)2; (5.21)
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whereUc is de�ned asU(zc) and the parametersFc, � are inserted in accor-
dance with Eq. 5.18 and 5.19. Using Eq. 5.19 the critical trapposition is
expressed asz0;c = zc � Fc

� . Then z0 may be rewritten in terms of the new
variable �z as

z0 = z0;c + �z = zc �
Fc

�
+ �z: (5.22)

Using this expression forz0, the resulting force acting on the bead is found
from Eq. 5.21 usingF = � @V

@z. As function of �z we get

F (z) = ��z �
1
2

u3(z � zc)2; (5.23)

for the force force on the bead whenz0 � z0;c. When �z is negative the total
force acting on the bead is also negative and the bead adheresquickly to the
surface. On the other hand, when�z is positive there are two values ofz
where the force is 0. These are the �xed pointsza and zts. In this case the
resulting force is directed towards either the stable �xed point za or towards
the surface depending on the initial condition of the bead. The locations of
the �xed points

z � zc = �

s
2��z
u3

; (5.24)

are found as solutions toF = 0 using F as given in Eq. 5.23. Here, the plus
sign gives the position ofza and the minus signzts relative to zc.

The energy di�erence, � V , can be found as function of�z by integration
of Eq. 5.23:

� V = V(zts) � V(za)

= �
Z zts

za

[��z �
1
2

u3(z � zc)2]dz

= � ��z (zts � za) +
1
6

u3[(zts � zc)3 � (za � zc)3]: (5.25)

= 2��z

s
2��z
u3

�
1
3

u3

 
2��z
u3

! 3=2

(5.26)

=
2
3

(2��z )3=2

p
u3

; (5.27)

where Eq. 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 di�erence � V . From Eq. 5.27 and Eq. 5.24 we �nd the simple
result

� =
@� V
@z0

(kB T)� 1
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= 2
�

kB T

s
2��z
u3

=
�

kB T
(za � zts): (5.28)

This result is accurate for values of�z su�ciently small so that the third-
order approximation in Eq. 5.21 remains valid.

In Fig. 5.8, this relationship between� and zts 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 obtained by solving
Eq. 5.17. In comparison, the dashed line shows the result of the approxi-
mation of Eq. 5.28. This line is found by rewriting Eq. 5.28 into the form
zts = za � �

� kB T and using the exact value ofza and � from Eq. 5.17. The
approximation seems remarkably accurate even far from the critical point.
Even when z0 is located more than 100 nm away fromz0;c the position of
the transition state is predicted within 5 nm by Eq. 5.28. This equation is
utilized in Fig. 5.8 to obtain numerical estimates of the position of the tran-
sition state from the jump distributions. Indicated by squares are values of
zts 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 the previous sections
were tested experimentally using the optical tweezers. Theresults shown
below are the �rst preliminary measurements and the experiment was aimed
to check basic questions such as:Is the change in the jump distribution
really measurable with the optical tweezers?In 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 theory presented
in this chapter. To perform a quantitative test of the interaction potential
requires more elaborate experimental work than what is presented here.

5.5.1 Procedure

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

The sample was left unsealed so that additional beads could be perfused
into the chamber. When a bead was trapped by the optical tweezers, the
distance to the surface was decreased with velocities 2 nm/s, 7 nm/s, 20 nm/s,
and 60 nm/s. Meanwhile the axial position of the bead was measured with
the quadrant photodiode. The time series were sampled at a rate of 400 Hz
and low-pass �ltered at the Nyquist-frequency. The condenser aperture was
set to 0.87 in order to maximize the sensitivity of the axial position signal and
to exclude the modulation artifacts encountered in Sec. 4.4.2. It was found
that the adhesion of the bead onto the surface was irreversible since the stuck
bead could not be detached using the optical tweezers. Therefore, each jump
transition was measured with a new bead captured from the solution. For
each approach velocity a data set of 6-9 jump to contact events were recorded.

Since recordings of jump-in events do not constitute a stationary signal,
the usual calibration method using power spectral analysiscannot be applied.
Instead the conversion factor for the photodiode detector was determined
by analysis of the time series after the jump. Here it was found that the
photodiode signal and the position of the surface exhibiteda linear relation
ship which gives the volt to position conversion factor directly. The trap
sti�ness, � , was determined to be 0:0015 pN/nm by a Gaussian �t to the
distribution of positions relative to the trap center before the occurrence of
the jump.

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

5.5.2 Results

The time series were as shown in Figures 5.9 A. In both A and B panels of
this �gure, the position of the bead is shown in blue, while the trap position
is indicated by the green dashed line. Panel A shows the entire time 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 from a linear �t
to the part of the time series recorded att < 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 when the jump
occurs. It seems that within the last 0.1-0.2 s before the jump the position of
the bead deviates from the position of the trap as visualizedby 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 surface. In this mea-
surement the approach velocity was set to 20 nm/s. Panel A shows the entire
time series. Here, the jump occurs att � 4:6 s and has length 302 nm. The
green dashed line indicates the trap position,z0 relative to the surface. Panel
B shows a close-up of the data around the time of the jump-event. Again, the
green dashed line indicates the trap position. In the last 0.1-0.2 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 intended to
guide the eye.

The deviation from z0 is interpreted as the in
uence of the attractive surface
force. Close to the surface, the local energy minimum,za does not equal
z0 due to the long range attraction from the surface. However, from these
measurements the �nite di�erence betweenz0 and za 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 distance with the
approach velocity. In this �gure, the mean jump distance is shown 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 high jump length.
The median of the jump distances was found to give a more reliable 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 error bars indicate
the standard deviation normalized with the square root of the number of
observations that contribute to the data point. The error bars for the data
points representing the mean values are of the same length but are omitted
for clarity in the plot. Also shown in Fig. 5.10 is a linear �t to the median data
points. This is shown by the dashed green line. As a whole, this �gure may
be compared to Fig. 5.5 where the data points were obtained bysimulation.
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Figure 5.10: Mean and median of jump lengths. The mean jump distance is
indicated by red squares and the median of the jump length is shown by the
blue circles. The green dashed line shows a linear �t ofz� versus ln(v). The
size of the error bars is determined from the standard deviation of the jumps
divided by the square root of the number of observations.

From the slope of the linear �t is it possible to estimate the value of the
parameter � to be 0:07 nm� 1 using Eq. 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 lnz� of the �t which
is around 270 nm. From Figure 5.10 this value ofz� is seen correspond to
v = 10 nm/s.

In order to relate this value to the parameters of the energy landscape
Eq. 5.28 is used. This equation relates the value of� to the distance between
the two extremals of the total energy,za and zts . Thus it follows that

za � zts =
kB T

�
� � 190 nm; (5.29)

where � = 1:5 � 10� 6 N/m is used. To pinpoint the location of the energy
barrier, the distance fromz0 to za is estimated to be around 40 nm. Using
these two estimates andz� = 270 nm, the value zts � 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 ofzts 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 observed in this
experiment.

To �nd the height of the energy barrier using Eq. 5.11, the attempt fre-
quency, f =

p
kakc
2�
 , must be estimated. The viscous friction on the bead

is found using Stokes law with the surface correction used inSection 4.4.4.
Inserting a surface distance of 250 nm we �nd
 ' 3 � 10� 8 Ns

m . For the pa-
rameters describing the curvature of the energy landscape we may assume
ka � � ' 0:0015 pN/nm. Now remains the value ofkc. Assuming a potential
as in Eq. 5.14, it is found that

kc =
2C
z3

ts
� � ' 0:03 pN/nm: (5.30)

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

f =

p
kakc

2�

' 35 Hz (5.31)

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

� V(z� ) = kB T ln
f

v�
' 4 kB 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. However, the values
of � and z� can be calculated on the basis of various potentials in orderto
test theories of the interaction. For example in Appendix A it is shown from
Eq. 5.14 that

zts �
C
2�

z� 2
0

0

@1 + 2

s
�
C

z3
0 �

3
4

1

A ; (5.33)

and

za � z0 �
C
�

z� 2
0 (5.34)

which can be used to �nd the interaction constantC from the position of
the transitions state obtained at low approach velocity. Inthe case at hand
C = 750 pNnm2 is found from Eq. 5.33 using the experimentally obtained
values z0 = 270 nm and zts = 40 nm. The corresponding value of the
Hamaker constant obtained from this experiment is thenA = 0:9 � 10� 20 J.
This is in agreement with the previously obtained valueA = 0:89� 10� 20 J of
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Chapter 4. However, this perfect agreement may be fortuitous as it is based
on an inaccurate determination ofza by eye and a very sparse number of
observations.

5.6 Discussion

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

C = � (z� )3: (5.35)

Using the observed valuez� ' 280 nm this would lead to an overestimation
of the Hamaker constant by a factor of 30! In the case of the simulation
data, the strength of the interaction would be overestimated by a factor of
20 if thermal e�ects were neglected. The correct value ofzc is 80 nm for the
experiment and 57 nm in the simulation and it is this value that must be used
in Eq. 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 di�erent. 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 di�erent choices of� . Many jump-in
experiments are conducted with AFM[34, 41, 42]. Here, the thermal noise on
the probe cannot be neglected and overestimation of the interaction potential
is expected to occur in the experiments. However, the error may not be as
severe as the cantilever sti�ness is even higher than the trap sti�ness used in
the simulation.

Similar distributions as those found in Sec. 5.3 govern the breaking of sin-
gle molecular bonds under increasing load. This process is usually measured
with Dynamical Force Spectroscopy[49, 50] and some aspectsof this is dis-
cussed in Chapter 6. Comparing the most likely jump length ofEq. 5.10 with
the corresponding result for the most probable rupture force, see Eq. 6.4, the
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equations turn out to be close analogs: Both equations involve a linear depen-
dency on the logarithm of the dynamical parameter, the approach velocity
and the loading rate. This similarity arises because the activation energy
for breaking the molecular bond is assumed to decrease linearly as function
of the applied force which is equivalent to the situation here. Therefore the
probability distribution of observing the breakage of the bond is similar to
Eq. 5.9[51]. For example, in many experiments that investigate the binding
kinetics it is desirable to extrapolate to the case where theloading rate is
0 in order to estimate the thermal o�-rate. In jump-in measurements the
corresponding limit, v ! 0 has no similar interpretation.

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

5.7 Conclusion

The results of the theoretical analysis of the jump-in measurements show that
the shape and position of an accumulated histogram of jump-events contains
spatial information about the energy landscape. The position of the energy
barrier, zts, is related to parameters which are, within the approximation of
Eq. 5.13, close to the mean of the jump distance and the reciprocal standard
deviation. When the value of the attempt frequency,f , is known Eq. 5.11 can
be used to �nd the activation energy needed to perform the jump-transition:
� V = kB T ln f

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

An experimental con�rmation of the theoretical results is presented. It
was found that the median of the jump lengths observed at di�erent 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 data versus
the logarithm of the approach velocity, the value� ' 0:07 nm� 1 was found.
Using this value the position of the transition state was found to be 40 nm
from the surface when the trap was located about 300 nm away from the
surface andv = 10. With an estimate of f ' 35 Hz the activation energy
was determined to be 4kB T in that case.
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5.7.1 Outlook

In order to complete the theory presented above, several additions must be
made. The list below shows what I believe to be some importantdirections
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 ofz� in
which casez� versusv is a non-linear function. This is in clear contrast
to rupture force experiments where the parameter analogousto � is
constant and the force versus loading rate dependency is linear.

� The two methods used for obtaining� may be compared quantitatively.
When planning an experiment, we want to maximize the information
gained from the observations. In the experiment described here, � was
obtained from several measurements at di�erent approach rates using
Eq. 5.10. In total, 30 observations were analyzed. On the other hand
� could in principle have been obtained by collecting a histogram of
30 jumps at the same approach velocity and �tting Eq. 5.12 to the
distribution. It remains to check which method gives the best result.

� In this presentation, the e�ect on the jump distribution by changing the
approach velocity is investigated both numerically and experimentally.
However, a similar approach may be to investigate the e�ect of changing
the trap sti�ness. This is relevant when comparing optical tweezers
measurements with AFM where the relative contribution of thermal

uctuations to the observations may be di�erent.

� In the experiment, the distribution of jump lengths could not be com-
pared to Eq. 5.12 due to the limited number of observations. In order
to check this equation, possibly 50 observations at the sameloading
rate are needed.

