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Chapter 6
Optical pushing

This chapter is based on a publication in preparation (see page 205).
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6. Optical pushing

Abstract — The ability to measure and manipulate single–molecules

has greatly advanced the field of biophysics. The continuous devel-

opment of new methods and improvements of existing techniques has

helped driving the field forward. Here, we present a proof of concept for

an optical pushing apparatus, with which we can exert an optical force

on DNA–tethered beads with a collimated laser beam. With this instru-

ment it is possible to switch the applied force very fast (sub–milliseconds)

making the method very suitable for dynamic force spectroscopy. In ad-

dition, we can perform measurements on multiple single molecules at the

same time. Fast force manipulation on many DNA tethers in parallel

is currently not possible with any other existing single molecule tech-

nique. Forces achieved with the current setup agree with Mie scattering

calculations and are in range that is usable for force spectroscopy on bio-

molecules (up to 40 pN). To calibrate the exerted laser force with high

accuracy we have derived a generic, analytical model for the Brownian

motion, including rotation and torque on the tethered beads. Both

measured and numerically simulated data show good agreement with

the analytical model, proving its suitability as calibration tool. In fact,

the Brownian motion model can also be used for the calibration of other

techniques, such as tethered particle motion measurements and magnetic

tweezers. Finally, the capabilities of the instrument is demonstrated in

test experiments, showing the versatility and use of the optical pusher

as new single–molecule instrument.
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6.1. Introduction

6.1. Introduction

The ability to observe the individual properties of one single–molecule

at a time has proven a powerful tool in biology, chemistry and phys-

ics [139–141]. Early methods relied on electronic signals such as the

patch–clamp [142] and electron microscopy [143]. With the discovery of

the green fluorescence protein (GFP) [144], single biomolecules at work

are now visualised in both in vitro and in vivo [145]. A whole field of

single–molecule biophysics has emerged, dedicated to explore the phys-

ical details of the cell one molecule at a time. These single–molecule

experiments have helped us to create insight into the molecular struc-

ture and mechanism of protein folding, motor proteins, and DNA and

protein interactions [71,139,146,147]. In order to learn about the phys-

ical properties of a molecule by observing is not always enough, often it

requires physical manipulation of the biomolecule of interest to obtain

much more additional information. Several techniques, such as atomic

force microscopy (AFM), magnetic and optical tweezers (MT and OT)

allow the physical manipulation of molecules. Each of these techniques

have their own unique advantages and drawbacks [148]. Adding addi-

tional molecular manipulations tools will generate important new oppor-

tunities and possibilities for the investigation of the physical properties

of molecules.

Here, we present a novel method called optical pushing to apply force

to multiple single biomolecules in parallel. The method relies on radi-

ation pressure, the pressure exerted on a surface caused by the interac-

tion with electromagnetic waves. The theory was deducted by Maxwell

and Bartoli and experimentally proven by Lebedev [149]. In the current

study we use the momentum of laser generated photons to apply tension

on DNA molecules tethered between a surface and a micro bead. By us-

ing a collimated laser beam a homogeneous field is created in which forces

can be rapidly applied and varied, allowing for several different types of
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6. Optical pushing

measurement including dynamics force spectroscopy. Furthermore, we

derive and test a generic analytic model for the Brownian motion of a

tethered particle that is used to calibrate the exerted force with high ac-

curacy during a measurement. This model is applicable to a wide range

of techniques such as tethered particle motion (TPM) [3, 29, 53] and

magnetic tweezers [150,151]. Finally, test experiments are perform with

the instrument to demonstrate its use for single molecule experiments

6.2. The method of optical pushing

6.2.1. Setup

A schematic drawing of the setup is found in figure 6.1a. The collimated

laser beam is created by focusing a 4 mm laser (f = 150 mm) in the focal

point of a aspheric lens (Thorlabs, focal length f = 4 mm), resulting

in a Gaussian beam with a theoretical diameter of ∼ 166µm at the

sample. Unfortunately it is not possible to image the sample using the

same lens, due to thermal expansion of the lens when the laser is on.

