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Introduction

The last few years, major advances in the application of some biophysical techniques to study 
biological systems have been made. In particular techniques, as optical tweezers (OT) and 
atomic force microscopy (AFM), have enabled mechanistic studies of biological processes at the 
single molecule level (for the review see Mehta et al., 1999). Using the optical tweezers technique 
the movement of a particle trapped near the focus of a laser can be controlled. Moreover, the 
technique is able to measure forces that are exerted on trapped particle (Ashkin, 1998). In this 
appendix, we will present the optical tweezers technique in general, and describe the specific 
setup that is established to measure the folding of maltose binding protein (MBP) and for 
preprotein translocation at the single molecule level.

Optical tweezers technique

Optical tweezers were first described by Ashkin et al. in 1986 (Ashkin et al., 1986) who based 
on the general observation that photons carry a momentum according to the formula p = h * λ, 
with h = Planck’s constant and λ = the wavelength of the light, believed that this phenomena 
could be used to manipulate a small particle. If the direction of a photon is altered by for instance 
scattering or by refraction, light can exert a force on the scattered or the refractive interface (the 
particle). In case of macroscopic objects, this force is negligible, but for micro- or mesoscopic 
objects, such as micron-sized polystyrene microspheres (beads), the effect of this force can be 
clearly observed when a high-intensity light source (laser) is used.

There are two different optical forces which affect small particles near a tightly focused laser 
beam: the scattering force and the gradient force (Visscher and Block, 1998; Neuman et al., 
2004). The scattering force on an object is caused by backscattering of photons. It acts in the 
direction of the light beam, tending to push the particle away from the focus. The gradient 
force on an object is pointed in the direction of highest light intensity and thus pulls the object 
towards the focus. When an object such as a microsphere is in the laser beam it can reflect the 
rays, thereby changing their momentum, which results in a change of the force exerted on the 

Figure 1. The gradient force exerted on a transparent object by a non-homogeneous light beam. A. A transparent 
bead is illuminated by a beam of light with an intensity gradient increasing from down to up. The paths of a bright and dim 
ray are shown. Due to refraction at the microsphere interface, the direction of each ray is altered. Because of the change of 
momentum of the photons that constitute the ray, a force is exerted on the microsphere (bigger for the bright ray than for the 
dim ray). The net vertical force on the microsphere is therefore pointing upward (direction of the highest intensity). For both 
rays, the direction of the force is indicated in which the size of the arrows indicates the magnitude of the force. B. Schematic 
drawing of a microsphere held by an optical trap.
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microsphere (Figure 1A). In an aqueous suspension and with ~ 1 µm diameter particles with a 
higher refractive index than water, the gradient force from the laser beam will direct particles 
to the point with the highest light intensity, which is in the center of the focus (Neuman et al., 
2004) (Figure 1B). In order to stably trap the microsphere, the gradient force has to overcome 
the scattering force. This can be achieved by using a high-numerical aperture (NA) lens such 
as a microscope objective (Neuman et al., 2004). In this case the equilibrium position of the 
particle is slightly “off-stream” due to the presence of the scattering force. The trapped particle 
can be moved by changing the center of the laser focus, which thus acts as optical tweezers. 
Most biological molecules are too small to be trapped directly by the laser focus. Therefore they 
are frequently attached to carrier particles such as polystyrene microspheres (Ashkin, 1997). To 
visualize the small particles, the optical trap is often combined with a bright field, fluorescence 
and/or confocal microscope. 
The optically trapped microsphere encounters a force (F) towards the trap center. For small 
displacements this force is linear with the movement of the particle as F = k * x, where x is 
displacement and k trap stiffness. The force (F) can be measured by a force detector as described 
by Svoboda (Svoboda et al., 1993). This device can measure the position of the bead (x) in the 
optical trap as well as trap stiffness (k). 
During optical tweezers measurements of biological processes the trapping control and the 
position sensing can be combined in different closed-loop feedback arrangements, like a position 
or a force clamp (Visscher et al., 1998; Neuman et al., 2004) (Figure 2). In the position clamp, 
the displacement of the bead is fixed while the load force changes either by mechanically moving 
the center of the laser beam or altering the trap stiffness by changing the laser intensity. In this 
way the maximum force (stall force) exerted by the molecular motor can be measured (Wang 
et al., 1997; Wuite et al., 2000). On the other hand, the force clamp allows the displacement 
of the trapped bead while maintaining the force constant, either by moving the trap center or 
reducing the trap stiffness. When the force applied on the trapped bead is lower than the force 
exerted by the molecular motor, the displacement and the velocity of the molecular process can 
be determined (Visscher et al., 1999; Rock et al., 2001).

Figure 2. Position and force clamps. A. The 
position clamp. The position of the trapped bead is 
held constant by varying the force. The stall force 
is obtained when the trapping force is equal to the 
force exerted by the molecular motor. B. The force 
clamp. The force exerted on the bead is fixed by 
moving the trapping center or lowering the trap 
stiffness. The bead can change position thus the 
velocity of the process can be measured. Black ball 
represents a molecular motor. X - displacement of 
the bead. 
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Using optical tweezers, forces up to 100 pN can be measured with resolutions as fine as < 0.1 
pN. This renders it an ideal experimental tool for studying cellular-biological processes that 
generate forces in the same order. Optical tweezers have been used to study many biological 
processes  like: the movement of cargo by the motor proteins myosin and kinesin (Molloy et al., 
1995; Visscher et al., 1999; Rock et al., 2001); packing of viral DNA by the bacteriophage phi29 
(Smith et al., 2001); RNA transcription and DNA replication (Wuite et al., 2000); the elasticity of 
DNA (Bustamante et al., 1994; Wang et al., 1997); the unfolding of proteins (Kellermayer et al., 
1997; Cecconi et al., 2005), membrane tube formation (Koster et al., 2003) and the pili retraction 
(Maier et al., 2002). 