� It is possible to develop speci�c predictions of the energy landscape
from the point of view of particular interaction models. This subject
was brie
y touched in Equations 5.34 and 5.33 where the DLVO-theory
was used to obtain the position of the transition state and the local
minimum.
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Chapter 6

Surfactant protein D

6.1 Introduction

When examining the role of molecular interactions in biology, the speci�c
interactions between a receptor molecule and its ligand areubiquitous. Spe-
ci�c interactions cover a broad range of molecular interactions that may be
comprised of any combination of hydrogen bonds, van der Waals forces, elec-
trostatic and hydrophobic forces. Speci�c bonds facilitate binding to one or
few molecules only and are therefore sometimes termed lock-and-key interac-
tions. Almost all protein-protein and protein-DNA interactions encountered
in the cell are of this kind. In comparison to the strengths ofcovalent bonds
these interactions are usually weak. The energy gained by forming a cova-
lent bond, for example C|H, is on the order 500 kJ mol� 1 (� 200kB T per
bond), whereas the binding energy of the strongest known speci�c interac-
tion, the streptavidin-biotin bond, is 88 kJ mol� 1 (� 35 kB T per bond)[27].
In this chapter, the main focus is on speci�c protein-carbohydrate inter-
actions which are generally weak; the carbohydrate bindingprotein Con-
canavalin A has� 20 kJ mol� 1[52] (� 8 kB 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 determined 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 force it
can withstand. Whereas the classical thermodynamic measurements, such
as calorimetry, are conducted close to equilibrium, the pulling experiments
are highly dynamic and take place far from thermal equilibrium.

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

The protein currently investigated is the human lung surfactant protein D
(SP-D) which is a member of the collectin family of proteins.These proteins
all play a role in the innate immune system and are members of the C-type
family of lectins which requires a Ca2+ -ion in the binding site in order to bind
carbohydrates. SP-D is primarily found in the lungs where itis responsible
for the clearance of invading microorganisms. The lungs aresubject to a
constant in
ux of foreign organisms and material much of which may be
harmful. SP-D has been shown to bind speci�cally to carbohydrate residues
on the surface of a wide range of potential pathogens such as gram negative
bacteria, yeasts, viruses and certain allergens and is thereby mediating their
removal from the lungs.

6.2 Structure of SP-D

The structure of the collectins, including SP-D, has been the subject of a
number of recent reviews[53, 54, 55, 56, 57]. A single SP-D monomer contains
355 amino acids and has a molecular weight of 43 kDa. For all collectins,
the polypeptide chain constituting a single monomer consists of 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 native state.

Collagen: A long sequence of Gly-x-y-repeats constitute the collagen-like
domain. In SP-D, the total length of the collagen stalk is about 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 stabilize the trimeric
structure of the sugar binding sites comprising the active protein.

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

Figure 6.1 shows the structure of both the native state of SP-D(left) and
the crystal structure of the Neck-CRD-regions(right)[58]. Under physiolog-
ical conditions, the protein forms a dodecameric structurein 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 cross with each
arm being capable of binding 3 carbohydrates.Right: Crystal structure of
the Neck-CRD domains in complex with maltose. Each subunit of the SP-D
trimer is shown in shades of blue, the sugar-ligand is red andwhite.

trimers are joined together by their N-terminal regions. The di�erent levels
of oligomerization each serve their purpose: The overall cross-shape enables
e�cient cross linking of the target organisms which resultsin agglutination
and enhanced removal of these by phagocytes. On the lower level, each CRD
of the trimers that constitute the cross may bind cooperatively to multi-
ple ligands on the target and thereby signi�cantly increasethe e�ciency of
binding to the surface of target cells. The multivalency is necessary to com-
pensate the low equilibrium constant of a single CRD-carbohydrate complex.
The equilibrium constant K AB of the two compoundsA and B is de�ned as

K AB =
[AB ]
[A][B ]

; (6.1)

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 maltose is around
103 M � 1. However the a�nity of the trimer binding on a densely glycosylated
surface may be as high as 109 M � 1 due to the trivalent binding.

Typically, the a�nity of a lectin is measured with Enzyme-Li nked Im-
munosorbent Assay (elisa) . Here the amount of protein bound to a glyco-
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Figure 6.2: Sugar molecules studied in the project. Hydrogen atoms are
omitted for clarity, the thick bond is located towards the observer in the
projection. Above: the two glucose units that form the maltose molecule.
Below: to the left is mannose and galactose is on the right. Inthe 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 mixtures of protein
and a ligand. By increasing the concentration of ligand in the bu�er, smaller
amounts of the protein will be available to bind to the surface. By the
de�nition of the equilibrium constant, Eq. 6.1, the concentration of carbo-
hydrate at which the amount of protein is halved is a measure of the inverse
equilibrium constant. However, due to multivalency, the binding constant
of the protein with the surface may change over many orders ofmagnitude
depending on the number of vacant binding sites thus complicating quanti-
tative interpretation of the experiment. Only when comparing experiments
conducted with di�erent sugars and with identical substrates the relative
strength of inhibiting the lectin to bind to the surface can be determined
unambiguously. SP-D is in this respect no exception. For some of the most
common carbohydrates, the following sequence may be extracted [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 included.
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In our experiments the interaction of SP-D withmaltose, mannoseand
galactoseis investigated with force spectroscopy and the rupture forces are
compared with Eq. 6.2. The detailed structure of these carbohydrates is
depicted in Fig. 6.2. Maltose is only the disaccharide that binds to SP-D and
consists of two glucose units. In comparison with a glucose monosaccharide,
mannose has opposite orientation of the OH-group at the second carbon
atom. With galactose the orientation di�ers both at the second and the
fourth carbon atom relative to glucose.

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

Since the thermodynamic equilibrium constant,K of Eq. 6.1, is related
to the free energy by � G = � RT ln(K ), where R = 8:31 J M� 1K � 1, a
calorimetric measurement of the interaction enthalpy between SP-D and its
ligands is needed before it may be fully investigated whether a 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 theforce needed
to break a single molecular bond on a prescribed time scale. In typical
experiments, the receptor and the ligand are brought into contact, whereafter
the bond is put under tension by an increasing load until the bond breaks. As
will be discussed below, the maximum force a molecular bond can withstand
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 is built up. One
realization of a force spectrometer is the atomic force microscope (AFM) seen
in Fig. 6.3 which illustrates the instrument used in the present experiment.
This version of an AFM is made for measurement of molecular interactions
exclusively and the cantilever can only be moved in the direction orthogonal
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Figure 6.3: Schematic illustration of the force spectrometer used in the exper-
iment. The bending of the cantilever is tracked by monitoring the de
ections
of the laser beam with a quadrant photodiode. The substrate and the can-
tilever are typically embedded in aqueous solution in orderto maintain the
biological activity of the molecules to be investigated. (Adapted from �gure
by Esben Thormann)

to the substrate and is therefore not useful for other AFM-techniques such
as the scanning of surfaces. Here the cantilever is functionalized with the
ligand and a substrate is prepared onto which the protein is immobilized.
The position of the cantilever relative to the substrate is controlled with
nanometer accuracy by the piezo-tube (yellow). Any force acting on the
cantilever will cause it to bend, and the bending is measuredby monitoring
the de
ection of a laser beam focused onto the cantilever. The cantilever 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 radiusof curvature of
around 20 nm. Figure 6.4 shows an array of cantilevers similar to those used
in the present experiment. The cantilevers utilized here are the rectangular
and the long triangular cantilever furthest to the back in Figure 6.4.

To perform a force spectroscopic experiment, the interacting pair of molecules
most be �rmly anchored on to each their surface. As the molecules are under
considerable stress during the experiment, all linkages must be substantially
stronger than the interaction to be investigated. That thiswas in fact the
case was tested in a biotin-streptavidin experiment, described below.
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Figure 6.4: Close-up view of silicon nitride AFM-cantilevers. Left: The
cantilevers are positioned along the edge of a millimeter sized 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 rectangular or triangular.
As can be seen in the �gure, the cantilever furthest towards the back is made
of only one thin rod, which has rectangular shape, while the others are made
up of two such rods forming a triangle. The longest cantilever in the picture
is 320 � m long. To increase the intensity of the re
ected laser beam,the
backside of the cantilever, onto where the laser beam is focused, is coated
with gold. The tip at the end of each of the cantilevers is barely 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 manufacturers
homepage[65].

6.3.1 Theory

Figure 6.5 shows a plot of the cantilever de
ection during a typical measure-
ment with the spectrometer. The blue curve is recorded as thetip is moved
towards the substrate. As the tip touches the solid substrate it will suddenly
bend upwards due to the repulsion which in Fig. 6.5 is seen as the kink in
the approach trace at the origin. When the tip is retracted from the surface,
the adhesive force between the tip and the surface cause it tobend towards
the surface and the strength of the adhesion is measured by monitoring the
maximum de
ection of the cantilever as shown in the red curve. The break-
ing of a molecular bond is a stochastic process, ultimately driven by thermal
energy and any non-covalent chemical bond will spontaneously dissociate on
some time scale, albeit very long in most cases. The e�ect of an applied load
on a molecular bond is to reduce the amount of thermal energy needed to
separate the components. This increases the probability ofdissociation and
thus lowers the average waiting time for observing the breaking of the bond.
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Figure 6.5: Breakage of biotin-streptavidin bond. The approach-retract cycle
exhibits hysteresis due to the formation of bonds between the biotin coated
AFM-tip and the streptavidin on the substrate. The 
at part o f the curve
is where the tip is not in contact with the substrate. When it touches, the
cantilever will bend and the laser beam will bend due to the repulsion. This
region is used in the calibration to relate the de
ection of the laser beam to
the spatial displacement of the cantilever, see Fig. 6.7. Inthis 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 will be identical.

Figure 6.6 illustrate this principle of force induced rupture. Here, the blue
curve is a model of the energy of a molecular bond as function of the reaction
coordinatex. This coordinate is interpreted as the position of the ligand rel-
ative to the receptor. The green curve shows the same energy landscape 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 binding: The energy
landscape changes qualitatively for any value ofF � 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,xts , that the system
needs to pass in order to reach this new energy minimum develops. Secondly,
the amount of thermal energy that the system needs to accumulate in order
to fully dissociate is lowered. Therefore, the kinetics change and the larger
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Figure 6.6: Schematic of energy landscape of a molecular bond. The energy
scale is arbitrary, but is considered to be substantially larger than the thermal
energy,kB T, so that the bond will not dissociate spontaneously during the
experiment. The blue curve shows the unperturbed energy as afunction 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 landscape but under
an applied force. Now the bond will break once the position ofthe ligand
passes the transition state. The force is e�ectively lowering the activation
energy of the dissociation process by 60%.

F the shorter one has to wait until the dissociation occurs. The underlying
mechanisms of the breaking of molecular bonds has been investigated gen-
erally and in detail by a number of authors[66, 67]. Here the results from
Reference [51] which are useful in the current force spectroscopy experiment
are presented. In a typical experiment, the force on the bondincreases 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

P(F ) =
k0

r
exp

"
Fx ts

kB T
+

k0kB T
rx ts

(1 � eF x ts =kB T )

#

; (6.3)
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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 the photodiode output
to the bending of the cantilever can be found using the slope of the signal. B:
By integrating the thermal noise spectrum an estimate of thespring constant,
k of the cantilever can be found using Equations 6.5 and 6.6. InB, only every
10'th data point above 3 kHz is plotted. Care has been taken toinclude any
peaks in this interval in order to represent the noise level faithfully.

wherek0 is the unloaded o�-rate andxts is the position of the transition state
relative to the bound state in the energy landscape. The constants kB and
T denote the Boltzmann constant and the temperature. From thepeak of
this distribution the most likely rupture force, F � , is found as

F � =
kB T
xts

ln
� rx ts

k0kB T

�

=
kB T
xts

�

ln
� xts

k0kB T

�

+ ln( r )
�

(6.4)

This result shows that the most probable rupture force depends on the rate
at which the force increases. Eq. 6.4 implies that the model parameters
xts and k0 can be found from a plot ofF � versus lnr . In Section 6.4 this
is used to obtain estimates of the model parameters for the SP-D-maltose
interaction. If the rupture between the ligand and the receptor proceeds via
intermediate states, these may be revealed by changing the loading rate r .
This principle is used in Dynamic Force Spectroscopy to examine complex
energy landscapes[49].
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6.3.2 Calibration of AFM-cantilevers

During a measurement, the principal signal recorded is the de
ection 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. 6.3, and after
pre-ampli�cation this signal is measured in units of Volts. In order to re-
late this signal to spatial coordinates, the cantilever is forced onto the sub-
strate by moving the piezo tube as in Fig. 6.7 A. Here a conversion factor
b ' 0:0055 V/nm is found by taking the slope of the indentation where 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. Denoting the coordinate
of the cantilever by x, the equipartition theorem gives

k =
kB T
hx2i

; (6.5)

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

hx2i =
1
T

X

n
j~xn j2; (6.6)

where j~xn j2 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 cantilever. In
practice, the summation in Eq. 6.6 is restricted to include the area under
the peak only, at frequencies from� 102-104 Hz. At frequencies below 10 Hz
mechanical instabilities dominate and so do electronic noise 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 obtained.