Instead a microscope objective is used for imaging, directly opposite to

the single lens. To prevent heating effects in the objective, the laser

needs to be redirected after interacting with a sample before it hits the

imaging objective. Therefore, a hot mirror (Thorlabs FM01) is placed

between the sample and the objective, reflecting the laser beam but

transmitting lower wavelengths for imaging purposes. Note that due

to the divergence of the beam, the reflected beam interacts with the

sample at only a fraction of the original pushing force. To allow the

hot mirror to be placed between the objective and the sample a ’long

working distance’ objective is used (50 X Mitutoyo Plan Apo SL, working

distance 20.5 mm). Illumination is done using a LED (Thorlabs M455L2,

455 nm) which is coupled into the aspheric lens using a dichroic mirror.

The light collected by the objective passes through an IR neutral density
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6.2. The method of optical pushing

filter to get rid of any remaining laser light, and the image is formed on

a CMOS camera (DCC1545M Thorlabs).

A

B C

Laser CMOS

LED

ObjectiveSample

Hot
Mirror

Dichroic

Figure 6.1. Schematic drawing of the optical pushing setup. a. Optical

pushing is achieved by collimating a laser–beam (maximum 20 W, λ 1070 nm,)

using two lenses into a collimated beam of 166µm in diameter at the sample.

After interacting with the sample, the beam is reflected straight back using

a hot mirror to prevent heating the imaging objective. Imaging is done by

overlapping a LED with the pushing beam using a dichroic mirror. Due to its

lower wavelength (λ 455 nm), the LED is transmitted through the hot mirror

and imaged on a programmable CMOS camera. b. DNA molecules are tethered

to the surface, and attached to a micro bead. The bead serve two functions:

i. as a handle to apply the force to the biomolecules (due to the scattering of

the incoming light), and ii. as a reporter on the state of the DNA. c. Example

image of the CMOS camera (25 Hz, 20 ms integration time). The visible rings

of the PSF are used to determine the height of the bead relative to the sample.

As sample, a simple flow cell is made by separating a cover slip and

microscope slide (quartz) with a layer of parafilm. DNA molecules

(1200 bps) are at one end attached to the surface (dig anti–dig binding)

and with the other end attached to a micro bead (biotin streptavidin
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6. Optical pushing

binding) as is seen in figure 6.1b. To prevent sticking of the DNA, the

surface of the flow cell is coated with casein [53]. The bead tethered to

the DNA molecule serve a double purpose: i. as a handle to apply a

force to the DNA and ii. as a probe to detect the DNA’s response to

that applied force. The state of the DNA is measured by tracking the

position of the beads in 3 dimensions over time.

6.2.2. Detection in 3D

The centre position of the bead is calculated for every image of the

camera to track the end-to-end length of the DNA over time. Since

the beads are of the order of a wavelength the point spread function

(PSF) is imaged on the camera (figure 6.1c, camera running at 150 Hz)

To detect the centre of the PSF (x, y) a cross correlation algorithm is

used [53], that achieves sub pixel resolution, even when the PSF centre

is not more than a few pixels. Although a single measurement of the

bead position does directly yield information on the state of the DNA,

multiple measurements lead to a distribution that can be used to invest-

igate the physical properties of the DNA as well as length changes (for

example induced by proteins) [28,36,53]. A typical value that describes

the size of the distribution in relation to the average positions 〈x〉 and

〈y〉 is the root mean square motion (RMS) and is given by equation 6.1√
(x− 〈x〉)2 + (y − 〈y〉)2 (6.1)

In addition to the position of the bead in x and y, the changes in

height of the bead (z) are also recorded. And in contrast to the x, y

position, the bead’s height is a direct measurement of the DNA’s length.

The relative height is determined by determining the shape of the PSF

that is dependent on the distance from the sample to the camera [152].

Hence, a change in height of the bead leads to a change in the PSF. In

order to relate the measured PSF to the changes in height, a look up
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6.2. The method of optical pushing

table is used (LUT, a library that contains the radial profile as a function

of the beads height), see figure 6.2. The LUTs are made by moving the

sample over a known distance, using a piezo stage and correcting for

the difference in refractive index between the sample (water) and the

imaging medium (air): ∆zbead = 1.33 ·∆zpiezo. To obtain the changes in

height during a measurement, the measured radial profile is compared to

the profiles stored in the LUT. By interpolating between and averaging

over multiple radial profiles, a detection accuracy of < 5 nm is achieved

at an effective frame rate of 25 Hz figure 6.3.
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Figure 6.2. Determining the relative height of a bead using a look

up table (LUT). a. Images of the PSF of the bead (inset) are converted

to a radial profile by determining the centre of mass and averaging over the

entire image. Radial profiles of 6 images are averaged and binned over 100 nm

to reduce the amount of points. The radial profile is measured as a function of

the bead height, using the piezo stage to control the height. b. Stack of radial

profiles as a function of the relative bead height. The LUT is used to fit radial

profiles during the measurement to the appropriate height.
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Figure 6.3. Determination of the height measurement accuracy of

a single bead. a. A stuck bead is moved up and down by the piezo in a

sinusoidal movement. The height of the bead is determined by our algorithm,

plotted over time and fitted by a sinus (all parameters free). b. Residuals of

the fit minus the measured data. The residuals show no correlation, are spread

around 0, and have a standard deviation of ∼ 5 nm.
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6.2. The method of optical pushing

6.2.3. Theoretical force: bead size and material

To maximise the exerted force and minimise the amount of laser power

necessary to achieve desirable forces, selecting the proper material and

bead size is very important. In this chapter we focus on the manipu-

lation of DNA and DNA–protein interactions. Double stranded DNA

starts to melt and convert into single stranded molecules at a force of

around 65 pN (depending on salt concentrations [107, 123]). Therefore,

the optical pushing apparatus should ideally be able to achieve forces

of several tens of piconewton to be able to fully stretch double stranded

DNA.

What kind of forces are achievable with this technique, using a max-

imum intensity of 20 Watts? Since the size of the used beads is in the or-

der of the laser’s wavelength, three different theories are used to calculate

the theoretical achievable optical pushing force in the instrument: the

Raleigh regime (r � λ), Generalised Lorenz–Mie calculations (r ∼ λ)

and the ray optics regime (r � λ) [153–155]. A note must be made

that the complex refractive indexes used for the calculations are those

of the bulk material and might differ for the bead sizes used in this

study [156]. Due to the Gaussian shape of the beam, the beads will feel

a gradient force towards the centre next to the desired forward scattering

force. Both the gradient and scatter force are calculated for and shown

in figure 6.4b, note that the gradient force is at best still an order of

magnitude smaller than the scattering force.

As expected the Lorenz–Mie theory connects the Raleigh and ray op-

tics regime and for practical purposes is used to select the bead material

and size. Figure 6.4b shows the resulting force for different commercial

materials and available bead sizes. More in general: the higher the re-

fractive index or the larger the bead the larger the induced force. As

is seen gold or silver would be the best, however, solid gold and silver

beads are only commercially available up to a few hundred nanometer.
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Figure 6.4. Theoretical calculations of expected forces in optical

pushing. a. Scattering (solid) and gradient (dashed) force calculated for

as function of the bead radius using assuming a laser intensity of 8 watt, λ =

1070 nm, and a FWHM of 100µm. The Rayleigh regime is shown in blue, ray

optics in red, and Generalised Mie theory in black. The Mie theory connects

to the Rayleigh regime and ray optics regime at small and big bead sizes re-

spectively. The gradient forced, caused by the Gaussian profile of the laser

is at best an order of magnitude smaller than the forward scatter force that

gives rise to the optical pushing force. b. Calculated resulting optical force

for different materials. Gravity is subtracted from the forward scatter force as

calculated with the Mie theory. In general materials with a higher refractive

index experience a bigger force using the same intensity.
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6.3. Results

We decided to use beads that are generally available for optical trapping

(polystyrene), with which forces of several tens of piconewton should still

be reachable.