The calibration must be performed with each individual cantilever which
means that an indentation curve and a corresponding power spectrum must
be recorded. If the laser beam on the cantilever has been realigned or the
photodiode has been adjusted the conversion factor may havechanged 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 Holmskov
at the institute of medical biology, University of SouthernDenmark. The
biotinylation of the protein has been performedin vitro which means that
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Figure 6.8: Illustration of the assay. The AFM-tip is functionalized with
the carbohydrate by physical adsorption of a glycosylated BSA. Similarly, a
microscope slide is biotinylated by BSA-adsorption. The streptavidin is then
linking biotinylated SP-D and the biotinylated surface.

the biotin binds chemically to randomly positioned residues on the surface of
the protein. Since this may in
uence the function of the protein, 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 coated with
maltose by physical adsorption of glycosylated bovine serum albumin(BSA).
The binding of SP-D to the glass surface proceeds similarly.First, biotiny-
lated BSA is adsorbed onto the surface. Thereafter the slideis 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 found to work best in
phosphate bu�ered saline(PBS), SP-D requires a high concentration of CaCl2
(3 mM), higher than the � 1 mM solubility in PBS. Therefore the experiment
was carried out in a calcium enriched Tris-bu�er. Coating procedures 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 found, the measured
signal is converted into a force curve similar to that of Fig.6.5. In each
retraction the maximum de
ection of the cantilever was stored as the rup-
ture force. In the fraction of retractions in which no adhesion between the
cantilever and the tip is observed, this method will record avery 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 rupture event vary
linearly with the position of the cantilever over the substrate. Therefore, the
slope in the baseline after the rupture events has been subtracted in order to
measure the maximum force correctly.

Subtraction of non-speci�c adhesion

In many of the measurements non-speci�c adhesion forces also contributed
to the distribution of forces accumulated. This was found when a histogram
of measured forces was compared with a control experiment where no speci�c
interaction was expected to form. In the control experiments the distribution
binding events was non-vanishing for rupture forces up to 100 pN. Since the
binding strength of a single bond between SP-D and, for example, maltose
is below 100 pN in the later experiments and the probability of encountering
a speci�c binding event is low it is therefore necessary to subtract the dis-
tribution of the non-speci�c bindings before analyzing thehistogram. This
procedure will be explained below.

In the following it is assumed that the probability of measuring a speci�c
rupture force is p and the probability of measuring a non-speci�c binding
force is 1� p. This means the any measured rupture force iseither speci�c
carbohydrate-lectin interaction or non-speci�c background. For simplicity,
the possibility that any measured rupture force is the sum ofboth speci�c
and non-speci�c interaction is ignored. The value ofp changes with the
probing position on the substrate and is constant only when measuring on
the same spot and with the same cantilever. The speci�c and the non-speci�c
adhesion forces are assumed to have di�erent force distributions, as pictured
in Fig. 6.9. Here, the non-speci�c background (green) is decaying smoothly
from 20 to 150 pN whereas the distribution of the speci�c interaction is
modeled as a single peak (blue). In this analysis the distribution of non-
speci�c forces includes the possibility of measuring zero force as a result of
no adhesion between the tip and substrate. Letx(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: Illustration of mixing of probability distribu tions. x represents
the distribution of speci�c forces while y is the non-speci�c background.
The distribution of the mixed measurementM is obtained whenp = 0:5 and
contains measurements of both non-speci�c and speci�c ruptures.

Then the distribution of forces from a typical measurement will have the
form M (F ) = px(F ) + (1 � p)y(F ) which is also shown in Fig. 6.9. Thus the
observed probability distribution is the normalized sum ofthe background
and the speci�c interactions. Consider two such measurements, M 1 and M 2,
with probabilities p and q of encountering a speci�c binding:

M 1 = px + (1 � p)y (6.7)

M 2 = qx + (1 � q)y : (6.8)

To �nd the distribution of the speci�c interactions these equation must be
solved forx. However, since bothx, y , p and q are unknown, equations 6.7
and 6.8 constitute 2 equations with 4 unknowns which cannot be solved gener-
ally for x. In the present case it is reasonable to assume that the distribution
of speci�c interactions vanishes below a certain value, forexample 30 pN.
Then it is possible to identify some value ofF0 around which x = 0 in some
�nite region where the measurement contains contributionsof non-speci�c
interactions only. Therefore

M 1(F0) = (1 � p)y(F0) (6.9)
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and
M 2(F0) = (1 � q)y(F0): (6.10)

The ratio of Eq. 6.9 and Eq. 6.10 now gives a normalization factor that can be
used for subtracting the contribution of the background in the measurement.
De�ning

N =
M 2(F0)
M 1(F0)

=
1 � q
1 � p

; (6.11)

then
M 2(F ) � N M 1(F ) =

q � p
1 � p

x(F ): (6.12)

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

6.4 Results

Here some of the results from the force spectroscopy experiments are pre-
sented. Since the method for the functionalization used here does not in-
volve covalent binding of the protein to the substrate, the strength of the
anchoring of the receptor and ligand has been tested by performing a simi-
lar experiment, but where the interacting parts are biotin and streptavidin.
The speci�c bond between biotin and streptavidin is known tobe one of
the strongest non-covalent interactions and is furthermore used in the later
experiments to bind SP-D to a biotinylated glass surface as shown in Fig. 6.8.

6.4.1 Biotin-Streptavidin

In general, the force experiments are conducted by measuring approach-
retract-cycles at di�erent locations on the substrate. At each spot typically
100 cycles were performed in order to estimate the local distribution of ad-
hesive forces. One of the main observations from this experiment, 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 squares is
the non-speci�c background interaction which is present even in the absence
of streptavidin on the surface. The inset shows the most probable rupture
force versus loading rate, the error bars indicating the width of the distribu-
tions. In these experiments, with the limited range of velocities available, no
correlation between loading rate andF � was found.

very low. In most of the retractions only a non-speci�c background interac-
tion was found. An example of the distribution of these non-speci�c rupture
forces from a control experiment is shown as red squares in Fig. 6.10. The
control experiment, where the substrate was not incubated with streptavidin
but only biotinylated BSA, yields a decaying distribution of binding forces
which is essentially faded out above 100 pN. Above 100 pN the level of non-
speci�c binding events is constantly low. Thus, the distribution of forces
shown by the red curve indicates that there always is some interaction be-
tween the AFM-tip and the substrate even in the absence of receptors on the
surface. However, for substrates incubated with the appropriate receptors,
the majority of measurements followed the same distribution as the control
experiment. Only at very few locations was the measured distribution found
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to stand out signi�cantly from the background. The reason for this �nding
may be that the receptors are sparsely distributed on the substrate, or that
only a fraction of the receptors are available for binding tothe biotin-ligands
on the tip. In this binding assay, where no 
exible linkage between the re-
ceptor and the surface is introduced, the components have very little spatial
freedom to orient themselves to each other.

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

The value of the force measured is consistent with the valuesgiven in
the literature, where the reported values are within the range 257� 25 pN
to 409� 166 pN[68]. The fact that the rupture force apparently does not
depend on loading rate may be due to the limited range of retract velocities
tested. When this interaction is studied over a vast range ofloading rates, the
rupture force is found to vary according to Eq. 6.4[51, 49]. Most importantly,
this experiment shows that the physically adsorbed BSA which ultimately
binds the receptors to the substrate binds strongly enough to withstand even
high rupture forces. As will be shown below, the forces between the lectin
and its carbohydrate ligands are much lower than forces measured with the
biotin-streptavidin system.

6.4.2 SP-D-carbohydrate

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

Maltose interaction

Figure 6.11 shows histograms of three di�erent situations encountered during
measurements with a substrate coated with SP-D and the AFM-tip func-
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Figure 6.11: Maltose experiments. Histograms have bin width = 10 pN. The
red histogram shows the distribution of forces from a control experiment
with the protein in a bu�er containing EDTA which deactivates SP-D. The
green and blue histograms are recorded with active SP-D on the substrate
but in two di�erent situations. The green histogram is the result of probing
the interaction with the substrate at a site where the probability of the
carbohydrate on the tip to bind to a SP-D molecule is low. The blue shows
a histogram collected at a site where the probability of a binding event is
signi�cantly higher.

tionalized with maltose. The measured forces were collected in bins of width
10 pN with centers at 0; 10; : : : ; 500 pN. In red is shown the histogram of
250 approach-retract-cycles recorded when SP-D was kept ina bu�er devoid
of Calcium but with 2 mM of EDTA added instead. Thereby the calcium
ions are removed from the active site of SP-D which loses its sugar binding
properties. This serves to control that the measured interaction indeed is cal-
cium dependent as it should be with a C-type lectin. The control experiment
is the sum of observations from 9 di�erent locations on the substrate. For
forces above 20 pN the distribution decays essentially as the corresponding
control in Fig. 6.10. At �rst sight, the green histogram, which shows the
forces from 593 cycles at 8 di�erent random locations, seemsvery similar
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Figure 6.12: Rupture force histogram of SP-D interacting with maltose, in-
vestigated at loading rate 2.0�104 pN/s. The histogram has bin width of
20 pN. Circles indicate the accumulated histogram of rupture forces and the
length of the error bars is given as

p
ni whereni is the number of counts in

bin i . The green curve shows a Gaussian �t to the distribution. Thepeak of
the Gaussian �t is located at 85 pN while the most populated histogram bin
is at 60 pN.

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

from maltose-SP-D interactions. The data shown in blue are collected from a
site where the binding e�ciency is higher. This distribution, which is based
on 861 observations has not been included in the histogram ofthe previous
data set taken at random positions. The blue histogram is found 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 measurements
all taken at the same spot on the substrate but with each of thefour data
sets recorded at di�erent loading rates. Below, this set of data 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 this �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 the mean value
of the distribution, and does not reproduce the peak force ataround 60 pN
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Figure 6.14: Mannose experiment. Bin width is 20 pN. In both histograms,
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 themeasured
forces, while the control is shown in red. The large number ofcounts in the
range 10-30 pN indicate that the fraction of non-speci�c binding 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 to all four mea-
surements. Here, open symbols indicate the peak position ofa Gaussian �t
similar to that of Fig. 6.12. The �lled symbol represent the peak position
also from a similar �t, but to a histogram where the distribution of the non-
speci�c background interaction from the control experiment was subtracted.
This was done due to a high number of non-speci�c rupture forces in order
to obtain a peaked distribution of forces. To estimate the relative ratio of
speci�c to non-speci�c adhesion all ruptures below 30 pN were assumed to be
non-speci�c. The data points are plotted on a semilogarithmic axis against
the loading rate, r = k vretract , wherevretract is the speed of retraction andk
is the cantilever spring constant. The relation between thelogarithm of the
loading rate and the position of the peak force is found by �tting a linear
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Figure 6.15: Mannose experiment. Circles indicate the dataobtained by
subtracting the background from histogram of measurements. The green
curve a Gaussian �t to the data points close to the peak, ignoring the �rst
2 bins of the histogram. The position of the peak is found to beat 91 pN.
The loading rate during the experiment was 2:5 � 103 pN/s. The size of the
error bars is explained in the text.

function,

F � = ax + b; (6.13)

with x = ln r , to the data. From this �t the values a = 7:0 pN andb= 3:9 pN
for the constants are found. Due to the limited number of datapoints and
their considerable scatter, the slope may vary by a factor of2 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:

xts =
kB T

a
' 0:6 nm; (6.14)

for the transition state in the energy landscape and

k0 =
1
a

e� b=a[pN s� 1] ' 0:08 s� 1; (6.15)
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Figure 6.16: Mannose experiment. Similarly to Fig. 6.15, the circles indicate
the data obtained by subtracting the background from histogram of mea-
surements, the size of the error bars is explained in the text. Two peaks are
identi�ed. The green curve a Gaussian �t to the data points close to the �rst
peak, ignoring the �rst bin 2 bins of the histogram. The red curve is a �t to
the second peak. The position of the peaks is found to be 84 pN and 197 pN.
Loading rate 2:5 � 103 pN/s.

for the dissociation rate. For comparison, the corresponding values ob-
tained in a similar lectin-carbohydrate study arexts = 0:14 nm and k0 =
0:20 s� 1[62].