6.3. Results

6.3.1. Proof of principle

Single DNA tethers (1109 bps, see chapter 2) connected to polystyrene

beads (2.1µm and 4.13µm in diameter) are prepared and their restric-

ted Brownian motion is measured with increasing intensity. The results

of the raw motion in 3 dimensions is plotted in figure 6.5a,b. The fig-

ure shows that the amount of motion of the bead in x, y is quenched,

indicating that the system stiffens. Furthermore, direct measurement of

the beads height (z), shows the bead gets pushed upwards, starts to ex-

tend the DNA. These two observations demonstrate that micron–sized

beads can be pushed with pN force using radiation pressure. However,

to obtain the exact force on the DNA–tethered beads we need a reliable

and accurate method to calibrate the forces that can be applied to the

beads in our setup.

6.3.2. Laser force calibration

Several methods already exist to calibrate the forces on a micro bead.

For example by pushing freely diffusing beads upwards, and comparing

their final velocity (vs) with Stokes’ law (F = −6πµRvs). Neverthe-

less, we would like a method that allows calibration of each individual

measured molecule. In magnetic tweezers such a method exist and re-

lies on the relation between the amount of Brownian motion (i.e. bead

movement) and the applied force. By using the equipartition theorem,

and solving the Langevin equation the force in magnetic tweezers is cal-

ibrated using the time average motion of the bead in the plane (x or
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Figure 6.5. Proof of principle for optical pushing, simulated, calcu-

lated and measured. a. The measured bead’s x, y motion of a single DNA

tether (1.1 kbp, 4.26 micron bead �) at different laser pushing forces (up to

13.6 pN). As the force increases, the motion of the bead quenches due to the

stiffening of the system. b. The measured DNA extension (the difference in

average height with and without force), as a function of the applied force. c.

Corresponding power spectra (data re–sampled to 100 Hz) of the measured x, y

traces and their fit (red dotted lines). The trace without force is shown in

blue. d,e. Bead positions in x, y and z of a simulated DNA molecule (1.1 kbp,

� 4.26µm bead, Debye length of 7 nm, and surface potential of 25 mV). Note

that due to the changing stiffness of the system, the time scales over which

the simulation is shown is also varied. f. Corresponding power spectra of the

different traces overlap with a plot of the analytical model (red line). Again,

the trace without force is shown in blue.
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6.3. Results

y) (equation 6.2) [61, 157]. However, in magnetic tweezers the beads

align its permanent magnetic moment with the field lines of the mag-

netic field, restricting the rotational movement of the bead around one

or both in plane axis (depending on the alignment of the magnetic field).

Therefore the torsional movement of the bead is neglected in the deriva-

tion for one axis or a correction term, that assumes that the bead aligns

itself around the center of the tether, is taken into account [158]. Sim-

ilar, in optical tweezers (the calibration for the trap stiffness, and hence

the forces on the bead, also omits the rotational part in the equation

of motion as bead translation dominates over rotation. In optical trap-

ping the power spectrum rather than the time averaged movement of a

bead is used to calibrate the forces involved (equation 6.3). However,

for non–magnetic tethered particles the bead is free to swivel around

the DNA–attachement point, leading to an apparent increase of the

Brownian motion (� bead � contour length of the DNA, figure 6.6).

F =
KbT l

〈δx2〉
(6.2)

Sx(f) =
kbT

γπ2(f2
c + f2)

(6.3)

We therefore decided to introduce a second Langevin equation that

describes the torsional behaviour of the bead. We include a term for

the torsional drag, no slip boundary condition for interactions close

to the surface (Faxen’s law [159, 160]), and extension behaviour of the

DNA [70]. Resulting in two coupled differential equations that describe

the full behaviour of a tethered particle with an external force. The

two equations are linearized (see section 6.5), and solved, yielding an

analytical expression the power spectral density (equation 6.10). The

power spectrum shows the contribution of different frequencies to the

total movement of the bead in the plane of the microscope, and its

integral yields the root–mean square movement of the bead. These
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Figure 6.6. Simulated traces that show the difference between track-

ing the bead’s centre of mass and the anchor point of the DNA to

the bead. When the torsional movement of the bead is confined, for example

in magnetic tweezers, the centre of the bead is aligned with attachment point

of the DNA. Hence the observed motion directly corresponds to the confined

movement of the DNA (black). If however, the bead is free to rotate, the

distribution of the DNA seemly broadens (grey).
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6.3. Results

sets of equations can be used to calibrate, fit or calculate the forces

on particles in techniques such as optical pushing, optical and magnetic

tweezers and even under no external forces such as tethered particle

motion [3, 29, 53, 150, 151]. Note that simulations of the probability

distributions for DNA tethered particles already included the restoring

torque [30].

6.3.3. Verification of the methods using detailed simulations

To crosscheck the derived theory and develop a feeling for the Brownian

motion of a tethered bead under force, dynamic simulations are per-

formed (figure 6.5d). The Langevin equations (equation 6.5) are com-

piled into a Labview (National Instruments Corporation) program that

numerically solves the differential equations using small time steps. The

simulations include two small terms that are not in the analytical model:

the buoyant force and gravity (both in the fN regime for the micrometer

sized beads). The simulations give access to investigate the influence of

the different forces, that can be switched on or off during the simula-

tions, making it a versatile tool to study the individual contributions to

the complex limited diffusive movement of the tethered bead.

First we investigate the effect of introducing the second Langevin

equation in the analytical model, by showing that the bead’s rotation

behaviour contributes significantly to the observed Brownian motion.

The Brownian motion is calculated by tracking the bead’s centre, and

thereby functions as a reporter for one of the DNA’s ends. In figure 6.6

it is clear that if the bead is free to rotate around the end, like in the

current experiments but unlike for example magnetic tweezers, the ap-

parent end point of the DNA is increased by roughly the bead’s radius.

Next we plot the raw restricted Brownian motion as a function of

increasing optical pushing force (0 to 60 pN) figure 6.5d. As is seen the

x and y motion of the tether become much more defined as the DNA is
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6. Optical pushing

stretched and the system stiffens. Correspondingly the average height

of the bead increases, and approaches the bead size plus contour length

of the DNA (2.38 micron). In order to verify the assumptions made

in linearising the analytical model, the simulated traces (representing

the solutions to the full system) are subjected to the same corrections

and simplifications and are shown to match the full solutions within 5%

(figure 6.7). Moreover, the power spectrum density of the simulated

data is calculated and agrees well with the plots of the analytical model

(figure 6.5f).
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Figure 6.7. Comparison restoring torque and force for the linear-

ised and full model. The restoring torque and restoring force acting on a �
4.26µm bead at 1 pN of stretching force from the simulations (red) and calcu-

lated value’s of the linearised model (black). The blue line corresponds to the

residuals of the simulations and linearised model. The residuals are symmet-

rical and have a standard deviation of 0.01 pN and 26 pN · nm for the force and

torque respectively.

These simulated traces contain no mechanical and/or electronic noise.

To investigate how reliable the force can be fitted when such noise

sources are present (i.e. during the real measurements), a Gaussian

uncertainty of 4 nm is added to the x and y position during the simu-

lation. Including the noise, we are able to retrieve the simulated force

with an accuracy of 0.2 pN (standard error of several fits).

156



6.3. Results

6.3.4. Pushing force versus laser intensity

With our calibration method in place we can demonstrate our optical

pushing instrument by investigating the relation between the induced

optical pushing force and applied laser intensity for different polystyrene

beads (1.84µm and 4.26µm in �, figure 6.8) tethered to a surface by

a DNA molecule (1.1 kbp). The exerted force scales linear with the

intensity, and result in an achievable optical pushing force of 0.5 ±
0.1 pN W−1 and 2.6 ± 0.1 pN W−1 for the small and big beads respect-

ively. The intensity is as measured at sample, where the full width half

maximum (FWHM) is determined at ∼ 70µm using knife–edge profil-

ing. Moreover, the measured force follows the expected forces based on

Mie theory. The graph contains forces up to 15 pN, due to the release

of the dig anti–dig bonding around this force [161].
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Figure 6.8. Exerted optical pushing force as a function of total laser

intensity at the sample. Forces are determined by fitting the power spectra

of measured polystyrene tethers with the analytical theory, error bar indic-

ate the STDEV (4.26µm, and 1.84µm � in black and red respectively). The

exerted force scales linear with the amount of laser light, resulting in an op-

tical pushing force of 0.5 ± 0.1 pN W−1 and 2.6 ± 0.1 pN W−1 for 1.84µm

and 4.26µm � beads respectively (red and black solid line). The dotted lines

represent the Mie theory predictions for the two bead sizes.
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6. Optical pushing