Mannose experiments

Figure 6.14 shows the histogram of this experiment comparedto 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 comparably large
number of counts at low forces, 0-20 pN, it becomes evident that the signal
to noise ratio, the level of speci�c interactions over the non-speci�c, is lower
than the in maltose experiment. From the present �gure, the fraction of non-
speci�c events is around 1/3 at 60 pN, while it can be estimated similarly 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 molecules involved
in the binding. A number of measurements with maltose incubated tips,
such as the �lled data point in Fig. 6.13, also gave similar signal to noise
ratios. In spite of the relatively high number of non-speci�c binding forces
in the blue histogram in Fig. 6.14 there are indications of speci�c 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 increased relative
to the background.

Using the method described in Section 6.3.3, the backgroundwas sub-
tracted in order �nd the distribution of speci�c interactio ns only. As com-
parison measurement (M 1 of Eq. 6.7), the series of interactions from Fig. 6.11
where no speci�c interactions were detected is used. Alternatively the dis-
tribution of forces from the EDTA experiment can be used to estimate the
background, with similar results. The resulting histograms are similar to
those shown in Fig. 6.15 and 6.16. The �rst two bins, holding the number
of ruptures below 30 pN, are used in estimating the background contribu-
tion in the measurement and are therefore not included in theanalysis. In
both �gures, the error bars indicate the sum of the error in each of the two
measurements used in the subtraction of the background.

In Fig. 6.15 the histogram has a single peak at intermediate forces. The
location of the peak is determined from a Gaussian �t to be at 91 pN. In
Fig. 6.16, two peaks are identi�ed. The position of each being 84 pN and
197 pN. These peaks may be the result of having either one or two receptor-
ligand-bonds breaking simultaneously. The mannose bindings have only been
measured at one loading rate,r = 2:5� 103 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 Reference [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 binding enthalpy,
� H , being compensated by an unfavorable change in the entropy,� S, upon
binding. In this case, the binding enthalpy can still give rise 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 state have the
same enthalpy but are separated by an intermediate state of higher enthalpy,
a binding force may still be present. This could be the situation if the ligand
forms energetically favorable molecular bonds with the protein but the energy
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Figure 6.17: Galactose experiment. Bin width is 20 pN. In both histograms,
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 10-30pN. In blue is
shown the histogram over the measured forces, while the control is shown in
red.

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

The result of the measurements is shown in Fig. 6.17. The histogram
is accumulated from 100 retractions. As before, the blue bars represent the
measurement and red is the control. In the regime of forces below 150 pN the
two histograms have similar shape. The increase in the number of observed
ruptures between 30 pN and 100 pN may be removed by proper normalization
of the background measurements where the number of counted events appear
to be a constant fraction of the galactose-measurement. In the histogram, a
small peak at 160 pN is observed, but apart from this, no features are visible.

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

one measurement to a distribution of forces from another.
In this case, the protein was bound to the AFM-tip and having galactose

on the substrate. The function of the AFM-tip was veri�ed by replacing the
galactose substrate with maltose and observing similar results as discussed
in the section above.

6.5 Discussion

As noted previously, the position of the peak of the Gaussian�t in Fig. 6.12
does not reproduce the peak of the histogram very well. Similar observations
were made for the other distributions investigated. In the light 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, but where
the resolution in the histograms of some reason does not allow us to resolve
the peaks unambiguously as in the mannose experiment. In thefollowing, it
is discussed why this possibility is unlikely to be the case.The position of the
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�rst peak in Fig. 6.12 is located around 60 pN and the locationof a similar
peak observed in the other 3 data sets does not change very much over the
loading rates investigated here. If this peak really indicates the rupture force
of a single bond, then the loading rate correlation found in Fig. 6.13 may
be due to di�erent relative weights of the two peaks: at high loading rate
there is a higher probability for two bonds to break simultaneously whereas
they tend to break sequentially when the loading rate is low.Therefore, the
factor a of Eq. 6.13 relating the peak force,F � , to the loading rate will be
substantially smaller than the observed 7 pN. If it is assumed that the value
of a is overestimated by one order of magnitude its value will be 0.7 pN.
According to Eq. 6.14, this assumption implies that the transition state is
located 6 nm away from the bound state. However, this is several times the
length of the maltose molecule itself and is unreasonable far on 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 must be an
experimental artifact. Since all bins of the histogram shown in Fig. 6.12 are
included in the Gaussian �t, this artifact imposes a bias on the peak force
towards a lower value. Furthermore, the signi�cance of thisbias increases
with loading rate resulting in an overestimated value ofxts . Comparing the
value of xts ' 0:6 nm with the result of a similar experiment suggests that
this might be the case. In Reference [62], Dynamic Force Spectroscopy was
applied in a study of the interactions of P-selectin, a lectin expressed on the
surface of endothelial cells, with its corresponding receptor, a glycoprotein.
In that study the position of the transition state was found to xts ' 0:14 nm
which is somewhat lower than reported here.

Comparing Figures 6.15 and 6.16 from the mannose experiments it seems
that in this case more than one receptor interacts with the tip simultaneously.
Due to the trimeric structure of the SP-D receptors and the density 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 interacting, the peak
force from the second peak should be 2� that of the �rst. In the case at hand
this was found to be approximately true as the positions were84 � 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 the number
of observations that form the peak. Similar bimodal distributions 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. From the linear �t
in Fig. 6.13, the rupture force of a maltose ligand is found tobe 59 pN at
the loading rate of the mannose experiments. In comparison the most likely
unbinding force for the mannose ligand is clearly higher andwas found to be
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Figure 6.19: Model for the dissociation of maltose from the carbohydrate
recognition domain(CRD) of SP-D. The observation that the rupture force
of mannose is larger than for maltose may be the result of an intermediate
bound state where only one of the glucose monomers remain bound. In the
discussion below, the �rst glucose unit is the residue closest towards the
AFM-tip

91 pN from the distribution shown in Fig. 6.15 and 84 pN in Fig.6.16. How-
ever, the exact value can be subject to systematic errors duethe background
subtraction.

There may be several explanations for this result. From the crystal struc-
ture of SP-D-maltose complex[58], see Fig. 6.1, the maltosedisaccharide ap-
pears to bind mostly as a monosaccharide with the �rst glucose unit. In the
crystal, the second unit is only weakly bound in one of the monomers. If the
structure of the crystal resembles the native state in solution, the contribu-
tion in binding enthalpy of the second glucose unit of maltose is low, and thus
� Hmal ' � Hglu . Thus the measured di�erence in a�nity shown in is due
to a gain in binding entropy of the disaccharide compared to the monosac-
charide. As changes in entropy are not measurable with the AFM[63], the
higher rupture force of mannose is due to a higher binding enthalpy than in
the maltose case.

An other explanation of the higher rupture force of mannose is due to the
limited information available in the force spectroscopic experiment. Even
if it were the case that the second maltose unit contributes to the binding
enthalpy of the maltose by making a number of contacts to the carbohydrate
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recognition site of SP-D, this gain in enthalpy may not be detectable in the
present force spectroscopic experiment. The fact that maltose is a disaccha-
ride enables a bound molecule to break away from the protein in two steps
and where the force needed to dissociate the �rst glucose unit is low. Then,
on the time scale on which these measurements are performed it is possible
that only the terminating glucose unit limits the force of dissociation for the
whole maltose complex. This scenario is sketched in Fig. 6.19. To test this
hypothesis the interaction must be investigated in a regimeof loading rates
where both units contribute to the measured rupture force. If such a regime
were to exist a change of the slope in the force versus loadingrate would
appear as this loading rate regime is entered. However, the weak binding
observed in the crystal structure suggests that only at veryfast 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 weak that it
does not form a bond under the conditions where both SP-D and maltose
cannot fully reorient them selves towards each other as is the case in this
experiment.

The contribution from non-speci�c interactions constitute the most promi-
nent di�culty with these measurements. Since the typical forces are in
the regime where non-speci�c interactions cannot be neglected, two di�er-
ent strategies have been used in the pursuit to �nd the true value of the
bond strength. In the maltose experiment, it was possible to�nd a location
on the substrate where it appeared that a protein was oriented in such a
way that a high number of ruptures was observed. In the mannose exper-
iment such circumstances were not encountered. Instead, the contribution
from non-speci�c interactions was subtracted. It is important to note that
both these strategies are subject to systematic errors. In the �rst method,
which requires some luck, one investigates outlier events.Since the criterium
picking a particular spot is the observation of an unusual distribution of rup-
ture forces, the probability of picking a spot where for example more than
one protein interacts with the tip is high. The mannose experiments are
more statistically satisfying since the events investigated follow a distribu-
tion closer to the average. But the di�culty of estimating th e contribution
of non-speci�c forces measured with di�erent cantilevers at di�erent loading
rates, and maybe having added other substances to the bu�er such as EDTA
contributes to the overall error in the measurement. Also inorder to max-
imize the signal to noise ratio, the mannose measurements also stand out
from the average in terms of a comparably high number of binding events. A
systematic survey of SP-D covered substrates yielded so fewbinding 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 more than one
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receptor.
Due to these problems the SP-D experiments are now carried out in an

assay where SP-D is bound to the surface via a 50 nm polymer spacer. In
this way, the force counts from speci�c binding events between the tip and
SP-D may be identi�ed by means of their position away from thesubstrate.
Consequently non-speci�c binding events occurring when the tip is in contact
with the solid surface can be �ltered out. Recently, the di�erence in rupture
force between mannose and maltose has been veri�ed in such anexperiment
by Esben Thormann at University of Southern Denmark. Here the maltose-
SP-D force was found to be 55 pN against 70 pN with mannose at identical
loading rates. In the experiment described above, the result was 59 pN and
84 pN. In the new experiments, the loading rate cannot be found directly
from the retract velocity and the cantilever sti�ness sincethe polymer linker
has its own compliance that must be taken into account[69, 70].

6.6 Conclusion

It was found to be possible to detect the force needed to breaka single
speci�c bond between surfactant protein D (SP-D) and carbohydrate ligands.
The speci�city was checked in two ways. First, by introducing EDTA in
the measurement bu�er which deactivates the calcium dependent binding
site. Secondly an experiment was conducted in which SP-D wasfunctional
but interacting with galactose, a carbohydrate towards which SP-D has no
a�nity.

By observing changes in the rupture force at di�erent loading rates, the
unloaded o�-rate, k0, was found to be 0.08 s� 1. This measurement yields
also the length scale of the molecular interaction in form ofthe transition
state, xts ' 0:6 nm. However these numbers are based on relatively few
observations.

It was found that the rupture forces between SP-D and maltoseis � 60 pN
which is lower than the observed� 85 pN with mannose, both at loading rate
r = 2:5 � 103 pN/s. By measurements using traditional a�nity assays, such
as elisa , 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�erence in a�nity
is due to entropy-changes in the free energy of association which are not
present in force spectroscopy. Alternatively, a model in which the maltose-
molecule breaks o� the receptor with an intermediate state can explain the
result.

A major obstacle with the assay used here is the contributionof non-
speci�c adhesion of the AFM-tip to the functionalized substrate. The typical
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range of both the speci�c and non-speci�c force overlap and cause complica-
tions.

6.6.1 Outlook

As mentioned the project is still ongoing and more results are needed in order
to fully investigate the interaction of SP-D with carbohydrates. In addition
to examining the relation ship of the a�nity of di�erent liga nds with the
most likely rupture force, experiments can be performed where an amount of
unbound carbohydrate is added to the bu�er to occupy the active site and
prevent the interaction.

A di�erent type of experiment could be conducted with the optical tweez-
ers: here the long range interactions of SP-D with, for example, bacteria and
yeast can be investigated directly in a setup similar the onedescribed in
Chapter 4. In such experiments the role of the electrostaticcharge from the
Ca2+ ions in the active site when binding to negatively charged macro ions
such as bacteria may be investigated with similar methods asdescribed in
Chapter 4.
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Appendix A

Calculation of zts and za

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

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

U = �
C
z

; (A.1)

and a harmonic trapping potential

W = � (z � z0): (A.2)

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

V = U + W = � (z � z0) �
C
z

(A.3)

similar to Eq. 5.14. The position of the two states,za and zts , are found by
identifying the locations on thez-axis where the resulting force,F = � @V

@z is
zero. These locations are termed �xed points. By di�erentiating Eq. A.3 the
�xed points are found to be solutions to the 3rd order polynomial

z3 � z0z2 +
C
k

= 0: (A.4)

When z0 > z 0;c, three non-complex solutions exist,z0;c being the critical
trap position de�ned in Chapter 5. One of these solutions hasz > 0 and is
therefore not physically relevant. The other two gives the position of za and
zts. Eq. A.4 has analytical solutions using Cardano's formula.However, the
results presented in equations 5.33 and 5.34 are based on an approximate
solution to Eq. A.4. This approximation is valid in the limit where z0 is
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large. Correspondingly they are describing the energy landscape found from
the jump-distribution when v is low.