6.4. Conclusion and discussion

We have shown that we are able to stretch biomolecules using radiation

pressure, and are able to calibrate the force on each individual molecule

using the developed analytical model. The forces calculated using the

analytical model match both the simulated and measured data. The fact

that the measured force versus laser intensity matches the Mie regime

calculations for two different bead sizes (which are completely independ-

ent of the derived analytical model), strengthens the claim that we are

able to achieve realistic forces for force spectroscopy biomolecules.

Using the polystyrene beads of � 4.26µm, we are able to achieve

2.6 pN W−1, resulting in a maximum force of 42 pN in the current con-

figuration. The increase of this maximum should be straightforward

as the theoretical curves show higher forces using different materials or

sizes. For example, gold coated polystyrene beads of the same size as

the polystyrene beads used here, is expected to increase the maximum

force to ≈ 150 pN.

6.4.1. Heating effects

The main difficulty that had to be overcome in order to make our op-

tical pushing apparatus suitable for experiments, was to deal with the

heating effects of the high power collimated laser beam. We took dif-

ferent measures to deal with heating of the optical components and the

sample. Heating of the optical components is limited by using anti–

reflection coated mirrors, lenses, and filters in the beam path. The

biggest improvement is the use of a separate imaging objective that is

not subjected to the laser light. For the same reason a single lens is

used instead of an objective to focus the laser since a compound object-

ive displayed extensive drift. Heating of the sample occurred because

standard microscope slides and cover slips are made of glass, which ab-
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6.4. Conclusion and discussion

sorbs infrared light. Due to the absorption, the glass starts to expand

and the refractive index changes. The height determination relies on the

shape of the observed PSF, a change in the refractive index means that

the PSF profile changes. We found that this change is more than just an

offset or a linear stretching, and can therefore not be compensated by in

the tracking software. The effect drastically reduced when the flow cell

was made with quartz instead of glass. Finally, some local heating of

the sample will occur. However, compared to optical tweezers where the

total laser light is focused into a diffraction limited spot, optical pushing

has an order of magnitude less heating because of the large area that is

illuminated (0.8 K vs 0.07 K [162]).

6.4.2. Comparison to other techniques

How does this system compare to other methods that can manipulate

several DNA tethers in parallel?

Of all comparable methods, magnetic tweezers [61, 150, 157], are the

closest to the optical pushing technique. Both techniques rely on camera

detection and use similar bead sizes. However, for optical pushing the

material of the beads does not need to be para magnetic, making it easier

to adjust the force by choosing different materials. Magnetic tweezers

are generally used to study biomolecules at constant force and, typically,

to adjust the applied force the distance between the sample and the

magnet is mechanical modified. The optical pushing method is also ideal

for constant force measurements but with a significant advantage: the

force can be rapidly applied and modified by strobing the incoming light

and/or varying the intensity using for example AOMs. The resolution

for detecting changes in the height of the bead (shown to be within 5

nm, figure 6.3) are comparable to state of the art magnetic tweezers

studies. Intensity fluctuations of the laser are a source of noise in our

method (1% over 4 hours; IPG laser spec. sheet) but at these low levels
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it hardly impacts the stability of the applied pushing force.

Another novel parallel force technique for tethered molecules is cent-

rifugal force microscopy (CFM) [163]. In CFM, the force is applied by

spinning the sample around on a mechanical arm, and the method has

an incredible force range. Until now only bond rupture as a function of

force has been studied and no force extension measurements have been

done that can be compared with other techniques. In CFM, applying

forces is still relatively slow, it takes a few seconds for the arm to gain

speed and the force to settle.

A technique that does offer easy access to dynamic force spectroscopy

is atomic force microscopy (AFM). By changing the approaching or re-

tracting speed of the cantilever, different forces (or even a force–ramp)

can be applied. Most AFM’s can only monitor a single cantilever, lim-

iting the manipulation to a single molecule. An AFM using a multiple

cantilevers was published by Vettiger et al. [164]. The machine features

an array of 32 by 32 cantilevers, each with their own electric commu-

nication channel that is imprinted on the chip. The optical pushing

apparatus features the same ability to apply forces in parallel, but the

detection of all molecules in the field of view is done using a single cam-

era, and parallelisation of the data analysis is straightforward. In the

AFM array, once a cantilever gets contaminated or, even worse, broken,

only a new chip can replace the old array. With the optical pushing

replacing the handle is evident by selecting a new bead.

The optical pushing as implemented here currently lacks the ability to

measure or exert a torque on the molecule of interest. However, torque

control and measurements are possible on optically trapped objects [165,

166]. These optical torque traps rely on birefringent material and special

shaped beads. Due to the interaction with polarised light a torque is

transferred on the particle in the optical trap. Although with optical

pushing the light comes in parallel instead of focused (like with the

optical torque trap), the physical mechanism of optically applying a
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torque stays the same and is possible to integrate into our system.

Wide–field fluorescence techniques or even super resolution techniques

such as confocal microscopy have been successfully integrated with op-

tical tweezers and magnetic tweezers [122, 167, 168]. The open design

of the optical pushing apparatus allows for integration of any of these

visualisation techniques, as long as the detection can be done on the

transmission site of the pushing laser.

6.4.3. Parallelisation

All measurements shown in this chapter where done by analysing the

frames of the camera in real time. We explicitly choose the real time

analysis in order to directly display the results of each tether, as we were

searching for the proper configuration to deliver the proof of principle.

However, even though all beads in the beam feel the optical force, the

number of beads that can be measured simultaneously in real time is

limited to 15 beads in x, y or a single tether in all 3 dimensions (all

at 150 Hz). Although we feel that there is still a lot to gain in using

better algorithms, the straightforward way to measure all molecules in

the field of view is of course: saving the frames and post–process the

results. The current optical pushing setup allows for at least 15 tethers

(4.13µm beads) in one field of view.

6.4.4. Force response time

As discussed before, the optical pushing apparatus excels in the time it

takes to sweep or apply forces to the system. The bead will undergo

a force the moment the laser hits the sample. Therefore, the time it

takes to vary the laser intensity at the sample gives the time–limit for

applying forces to the bead. This can be achieved by using for example

AOD’s (typical RF frequencies 100 MHz), mechanical shutters (typical

switching time 100µ s), rotating a λ/2 and using a polarising beam
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splitter, or even pulsed lasers. However, the force of the bead needs to

be transferred to the biomolecule, which depends on the response time

(τ) of the entire system (bead + biomolecule). How large is this response

time?

The time–scale over which the applied force settles is given by the

time it takes for the bead to diffuse to the new equilibrium situations in

which Flaser = Fdna. The response time is found by equating the laser

force to the Stoke’s drag on the bead and dividing the distance the bead

needs to diffuse (x) by the Stoke’s settling velocity (vs):

τ = x/vs

τ =
6πµRx

Flaser

(6.4)

For example the parameters used in this chapter: x = Lc = 374 nm,

FLaser ≈ 10 pN, µ = 0.001 Pa·s, and R = 2.13µm. Lead to a response

time on the order of ∼ 2 ms. This is well within the integration time of

our camera (∼ 7 ms), and is confirmed by the fact that we do not see

the bead diffusing to the height, but instead a single step in height is

observed (see figure 6.9). Note that due to this effect a smaller bead will

lead to a faster response time of the system. The choice in bead size in

optical pushing can thus be used to set both the maximum applicable

force and time window in which the forces are applied.