By expanding the interaction energyU to �rst order around z0 we �nd
za to be solution to

� (z � z0) �
C
z2

0
= 0 (A.5)

which leads to Eq. 5.34 presented in Chapter 5. The equation for zts follows
by polynomial division of Eq. A.4 with z � ẑ where ẑ is a constant. In this
case we �nd

z3 � z0z2 + C
�

z � ẑ
= z2 + ( ẑ � z0)z + ẑ(ẑ � z0) + R(z): (A.6)

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

R(z) =
ẑ2(ẑ � z0) + C

�

z � ẑ
: (A.7)

If ẑ is a root of the polynomial of Eq. A.4 thenR(z) = 0 for all z. Therefore,
if za is known and inserted for ^z in Eq. A.6, then R(z) = 0. This would
reduce the problem of �nding the transition state. Instead of �nding roots
in the 3rd order polynomial of Eq. A.4, the transition state can in this case
be found from the 2nd order polynomial

z2 � az � a(z0 � a) = 0 : (A.8)

Here,a is introduced as a shorthand notation forz0 � za. Equation. A.8 has
in general two roots. Of these only the positive solution is of interest. From
Eq. A.8, it follows that

zts =
a
2

0

@1 +

s
4z0

a
� 3

1

A : (A.9)

By assumingza � z0 � C
�z 2

0
to be a root of Eq. A.4, it follows thata = z0 � za =

C
�z 2

0
. Then Eq. A.9 leads to Eq. 5.33 directly.
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Appendix B

Preparation of SP-D
functionalized substrates

Protocol

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

1. The slide is thoroughly cleaned by immersion inpira~na solution for 30
minutes. This solution consists of a mixture of 70% H2SO4 and 30%
H2O2 which is mixed immediately before use. (Pira~na-solution reacts
explosively with organic solvents, such as acetone, and must be handled
with extreme care.)

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

3. Then the glass is incubated overnight in 1 mg/ml biotinylated BSA(B-
BSA) in 20 mM phosphate bu�ered saline(20 mM NaH2PO4, 150 mM
NaCl, pH 7)

4. The surface is rinsed in PBS to remove excess B-BSA and is then
incubated in 20� g/ml streptavidin also in PBS-bu�er for 2 hours.

5. 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 NaCl,
3 mM CaCl2, pH 7.4)

6. The glass is now incubated for another 2 hours with 20� g/ml of bi-
otinylated SP-D in Tris.

7. Finally, after removal of excess SP-D by washing the slidein Tris-bu�er,
the slide is ready for measurement.
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The slide and the tips were kept refrigerated until use. The preparation of the
biotin-streptavidin experiment followed the protocol given in Reference[68].
The AFM-tips are cleaned similarly and incubated with glycosylated BSA
overnight. Thereafter the tips were rinsed and stored in Tris-bu�er until used.
For most of the results shown here the AFM-tip had been functionalized with
the carbohydrate, and the lectin was bound to a glass microscope slide. As
a check, in some experiments this assay has been reversed yielding the same
results.

All materials { except SP-D { where purchased from Sigma-Aldrich. 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-Sørensen*‡

*The Niels Bohr Institute, University of Copenhagen, 2100 Copenhagen Ø, Denmark; †Department of Molecular, Cell Biology,
University of Copenhagen, Øster Farigmagsgade 2A, 1353 Copenhagen K, Denmark; and ‡NORDITA, 2100 Copenhagen Ø, 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� 9 cm2/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 con-
taining proteins, lipids, carbohydrates, and the peptidogly-
can layer. Diffusion in the bacterial outer membrane is
crucial for a number of vital functions as, e.g., passive
transport through pores. Little is known about the mobility
of proteins in live bacterial outer membranes, but there have
been several intriguing studies of the motion of proteins in
the lipid membrane of eucaryotic cells. In Edidin et al.
(1991), membrane proteins were labeled with gold particles
and dragged with optical tweezers through lipid mem-
branes. It was found that within the membrane, primarily on
the cytoplasmic one-half, there exists dynamic barriers to
lateral movement. Kusumi and coworkers (1993) have used
single particle tracking (SPT) and fluorescence photo
bleaching recovery to study how receptors move in the
plasma membrane and have found four characteristic types
of motion; one of these they denote as a “confined diffu-
sion” mode where the molecule is confined within a com-
partment of diameter 300 to 600 nm and within which the
diffusion coefficient is between 4.6� 10� 12 cm2/s and 1�
10� 9 cm2/s. In a later study (Sako and Kusumi, 1994),
video-enhanced contrast optical microscopy is used to re-
veal the motion of single proteins embedded in the plasma
membrane. They observe mainly confined diffusion with a
confinement diameter of 500 to 700 nm and a diffusion

constant of� 10� 9 cm2/s. Also, the same authors (Sako et
al., 1995) used laser tweezers to determine the motion of a
protein in the plasma membrane and propose the “fenced
versus tethered” models of membrane protein motion. Pralle
et al. (2000) have identified how proteins embedded in lipid
rafts move across the plasma membrane and find typical
diffusion coefficients in the range 1 to 4� 10� 8 cm2/s
(dependent on the amount of cholesterol in the membrane);
also, these authors provide an elegant way of measuring a
local diffusion constant as the movement of the protein is
restricted to a linear dimension of� 100 nm. Suzuki et al.
(2000) have dragged membrane-bound proteins across the
plasma membrane using optical tweezers. This is a more
“global” way of determining diffusion constants as the
protein is dragged a long way compared with its size
through parts of the membrane, which could be inhomoge-
neous. Doing this, diffusion constants in the range 1.5 to
13 � 10� 11 cm2/s are obtained (Suzuki et al., 2000). Also,
Peters et al. (1999) have studied adhesion proteins by drag-
ging them through the plasma membrane with optical twee-
zers. They find diffusion constants between 10� 9 cm2/s and
10� 12 cm2/s. Furthermore, they find that if the actin cy-
toskeleton is disrupted by pretreatment with cytochalasin D,
the proteins appear to be harmonically attached to the
plasma membrane with spring constants of� 5 � 10� 3

pN/nm.
To our knowledge, there has never before been a single

molecule study of mobility of a protein in the membrane of
bacteria and, in particular, no previous studies of the mo-
bility of the � -receptor at the single molecule level. The
� -receptor, also called LamB or maltoporin, is a channel in
the outer membrane ofEscherichia coli responsible for
transporting maltodextrins to the extracytoplasmic space or
periplasm. Also, it is the surface receptor of the virus,
bacteriophage� . Our results reveal that the receptor per-
forms a characteristic wiggling type of motion, and we have
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characterized this motion whereby we obtained information
on the physical properties of the membrane. Furthermore,
we gain information on how the protein is connected to the
membrane; the protein appears to be sitting in a harmonic
potential and as Gabay and Yasunaka (1980) showed that
the � -receptor binds to the peptidoglycan layer, it is likely
that it is this binding that is observed and that has a hookian
spring behavior. The� -receptor also extends through the
outer membrane layer of lipopolysaccarides and phospho-
lipids. But as this layer is much softer than the peptidogly-
can layer, the restriction of the� -receptor is probably
caused by its connection to the peptidoglycan layer. AFM
measurements of the stiffness of an isolated hydrated pep-
tidoglycan layer in a direction orthogonal to the layer have
been reported (Yao et al., 1999), yielding an elastic modulus
of 2.5 � 107 N/m2. The square root of this elastic modulus
is several orders of magnitude larger than the spring con-
stants describing the motion of the� -receptor within the
plane of the bacterial membrane reported here.

MATERIALS AND METHODS

Bacterial assay

To ensure specific binding of the bead to the� -receptor, we make use of
a biotin-streptavidin binding, which is known to be very specific and
sufficiently strong (Merkel et al. 1999) that a single bond is enough to
attach the streptavidin coated bead to the biotinylated� -receptor. A strain
has been produced where the� -receptor has been biotinylated in vivo: A
biotin-acceptor site (Beckett et al., 1999) was introduced into the� -recep-
tor by insertion of oligonucleotides between the codons 157 and 158 of
mutatedlamB in pSB2267 (Brown, 1997). The host strain used in all
experiments was S2188: F� laclQ� lamB106 endA hsdR17 supE44 thi1
relA1 gyrA96� fimB-H::kan (Brown, 1997), which lacks an intact gene
encoding the� -receptor. The sequence inserted including the flanking
restriction sites was (Operan Technologies, Inc., Alameda, CA): CTG-
CAGGGTGGCCTGAACGACATCTTCGAAGCTCAGAAAATTGA
ATGGCACGAGGACCTCGAG.

This sequence was inserted to generate two independent clones, pLO15
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)
supplemented with 25� g/ml chloramphenicol. A single colony was sus-
pended in an M63 (Miller, 1972) medium containing 1� g/ml B1, 25� g/ml
chloramphenicol, 0.1% casein hydrolysate, and 0.2% glycerol. The bacteria
were grown in shaking water bath for 24 h at 37°C. Thereafter, the bacteria
were diluted into fresh broth and grown at 37°C until they were in
log-phase then grown for 1/2 h at 37°C in 0.1 mM isopropylthio-� -
galactoside (IPTG) to induce the expression of the� -receptor. One milli-
liter of this culture was centrifuged for 3 min at 1700� g, and the bacteria
were resuspended with buffer. The buffer used throughout the experiment
was a KCl-potassium phosphate (10 mM potassium phosphate, 0.1 M KCl,
pH 7) buffer with 0.2 mg/ml gelatin.

The beads were streptavidin-coated polystyrene beads from Bangs
Laboratories, Inc. (Fishers, IN) with a diameter of 0.53� m. To wash the
beads they were suspended in millipore water for� 10 min and thereafter
centrifuged at 1700� g for 10 min. They were resuspended in buffer and
put in an ultrasonic bath for at least 15 min to dissociate agglomerates.

A perfusion chamber was made by attaching a clean coverslip coated
with poly-L-lysine to a microscope slide by two pieces of double-sided
tape. The chamber was washed twice with millipore water. Bacteria were

incubated at room temperature in the perfusion chamber for 15 min,
allowing them to adhere to the poly-L-lysine-coated coverslip. Heparin
(12.5 � g/ml) was then perfused into the chamber and incubated at room
temperature for 15 min. A layer of heparin passivates the charge on the
poly-L-lysine thereby diminishing the attraction between the poly-L-lysine-
coated coverslip and the streptavidin-coated beads. Subsequently, the
chamber was washed with buffer four times. The washed streptavidin
coated beads were added and allowed to incubate at room temperature for
15 min. The chamber was then washed with M63 media as described above
with the only exception that it contained 0.2% glucose and no glycerol. It
was washed until it appeared clear (after rinsing approximately five times)
where after the chamber was sealed with valap and stored at 5°C until it
was used within a few hours. Glucose was used in the final perfusion
chamber to support anaerobic growth. We have observed that the number
of moving coincident beads was increased by a factor of six when glucose
was added. The residual movement, which was observed when glucose was
not added to the bacteria, may be an intrinsic property of the� -receptor or
may be due to incomplete starvation of the bacteria. The increased diffu-
sion observed in the presence of glucose is consistent with the measure-
ments described by Ryter et al. (1975).

Attaching a bead to the biotinylated� -receptor might alter its biological
function. As the fraction of in vivo biotinylated receptors is very low, any
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
of a � -receptor with a bead attached to it.

Immunofluorescence experiments

Bacterial samples of both the bioclone (harboring pLO15 or pLO16) and
the control (harboring pSB2267) were prepared as described in the Bac-
terial assay section but instead of mixing with streptavidin-coated beads,
the bioclone and the control were both incubated for 10 min with a
streptavidin-fluorescein isothiocyanate (FITC) conjugate allowing for an
attachment of the fluorophore to the biotinylated receptors. Then, the
bacteria were resuspended in M63 with glucose and put into perfusion
chambers where they were immobilized by poly-L-lysin as previously
described. Each streptavidin-FITC conjugate contains three to nine fluoro-
phores (product no. S3762, Sigma, St. Louis, MO). The samples were
investigated under a microscope equipped with a Hg lamp and a SONY
XC-E150 charge-coupled device camera. The experiments were carried out
without the addition of IPTG and for IPTG concentrations of 0.1 and 1
mM.

Optical tweezers

Our optical tweezers setup is based on a Nd:YVO4 laser and is capable of
measuring corresponding forces and distances in the picoNewton and
nanometer regimes with a time resolution of microseconds using a quad-
rant photodiode system as detection method. This setup is described in
detail in Oddershede et al. (2001), and our detection routine is basically
similar to the one used by Pralle et al. (2000).

SPT

In the SPT analysis of the motion of the� -receptor, bright field microscopy
images of a bead attached to the protein were saved on S-VHS using a
NI-IMAQ utility integrated in LabView. The charge-coupled device cam-
era was a Sony XC-75CE with 752� 582 pixels. The pixel resolution was
50 to 60 nm/pixel, depending on the exact distance between the camera and
the sample. We used the method of finding the position of the bead
attached to the protein described by Gelles et al. (1988): In one particular
frame, a subregion containing only the bead is stored. This is called a mask.
For each image, the cross-correlation matrix of the mask and the image of
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interest is calculated and normalized to have values in the range [� 1, 1].
The cross-correlation matrix has high values where the image resembles
the mask and the position of the bead in the image will be seen as a
prominent peak in the cross-correlation matrix. A threshold-value,t � 0.5,
is subtracted from all entries in the cross-correlation matrix, and thex- and
y-coordinates of the bead are then found as the “center of mass” of the
positive entries of the cross-correlation matrix. The same mask and thresh-
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.

Measuring the relative distance between two stationary beads stuck to
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 resolution
is 25 Hz determined by the frame rate of the charge-coupled device camera.

A BEAD IN AN OPTICAL TRAP

If a bead is held in an optical trap, its motion in one
dimensionx is well described by the Langevin equation:

mẍ� � � x � � x� � F�T� (1)

in which � is the stiffness of the optical trap,� is the friction
of the surrounding liquid on the bead, andF(T) is the
stochastic force resulting from the Brownian motion of the
liquid molecules at temperatureT. As inertial forces can be
neglected, the left side can be set to zero. The motion of the
bead in the liquid can be treated as a simple Stokes flow
with friction coefficient� � 6	
 r, r being the radius of the
bead and
 the viscosity of the liquid.

From Eq. 1 the power spectrum of the positionx is found
to be Lorentzian (Gittes and Schmidt, 1998):

Px� f� �
kBT

�	 2� f 2 � f c
2�

(2)

with a corner frequencyfc � � /2	� from which � can be
found.

The optical tweezers constitute a harmonic potential for
the trapped bead, as demonstrated in Simmons et al. (1996).
Thus, the distribution of the bead’s position in the trap is a
Gaussian distribution: In thermal equilibrium, the distribu-
tion of positionsp(x) is

p�x�dx 	 exp�� U�x�
kBT �dx, (3)

in which U(x) is the potential felt by the bead. Thus, a
Gaussian distribution corresponds to a harmonic potential,
U(x) � (1/2)� x2, provided the measurements are made over
sufficiently long time. This result applies for both the tem-
poral resolution of the optical tweezers and for that of our

SPT routine. The width of the distribution� is related to�
by:

� 2 �
kBT
�

. (4)

There are two independent ways of determining� : 1) from
the power spectrum ofx(t) (Eq. 2) fc, and hence� is found
and used in Eq. 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
volts and meters describing the output from the photodiode
(e.g., see Oddershede et al., 2001). To find the conversion
factor and� the optical trap is always calibrated with a bead
unattached to a bacterium at the relevant height above the
coverslip in every sample and for every laser intensity used.

MODELING THE SYSTEM

The purpose of this model of the motion of the bead-protein
complex is to extract a series of parameters describing the
biological system: a value for the friction coefficient de-
scribing the friction, which the protein feels in the bacterial
membrane,� p, and from this quantity the diffusion coeffi-
cient of the protein in the membrane,D. As will be shown
in the Results section, we have experimental evidence that
the protein feels a harmonic potential from the cell wall. To
describe this interaction, we extract a value for the apparent
spring constant of the attachment to the cell wall,� cw.

Consider a one-dimensional model of the motion of the
protein in the bacterial membrane. The protein is attached to
a dielectric bead, and the protein is embedded in and some-
how attached to the bacterial membrane (Fig. 1). We treat

FIGURE 1 Sketch of the one-dimensional model on which the data
analysis is based. The protein is located in the outer membrane and
attached to the cell wall by a spring of spring constant� cw. Furthermore,
it is attached to the bead by a spring of spring constant� bs, and the bead
is trapped by the optical tweezers, described by a spring constant� . The
position of the bead isxb, and that of the protein isxp. The equilibrium
position of the optical trap is atxtrap, and the equilibrium position of the
attachment between protein and cell wall is atxcw. The components in this
figure are not drawn to scale.
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the coupling between bead and protein through the biotin-
streptavidin binding as a stiff hookian spring with spring
constant� bs. Also, the attachment of the protein to the cell
wall is treated as a hookian spring with spring constant� cw,
which we assume frequency independent as discussed in the
Results section. Finally, the coupling between bead and
optical trap is treated as a spring with spring constant� . The
motion of the protein in the bacterial membrane is described
as a frictional motion with friction coefficient� p.

The above assumptions and definitions lead to the fol-
lowing set of equations of motion for the bead with spatial
coordinatexb and for the protein with spatial coordinatexp:

Mbẍb � � � �xb � xtrap� � � bs�xp � xb� � � bx�b � Fb (5)

Mpẍp � � � cw �xp � xcw� � � bs�xp � xb� � � px�p � Fp (6)

Here,Mb andMp are the masses of bead and protein,xtrap is
the equilibrium position of the optical trap, andxcw is the
equilibrium position of the attachment of the protein to the
cell wall. Fb and Fp are stochastic, time-dependent forces
resulting in Brownian motion of the bead and the protein,
respectively. We assume thatFb andFp can be represented
by white noise terms, i.e., they have vanishing mean and are
� -correlated. As both the protein and the bead have very
small Reynolds numbers, we can neglect the inertial term in
each of Eqs. 4 and 5, making the left side vanish.

In the experiments, the position of the bead,xb, is ob-
served, and from this we wish to extract information on how
the protein moves in the bacterial membrane. To obtain the
power spectrum of the bead position, Eqs. 6 and 7 are
Fourier transformed:

0 � � � x̃b � � bs� x̃p � x̃b� � i2	 f� bx̃b � F̃b (7)

0 � � � cwx̃p � � bs� x̃p � x̃b� � i2	 f� px̃p � F̃p (8)

in which, e.g., the Fourier transformed of the position of the
bead,xb, is denotedx̃b. Note that the unknown constants,
xtrap andxcw, disappear from the expressions.

It is now straightforward to deduce the power spectrum of
the position of the bead,Pb(f) � 
 �x̃b(f)�

2� . The result is a
fraction between a second and a fourth order polynomium in
f, which simplifies considerably if we assume that the spring
connecting the bead and the protein, of spring constant� bs,
is much stiffer than the other two springs, of spring con-
stants� cw and � . A crude estimate for the value of� bs can
be obtained: the association constant,Ka, for the streptavi-
din-biotin binding is roughlyKa � 1015 M� 1 (stated in, e.g.,
Livnah et al., 1993) from which we find the height of the
energy barrier as� E � kBT ln Ka � 35 kBT. Furthermore,
we note that the extension of the inner barrier,xbarr, in the
interaction potential is roughly 5 Å (Merkel et al., 1999;
Grubmüller et al., 1996). If we approximate the interaction
potential as being harmonic out to the position of this inner
barrier, we may estimate the spring constant� bs based on

� E � 1Ú2� bsxbarr
2 providing the desired value:� bs � 1 � 103

pN/nm.
Because a typical spring constant of the optical trap is

considerably less, on the order of 10� 4 � 10� 2 pN/nm, and
we find that� cw � 10� 2 pN/nm (see Results), we assume
that� bs �� � ,� cw. In that case, and in the relevant frequency
range (f 

 � bs/2	� p � 107 Hz) the power spectrum re-
duces to

Pb� f � �
kBT

	 � � p � � b�� f 2 � f c,�
2 �

(9)

with corner frequency

fc,� �
� � � cw

2	 � � p � � b�
. (10)

This result for the power spectrum can be compared with
that of a bead alone (Eq. 2) to realize that the protein-bead
complex has a power spectrum as if it were a single object
moving in a liquid with a friction coefficient� p � � b, held
in a harmonic potential of spring constant� cw � � , and with
a corner frequency equal tofc,� .

The power spectrum of the position, Eq. 9, of the bead
contains two unknowns,� cw and � p. To determine� cw, we
consider the position histogram of the bead on the protein.
Experimentally, we find that this histogram fits well to a
Gaussian distribution (Results section, see Fig. 3), which
implies that the bead attached to the protein feels a har-
monic potential. The spring constant of this harmonic po-
tential,� tot, is simply the sum:� tot � � � � cw. The width of
the distribution can be determined directly from the mea-
sured positions as� �

2 � 
 xb
2� � 
 xb�

2 from which � cw can be
extracted because:

� �
2 �

kBT
� � � cw

. (11)

When � cw has been determined,� p can be extracted by
fitting Eq. 10 to the experimental data. Finally, the diffusion
constant of the protein in the bacterial membrane,D can be
found:

D � kBT/� p. (12)

Depending on the size of the bead and the precision ob-
tained in the experiments, it can be quite important to
account for the motion of the bead when extracting physical
quantities describing the motion of the protein. The larger
the bead and the larger the diffusion constant, the larger the
influence of the bead on the total friction coefficient� tot �
� p � � b. Thus, for small diffusion coefficients and small
beads, as in the work of Sako and Kusumi (1994), we found
the effect of the bead to be smaller than 1%, whereas for the
largest diffusion coefficients measured in later work of the
same authors (Sako and Kusumi, 1995), we estimated the
effect to be roughly 33%.
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For further modeling we approximate the motion of the
� -receptor to take place in two dimensions. This is justified
because the� -receptor stays within a region of diameter of
� 50 nm, and the dimensions of the bacterium are� 2000�
500 nm.

The orientation of the bacterium in a given measurement
was random relative to the coordinate system defined by the
detection method. We have transformed this random coor-
dinate system into the bacterial coordinate system and into
principal axes. When transforming into principal axes the
maximal deviation of the measured quantities in two or-
thogonal directions is found. Sometimes, this gave a differ-
ence of up to a factor of two in, e.g., diffusion coefficients
D, and the values ofDx andDy thus seemed to depend upon
the orientation of the coordinate system in which they were
measured. When the direction of the principal axes were
compared with the coordinate system of the bacteria, how-
ever, no correlation was observed, and thereby we have no
evidence for any preferred direction of the anisotropy with
respect to bacterial axes.

In the forthcoming, thex andy directions are random with
respect to bacterial and principal axes. In the lack of a
natural coordinate system, the results we present for� cw, � ,
and diffusion constantD are defined as to be independent of
choice of coordinate system. This is accomplished by noting
that 
(r � r0)

2� � 
 (x(t) � x0)
2� � 
 (y(t) � y0)

2� is inde-
pendent of the orientation and origin of the particular coor-
dinate system used. For a particle diffusing in two dimen-
sions we have:


� r � t� � r �0�� 2� � 4Dt � 2Dxt � 2Dyt, (13)

makingD a simple average:D � 1Ú2(Dx � Dy). Following
the relation betweenD and� (Eq. 11), a generalized friction
coefficient, � p can be defined:

2
� p

�
1

� px
�

1
� py

. (14)

Similarly, � cw can be defined as:

2
� cw

�
1

� cwx
�

1
� cwy

. (15)

The definitions of� and � cw share the property that if the
values of the quantities in the two directions are identical,
then the generalized value is also equal to this number. For
the above definitions and Eq. 12 to hold in two dimensions
and to get a value for� � , which is independent of choice of
coordinate system, we have chosen to define� � as:

� � �
1

� 2
� � x

2 � � y
2 . (16)

RESULTS

Our first results concern the efficiency of the in vivo bioti-
nylation described in Materials and Methods. To avoid

having more than a single receptor bound to each strepta-
vidin coated bead, the biotinylation efficiency of secreted
proteins must be very low. Reed and Cronan (1991) show
that only a small fraction of the exported proteins were
biotinylated due to the rapid kinetics of protein export.
Jander et al. (1996) observe that the efficiency of the in vivo
biotinylation of secreted proteins is as rare as to be below
their limit of detection. Therefore, we expected the fraction
of biotinylated� -receptors to be very low and verified this
prediction in the following manner. With IPTG, we con-
trolled the number of expressed receptors, and if no IPTG
was used we saw no increase in the number of streptavidin
coated beads attaching to the bacteria harboring pLO15 or
pLO16 compared with the number of beads attaching un-
specifically to the controls harboring pSB2267. This ab-
sence of attached beads must have been due to inefficient
biotinylation because the bacteria had� -receptors in their
outer membranes as they were able to transport and ferment
maltodextrins. For the concentration of IPTG used in our
experiments, the number of coincident beads and bacteria
was four times larger for the bacteria expressing the mod-
ified � -receptor than for the controls. Also, the beads asso-
ciated with the bacteria expressing the modified� -receptor
showed a motion that was qualitatively different from those
associated with the controls. They performed a clearly vis-
ible and characteristic ÒwigglingÓ motion. The frequency of
beads performing wiggling motion on bacteria was� 20-
fold higher with bacteria harboring pLO15 or pLO16 than
with those harboring pSB2267. Using the optical tweezers
to monitor the motion of one of the rare beads, which
seemed to move on the controls, we saw a power spectrum
that was not fitted well by a Lorentzian function and there-
fore was not the same signal as from the motion of a bead
moving on bacteria expressing the modified� -receptor.
This fact ensures that what we are observing is indeed a
bead on a moving, engineered� -receptor and not just the
motion of the bead attached to something residing on the
cell surface (as a Òballoon on a stickÓ). After induction with
IPTG, the average number of diffusing beads on each en-
gineered bacteria is only 0.27, supporting our conclusion
that the efficiency of biotinylation is very low.