6.5. Appendix: Model derivation

To calculate the statistical properties (RMS, power spectrum and auto-

correlation time) for the x, y movement of a tethered bead, we need to

solve both the translational as rotational Langevin equation.

m
d~v

dt
= ~Fbrown(t)− γeff · ~v(t) + ~Fext(t)

I
d~ω

dt
= ~Tbrown(t)− βeff · ~ω(t) + ~Text(t)

(6.5)
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Figure 6.9. Raw motion trace of a DNA (1.1 kbp) tether (2.13 um

bead) under ± 5 pN. As seen, the motion of the bead is quenched in all three

dimensions when the laser is on (between ± 0.7–2.5 min). Note that due to

the fast response time, the change the bead’s height is measured instantaneous

(i.e. there are no data points in the sharp transition). Any instrumental drift

is corrected by measuring the distribution in the absence of force before and

after the stretching.

163



6. Optical pushing

These equations account for the increased viscous drag near the surface,

using Faxen’s law for both the translation and the rotation coefficients

(γeff and βeff respectively) [159,160]:

γeff =
γ0

1− 9
16(Rz ) + 1

8(Rz )3 − 45
256(Rz )4 − 1

16(Rz )5

βeff =
β0

1− 5
16(Rz )3 + 15

256(Rz )6

(6.6)

Note that the effective drag coefficient is valid for the direction parallel

to the surface and the rotational coefficient is valid for the perpendicular

rotation with respect to the surface (rotation that is not purely along

the Z axis, see figure 6.10). In order to solve the equation of motion

(equations 6.5) for the tethered bead analytically, the system is linear-

ised for a nonzero stretching force. Due to the Brownian motion of the

bead, the tether will be pulled out of equilibrium, leading to a small dis-

placement in position θ and rotation ϕ (see figure 6.10a,b respectively).

The applied laser force and DNA will bring the bead back to equilibrium

(~Flaser ≈ ~Fdna), according to:

~Frestoring,x = γeff · ~̇xcm + ~Flaser · sin θ
~Trestoring = βeff ~̇ϕ+ ~R× ~Fdna

(6.7)

Assuming small angles, and recognising that the centre of mass of the

bead (xcm) can be expressed in terms of the attachment point of the

DNA (xcm = xDNA +Rϕ), the restoring force is linearised as follow (see

figure 6.10a for parameters):

~Frestoring,x
∼= γeff · ~̇xcm + ~Flaser · sin θ
∼= γeff · ~̇xcm +

Flaser

z − ~R
xDNA

(6.8)

The restoring torque is linearized using the same small angle approach
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Figure 6.10. Schematic overview of a DNA tether pushed out of its

equilibrium position by the Brownian force. a. The displacement due

to the Brownian motion leads to a small angle θ. The restoring (in–plane)

force (~Frestoring,x) equals the laser force (~Flaser) times sin θ. Note that also

there is a difference between the observed centre of the bead (xcm) and the real

attachment point of the DNA (xdna). b. The displacement and rotation of the

bead (ϕ) lead to a different anchor point of the DNA and to a restoring torque

acting on the centre of the bead (~Trestoring). The angles α, ξ, β are introduced

to assist the calculations.
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(see figure 6.10b for parameters):

~Trestoring
∼= βeff ~̇ϕ+RFlaser sinβ
∼= βeff ~̇ϕ+RFlaser sin(π − ϕ− α− ξ)
∼= βeff ~̇ϕ+RFlaser sin(ϕ+ α+ ξ)
∼= βeff ~̇ϕ+ FlaserR · ...(

ϕ+
xcm

z
+

Rxcm

z2 − zR
+

Rϕ

z −R

) (6.9)

Finally, using these linearized equations, we solve the power spectral

density.

Sx(f) = kBT

(
4R2F 2β0 + 4R2F 2γ0〈z〉2 + 16β2

eγ0〈z〉2)π2f2 + ...

(16R2β2
eγ0 − 32Rβ2

eγ0〈z〉
)
· ...(

4βeγeπ
2f2(R− 〈z〉) +RF 2)2 + ...

(2Fπf(Rγe〈z〉+ βe))
2

)−1

(6.10)
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