As a further check on the efficiency of the biotinylation,
we measured the frequency of fluorescent bacteria after
adding fluorescine-labeled streptavidin (Materials and
Methods). As we are not equipped for single molecule
fluorescence spectroscopy, we cannot determine how many
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 have� 10 fluorophores within the
field of view of our microscope objective. The number of
observed bright areas are approximately in accordance with
the expected number, which suggests that we are able to
observe the signal from a single streptavidin-FITC conju-
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gate. We have detected that some bacteria fluoresce weakly,
whereas others do not and we can compare the detected
fluorescence among the different samples. The numbers of
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 binding
streptavidin-coated beads. Strains harboring pSB2267 failed
to fluoresce. Using the streptavidin-coated bead as a marker,
there were on average 0.27 beads per bacteria for [IPTG]�
0.1 mM, which is the concentration used in the reported
experiments. This should be compared with the 12% of the
in vivo biotinylated bacteria that appear to be fluorescently
marked. The reason that the beads appear to be more effi-
cient markers for the biotinylation frequency might be that
we are able to exactly count the number of beads on a
bacteria, and there might be one, two, or even occasionally
three beads wiggling on a single bacterium, but we are not
able to determine the number of streptavidin-FITC conju-
gates on each bacterium. Alltogether, the immunofluores-
cence data support very low efficiency of the in vivo bioti-
nylation, which is also suggested from our experiments
using the beads as markers and reported in literature (Reed
and Cronan, 1991; Jander et al., 1996).

With the optical tweezers setup, the position of the bead
on the� -receptor versus time is measured. An example of
such a measurement is shown in Fig. 2. The duration of a
typical optical tweezers measurement is on the order of
seconds, and the sampling frequency was 22,000 Hz giving
a temporal resolution of 46� s for this particular measure-
ment. The sampling frequency could easily be chosen
higher if needed. Histograms as shown in Fig. 3 are ob-
tained by binning the position data. The narrower position
histogram is from a bead attached to a� -receptor (position
data of which are shown in Fig. 2), and the wider histogram

stems from that of a bead unattacted to a bacterium from the
same sample in an optical trap. The inset shows the same
data on semilogarithmic axes. The lines in Fig. 3 are Gauss-
ian fits to data. Fig. 3 confirms that a single bead in an
optical trap experiences a harmonic potential and further-
more shows the intriguing fact that a bead bound to a
� -receptor also has a Gaussian position distribution, indi-
cating that it, too, sits in a harmonic potential. This obser-
vation led to the assumptions behind Eq. 13 in the model
section.

Fig. 4 shows the power spectrum of the position data both
for a bead unattached to a bacterium (full thin line) in the
optical tweezers and from a bead attached to a� -receptor in
the optical trap (dashed thin line). Both data sets are fitted
with Lorentzian functions according to Eqs. 14 (full thick
line) and 15 (dashed thick line). Attaching the bead to the
bacterial system lowers the corner frequency,fc,� 
 fc, and
also shifts the horizontal asymptotic behavior at low fre-
quencies. In the model leading to Eqs. 16 and 17,� cw is
assumed to be a constant, however, it might be frequency
dependent. Gittes et al. (1997) and Helfer et al. (2001)
reported on the frequency-dependent viscoelasticity of some
soft materials giving rise to a deviation from normal Brown-
ian motion and a corresponding shift in the exponent. But as
our power spectrum for frequencies above the corner fre-
quency fit well to an exponent of� 2, we do not have
experimental evidence to prove viscoelastic behavior,
which would give rise to a numerically lower exponent, on
of the order of� 1.75, in that frequency range.

FIGURE 2 Position of a bead on a� -receptor versus time as detected by
optical tweezers. The optical tweezers serve both to trap the bead and as a
detection method in conjunction with a quadrant photodiode.

FIGURE 3 Position histogram of a bead on� -receptor (squares) and of
a bead unattached to a bacterium (circles) found by optical tweezers. The
data from the unattached bead are referred to as ÒreferenceÓ on the figure
and are needed for calibration purposes. The lines are Gaussian fits to the
data (full line, bead on� -receptor;dashed line, unattached bead). From
these fits the standard deviation in one dimension for the bead on the
bacterium is found to be� � � 7.8 nm and for the unattached bead� � 10.1
nm. The inset shows the same data on semilogarithmic axes.
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The standard deviation� � (defined in Eq. 16) that is a
measure of the radius of the area, which the� -receptor-bead
complex scans during a measurement, is found from plots
like Fig. 3. Fig. 5a shows� � obtained with various laser
intensities for six bead-protein complexes from six indepen-
dent samples (each sample is shown by one type of marker).
As we do not know the exact amount of power delivered by
the laser in the actual trap, the abscissa is given in relative
intensities instead. As expected, the motion of the bead is
more confined at high laser intensities than for low laser
intensities and vice versa. The horizontal dashed line is the
average of the standard deviations obtained from the SPT
measurements giving the ÒnaturalÓ value of the unperturbed
system (see below). The value of� � measured by optical
tweezers approaches that of the SPT measurements as the
laser intensity is decreased.

Knowing � � and � , � cw can be found via Eq. 18. Fig. 5
b shows � cw as a function of laser intensity. For laser
intensities below a certain threshold value,� cw seems inde-
pendent of applied intensity. If this threshold value is cho-
sen to be at a relative laser intensity of 0.5, the average
value of � cw found by the optical tweezers measurements
with intensities below this threshold is�� cw � 1.1 � 10� 2

pN/nm. The averaged value of� cw found by SPT (see
below) is shown as the dashed horizontal line in Fig. 5b.

From power spectrum analyses as shown in Fig. 4,fc,�

can be found using Eq. 19. As� and� cw are known from the
previous analysis, the total friction coefficient� p � � b can
be found from Eq. 20. As� b is found from Stokes equation
to be 5.0� 10� 9 Ns/m, we can find� p and hence, from Eq.
21 the diffusion constantD of the � -receptor in the mem-
brane. Fig. 5c showsD as a function of laser intensity.
Within the precision of current measurementsD seems to be
independent of applied laser intensity. The average value

thus obtained forD from the optical tweezers measurements
at all laser intensities isD� � (1.5 � 1.0) � 10� 9 cm2/s.
Within one time step the receptor approximately moves
� xOT � � D � � tOT � 2.6 nm in a linear direction. Hence,
in the unlikely case that its motion is in one direction only,
it takes� 20 time steps (sampling at 22 kHz) to move from
one end of the 50-nm domain to the other. Thus, the tem-
poral resolution of our optical tweezers setup allows for a
determination ofD. A similar evaluation for SPT gives
� xSPT � 77 nm showing that our SPT data cannot be used
to determineD.

As SPT is an almost noninvasive detection method, the
results of the SPT routine can be used to see how and if the
bacterial system is perturbed during the optical tweezers
measurements. SPT was done on six independent samples,
four of which were the same as those used in the optical
tweezers measurements shown in Fig. 5. For technical rea-
sons we did not always succeed in investigating the exact
same bead on bacteria with both techniques. Fig. 6 shows

FIGURE 4 Power spectrum ofx(t) for a bead on� -receptor (referred to
as bacterium) and for an unattached bead (reference) held by optical
tweezers. Lines are fits to Lorentzian functions (full thick line is Eq. 22 and
dashed thick lineis Eq. 23).

FIGURE 5 Physical parameters versus relative laser intensity from bead-
protein complexes from six independent samples (each sample is shown by
one type of marker). (a) Standard deviation� � of the Gaussian position
distribution for a bead bound to a� -receptor. The horizontal dashed line is
the average value,�� SPT� 22.6� 8.1 nm, obtained from SPT analyses with
the optical tweezer off. (b) Spring constant� cw characterizing the harmonic
tethering of the� -receptor in the bacterial membrane. The horizontal
dashed line is the average value,�� cw,SPT� (0.98� 0.44)� 10� 2 pN/nm,
obtained from SPT analyses with the optical tweezer off. (c) Diffusion
constantD of the � -receptor in the bacterial membrane as a function of
laser intensity.
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data obtained by SPT on the same bead bound to a� -re-
ceptor of which data obtained by optical tweezers are shown
in Figs. 2, 3, and 4. Fig. 6a shows the position obtained by
SPT in an experiment where the position of the bead was

tracked for 4 min. Fig. 6b shows the position histogram of
the data shown in Fig. 6a. Fitting these data by a Gaussian
function yields a value of� SPT � 19 nm directly compara-
ble with the squares in Fig. 5a showing � � obtained by
optical tweezers measurements with various laser intensities
on the same sample. The average value for� SPT using six
independent samples is found to be�� SPT � 22.6� 8.1 nm.
Thus, the average value of� cw, SPT, the spring constant of a
nonperturbed system is�� cw, SPT � (0.98 � 0.44) � 10� 2

pN/nm. Fig. 6c shows a scatter plot of the data obtained by
SPT analysis. The motion of the� -receptor is restricted
within a certain domain for time scales at least on the order
of minutes (we never saw a receptor leave this region
although watching for more than 15 min). Also, the motion
is fairly isotropic. Fig. 6d shows the mean square displace-
ment defined as
r2� � 
 (x(t) � x(0))2� , as a function of time
taken over 50 averages within the same time series. This is
a method suggested by Saxton (1993) to find the confine-
ment radius of a confined diffusion. The square root of the
asymptotic value, which
r2� approaches gives a confine-
ment radius of� 26 nm (� � 2� ), which was consistently
seen for the other samples as well. If the SPT time resolu-
tion had been better, the increase in mean square displace-
ment at short time lags would give a value forD and show
possible anomalous diffusion.

DISCUSSION

The invoked in vivo biotinylation scheme results in a very
low efficiency of biotinylation, thus enhancing the proba-
bility that the bead is only attached to a single receptor. This
is in accordance with the literature. Also, it is supported by
the fact that the observed spring constant� cw describing the
attachment of the protein to the cell wall does not vary
between measurements on independent samples, neither
while using the SPT routine or while using the optical
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 observed� cw

would vary accordingly.
The value of the standard deviation� � of the position

measurements of a bead attached to a protein determined by
SPT was 23� 8 nm. In the optical tweezers measurements
a similar value is approached as the laser intensity is low-
ered. The limit as to how low laser intensity we can apply
in the measurements is determined by the fact that the trap
must be strong enough to trap a single bead for calibration
purposes.

In the optical tweezers measurements with high laser
intensities we occasionally observed some anisotropy of the
measured physical parameters. The direction of the princi-
pal vector appeared random with respect to the bacterial
axes, and at lower laser intensities no anisotropy was ob-
served. This suggests that the anisotropy could be a result of

FIGURE 6 Data from a bead attached to a� -receptor in the bacterial
membrane obtained by SPT. (a) Thex-position of the bead. (b) Histogram
of the position distribution. The position histogram is fitted to a Gaussian
distribution (full line) and has a standard deviation of� SPT� 19 nm for this
experiment. (c) Scatter plot, showing the distribution of locations of the
bead within the plane of the bacterial membrane. (d) Mean square dis-
placement (MSD) as a function of time taken over 50 averages.
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optical damage of the bacterial system at high laser inten-
sities.

Apparently, the� -receptor was harmonically bound in
the bacterial outer membrane. Using the optical tweezers
with laser intensity below a certain threshold, the value of
the spring constant was found to be�� cw � (1.1 � 0.4) �
10� 2 pN/nm. Above this threshold,� cw increased signifi-
cantly, which might be a sign that some biological process,
restricting the motion of the protein, is being enforced by
the optical tweezers. Using SPT we found�� cw,SPT �
(0.98� 0.44)� 10� 2 pN/nm. Within the uncertainties, the
value of � cw found by the two different methods are iden-
tical. By dragging a protein through the membrane of eu-
caryotic cells without a cytoskeleton, Peters et al. (1999)
obtain spring constants on the order of 0.5� 10� 2 pN/nm,
approximately one-half of what we find for the bacterial
system. That the two values of� cw are different is not
surprising considering the different nature of the two types
of membranes.

Within the accuracy of our measurements the value of the
friction coefficient� p and of the diffusion constantD of the
protein in the membrane seemed independent of the applied
laser intensity. These values have only been determined by
optical tweezers measurements as our SPT routine was too
slow to permit a measurement hereof. The obtained value of
� p � 2.7� 10� 8 Ns/m, was larger than� b by approximately
a factor of 5. If we, in lack of earlier work on the mobility
of single molecules in the bacterial outer membranes, in-
stead compare to the work done on plasma membranes, our
value ofD � (1.5 � 1.0) � 10� 9 cm2/s is consistent with
the findings of Kusumi et al. (1993) and Sako et al. (1994).
If we consider the work by Pralle et al. (2000) who are using
the same local method as we are to measure diffusion
constants, we see that our diffusion constants were lower
than what they find, suggesting that the part of the bacterial
outer membrane to which the� -receptor is attached is more
viscous than a plasma membrane. Our result forD was
higher than observed by Peters et al. (1999) and Suzuki et
al. (2000), but they are using a different detection method,
which yields a ÒglobalÓ measurement by dragging a protein
across the plasma membrane. Therefore, these results may
not be directly comparable with our results where the pro-
tein stayed within a diameter of 50 nm in bacterial outer
membranes rather than eucaryotic plasma membranes. With
the diffusion constant we observed, the� -receptor would go
from one end of the bacterium to the other within a few
seconds. The fact that this did not happen was most likely
due to the attachment of the� -receptor to the fairly rigid
peptidoglycan layer (Gabay and Yasunaka, 1980) giving
rise to the observed harmonic potential.

The motion of the� -receptor appears to be energy de-
pendent, and we speculate that the purpose of this motion is
to facilitate transport of the maltodextrin polymers through
the porin spanning the outer membrane.

Finally, while studying bacteria by optical tweezers, one
should also be aware of the possible photo damage that one
might induce in the biological system (Neuman et al., 1999).
As our results seem independent of applied laser intensity
(below a certain intensity threshold) and as they coincide
with our results from SPT, which is an almost noninvasive
and independent method, we believe that photo damage can
be ignored for most of the results presented here.

CONCLUSIONS

We have studied the motion of a single� -receptor protein in
the outer membrane of anE. coli bacteria. We have pre-
sented a method for the in vivo biotinylation of an extra-
cellular site of the� -receptor, and in agreement with pre-
vious literature, the efficiency of the in vivo biotinylation
was found to be extremely low. By attaching a streptavidin
coated bead to the� -receptor, the motion of a single� -re-
ceptor protein in the outer membrane of anE. coli has been
revealed using the techniques of SPT and optical tweezers.
We propose a model of the bead-protein complex allowing
the extraction of several physical parameters describing the
motion of the protein in the membrane and its connection to
the bacterial membrane. The assumptions in the model that
the bead and protein are tightly attached to each other and
that the protein is attached in a spring-like fashion is sup-
ported by experimental evidence. This model can equally
well be used to analyze motion of protein movements in
other membrane systems.

The � -receptor stays within an area with a radius of
roughly 25 nm for at least several minutes. Within this area
it performs a motion as if it were held by a spring of spring
constant� cw � 1.0 � 10� 2 pN/nm and sat in a very viscous
liquid within which it moved with a diffusion constantD �
(1.5 � 1.0) � 10� 9 cm2/s.

The results of this paper open many directions for future
work, e.g., the exploration of possible anisotropy in the
motion of the� -receptor, the dependence of the motion on
modulation of the peptidoglycan layer, and the dependence
on bacterial metabolism.
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Improved axial position detection in optical
tweezers measurements

Jakob Kisbye Dreyer, Kirstine Berg-Sørensen, 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 Þrst 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 sufÞcient for
probing the system of interest. There are, how-
ever, applications where knowledge of the position
in all three dimensions would contribute signiÞ-
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 signiÞcant 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 signiÞcant,
axial components. 3 Often, axial position detection
relies on extrinsic methods, such as total internal
reßection microscopy 4 or two-photon excitation. 5

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 ßuctuations 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, 6 and within a certain regime the
axial position is proportional to the ßuctuations in
the sum of the intensities on the quadrants. 7,8 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 4
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 a lens, L 1 �f � 35 cm�, that com-
pensates the defocusing of the built-in microscope
tube lens, L 2 �f � 25 cm�.

The essential components, including L 1 and L 2,
forming the optical trap and the detection system are
depicted in Fig. 1. The trap is formed by the micro-
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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-
denser is imaged by a lens, L 3 �f � 3.75 cm, diameter
25.4 mm�, onto either a quadrant photodiode
�Hamamatsu S5981 � or a CCD camera �Sony XC-
75CE, frame rate 25 Hz �. Lens L 3 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
Þlter �Thorlabs ND40B �. Except where indicated,
measurements have been performed on polystyrene
microspheres dissolved in deionized water.

3. CCD-Image 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 � c � 61
deg is detected from the sample. At each pixel the
angle � is deÞned as sin��� � r � f, where r is the radial
distance from the image center to the pixel. The
constant f is given by f � rc� sin �� c�, where rc 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 Þnd 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-

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

Ckl � � pkl
i � i	 i 
� pkl

i 	 i �� i	 i . (1)

Here, pkl
i � � 0, . . ., 255
 is the intensity recorded at the

pixel with indices k and l in image number i , and � i
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, as on
the quadrant photodiode. 7,8

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

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 2,
must be incorporated into the optical path. Lens L 3 images the
back focal plane of the condenser onto the detection system, either
a quadrant photodiode or a CCD camera. In this Þgure the beam
expander, mirrors, and attenuating system have been omitted.

Fig. 2. Analysis of forward-scattered light detected with a CCD
camera. �a� Interference pattern of a trapped bead �diameter 1.07
� m�. The physical diameter of the image is 5 mm. �b� Corre-
sponding correlation matrix, C of Eq. �1�. Each surface element in
the plot is the mean of 5 � 5 entries of C. �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.
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correlated with the z position. Figure 2 �c� shows the
average of the correlation matrix in a rim d� as a
function of � . In this Þgure 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 0.
Note that in Fig. 2 �c� 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, � cap, 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 is 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 ßuenced by an external force of magni-
tude Fext � 
� v, where the drag coef Þcient, � , is found
from Stokes Law, � � 6�� r . Here � denotes the ßuid
viscosity, r the radius of the bead, and v the velocity of
the bead with respect to the medium. Let Zbead and
Zsample 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 � z.4,7,9 The motion of
the trapped bead can then be described by

� Zúbead � � zZbead � � Zúsample. (2)

In the present case, Zsample�t� � A sin�2� f0t�, with A �
1.29 � m and f0 � 40 Hz. The response of the
trapped bead was sampled at 4 kHz with the photo-
diode and can be found from Eq. �2� to be Zbead�t� � A�
sin�2� f0t � �� , with amplitude A� � A�1 � �� z�
2�� f0�2� 
 1� 2 and phase � � tan 
 1�� z� 2�� f0�. From
power spectral analysis, the ratio � z� 2�� was found
to be 3.80 � 0.15 Hz.10 Consequently, the ratio of
the amplitudes is determined to be A�� A � 0.996, and
the phase lag � � 5.4 deg. A direct measurement

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, � cap. The exact angle is stated in
the legend. To minimize the effect of thermal ßuc-
tuations, each curve shows an average over 400 pe-
riods. An offset, increasing with � cap, has been
subtracted to yield an output o f 0 V at the equilib-
rium, de Þned 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 deÞned as the minimal distance at
which the difference between the bead position and
the linear approximation is less than 30 nm.

We Þnd that the range of linear detection is max-
imized at the lowest capture angle and is minimized
for � cap between 35 and 44 deg. In the inset of Fig.
3 the sensitivity of the photodiode, de Þned as the
slope of the output signal around 0 V, is plotted ver-
sus � cap. Here an optimal capture angle occurs at
� cap � � max � 26 deg. The minimal sensitivity ap -
pears when � cap � � 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 Þt to the photodiode
response. In this manner it appears that the mea-
surement range is limited only by the presence of the
in ßection 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.

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, � cap, and the
total range of linear detection. The inset shows the sensitivity of
the axial position signal de Þned as the slope of the photodiode
signal at the equilibrium position.
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However, at � cap � � 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
Þxed bead was moved in a controlled manner through
the focus of the laser. For this measurement the
best sensitivity was achieved with � cap equal to 35
deg. The beads were suspended in water containing
0.5 mM NaCl 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 Þgure.
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 Þt 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

and Steltzer. 11 In their work, numerical simula-
tions of the axial sensitivity of the photodiode with a
trapped 150-nm polystyrene bead gave � min � 64 deg.
Furthermore, they found � max to be inversely propor -
tional to sin �� cap�, i.e, for axial position detection the
optimal capture angle is as low as possible. We mea-
sure a deÞnite � max, and when � cap is lowered below
this angle the sensitivity in the axial position detec-
tion decreases. Furthermore, since the correlation
values in Fig. 2 �c� 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�

2.
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 Þcant increase in signal
when our method is applied.

We found the exact values of � max and � min 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 �c�, � max 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 plot in Fig. 2 �c�, � max is
found to be � 35 deg. The variation in � max and � min
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 Þeld gradient of the focused

Fig. 4. Probing the spatial resolution of the position detection
system by moving a Þxed 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.

Fig. 5. Power spectra of the ßuctuations 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 Þltered at 1 Hz. In the lower curve, the
peaks are electronic noise, whereas in the upper curve only a 100
Hz peak is noticeable.
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laser, which attracts the bead toward the focus
point. 12 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 in the sample. Thus it is most likely that
position detection with a less tightly focused laser
beam does not display the same critical dependence
on � cap 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 Ð35 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
Þnd 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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� ¢Q� ǿ[ �´ã ø � �

G

�NM Œ� Ü

O

à^á QP

E

D

E

G

¤

R

M

!—� TS ~! VU/WYX

A

‚[Z\�

]

�

P

E

"

�_^

'

�

�-w

�

Q#TUK�TYV �; šø �>

Ý

è

!

‚
Þ

�

Ú

�

F

!

ø�˜

í

G

� ø ä � ��N\S�M�d&TÕI²uYT?K�IYcYTn`�DiS5Nbf

M�NbDFO§DLŽ1M�d&T+Z�T?IFj§NPO=IÕM�KoIL`
ö&‘�T_j§I-M�ˆ•T?OFM�TUK(`�DiS5NbM�NPDYO

�´ã
ø

�
�

G

VYILO�j `D

E

G

Ú

�̀; •ø

E

>

Ý

è

!

‚ŠÞ
�

"
;•ø �>

E

Ý

è

!

‚
Þ

�

N\S�M�d&T)u-ILK�NPIYO0ˆ•T�DLŽ

M�d&T§Z�T?IYjâ`�DFS�NbM�NPDYO'“•a�GbE�ˆ‰M�E�I-M�NPDYO�SÕNPOÎM�d&T§M�KoIL`Î`�DLf

S�NsM�NbDFO‚j�E&K�NbO0cÒI•tžT?IFS5E&K�TUtžT?OFM ƒ ˆ?ILOÎZ�T¢O&T?cYGPT?ˆ‰M�T?j

NbŽ a5

í

G

�
ø̂ä

�
�

Ç í

G

�
ø ä

�
�•V§Nš“ TY“ºNsŽ

C

C

C

#

}7L

ÝÆ!

|

!

‚5Þ

#

!

}

‚

C

C

C

D

E

á

�cb
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Appendix F

J.K. Dreyer, P.M. Hansen, and L.B. Oddershede. Optical probing of speci�c
and non-speci�c interactions with nano-meter resolution.
SPIE proceedings, volume 5514, Optical trapping and manipulation, Denver,
Aug. 2004.
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