Optical tweezers setup

For the single molecule measurements of protein folding (Chapter 4) and preprotein translocation 
(Chapter 5) as presented in this thesis, the optical tweezers setup was built by Ruud van Leeuwen 
in the laboratory of dr. Sander Tans at Atomic and Molecular Physics (AMOLF) in Amsterdam. 
A schematic view of system is presented in the Figure 3. In this setup, two beam lines can be 
distinguished: (i) a trapping beam line (in white), from the laser, via objective and condenser, 
to the quadrant photodiode (QPD); and (ii) an imaging beam line (in gray), from the LED, via 
condenser and objective to the two CCD cameras. As a trapping laser, a Nd:YVO4 laser (Spectra 
physics, λ = 1064 nm, 5.4W) was used. The wavelength of the laser beam can be separated well 
from the light that was used for imaging the sample. Moreover, the use of infra-red (IR) light 

Figure 3. Optical tweezers 
setup. A 60× water-immersion 
objective was used for 
visualization of the sample and 
trapping of the microspheres. 
The sample was illuminated 
with a blue LED. Two CCD 
cameras were used to enable 
the visualization of the sample 
at different magnifications. A 
Nd:YVO4.laser was used for 
trapping the microspheres The 
trapping force was measured 
using a  quadrant photodiode 
(QPD).
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minimizes the absorption and scattering in biological materials. A number of optical elements 
are inserted in the beam line to give the laser beam the right diameter (~ 8.4 mm) and intensity. 
Via a VIS-IR beamsplitter, the laser beam was reflected into the back aperture of a 60 x water-
immersion objective lens (Nikon, NA = 1.2) that was used both to image the sample and to focus 
the laser in the specimen plane. After the focus, the laser beam was collected using an oil-
immersion condenser lens (Nikon, NA = 1.4). Next, the back-focal plane of the condenser was 
imaged onto a quadrant photodiode (QPD) that was used to measure forces. 

In the imaging beam line, a blue LED (Toyoda Gosei, λ = ~ 470 nm) was used for the illumination. 
The objective lens allows illuminating the microscope sample. The VIS-IR beamsplitter reflects 
the blue light into the condenser while transmitting the trapping beam. A filter was used to 
prevent reflected laser light from reaching the cameras. Via a 50/50 plate beamsplitter and a 
mirror, the light was directed to two separate CCD cameras, onto which the sample was imaged 
at different magnifications using two lenses ( f1 = 20 cm and f2 = 40 cm).
All components were mounted on an actively-damped optical breadboard such that all beams were 
parallel to the table surface (beam height 11 cm.) which was placed in a room with a very well 
controlled temperature (20º C). The microscope sample was mounted on a piezo-nanopositioning 
stage that permitted translation both in the perpendicular (x, parallel to breadboard), perpendicular 
(y) and in the longitudinal (z) direction of the trapping beam. The range of the piezo-stage was 
50 μm * 50 μm * 20 μm (x * y * z).

The Labview program

The program Labview (National Instruments) was used to simultaneously control the piezo 
stage, filters, pressure meter, flow system and to acquire QPD and camera signals. The control of 
the movement of the piezo stage was done in a several ways: (i) Trackball mode, in this mode the 
movement of the piezo stage in the x, y and z direction was manually controlled by a trackball 
(Logitech); (ii) Force-feedback mode, the movement of the piezo stage is computer-controlled in 
such a way that the force on the optically-trapped microsphere is kept constant; (iii) Sweep mode, 
the piezo stage is moved in a pre-programmed pattern, for instance movement with a constant 
speed (µm/s) between two forces Fmin and Fmax. 

Force detection

The force exerted on the optically trapped microsphere was detected by a quadrant photodiode 
(QPD), which detects the changes in the outgoing laser beam due to the movement of the optically 
trapped microsphere. For small displacements of the microsphere from the trap center, there 
is a linear relationship between the measured detector voltage and the displacement (x) of the 
microsphere (F = k * x). The trap stiffness (k) can be measured by several methods. Routinely, 
we used the “power spectrum method” that uses a Lorentzian fit to the power spectral density of 
measured fluctuations of an optically-trapped bead (Svoboda and Block, 1994). 
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Flow system

In single-molecule biophysics, a high number of experiments have to be performed for good 
statistics. For this reason, a flow system enabling a high measurement throughput was essential. 
For the experiments that are described in this thesis, a flow system was developed that enabled 
precise control of the different solutions and the flow speed, as well as allowing the exchange 
of the beads that were trapped in the laser beam or on the micropipette during the experiment 
(Figure 4). The constructed flow cell has three inputs and one output which can be connected 
via polyethylene tubes to syringes filled with a specific buffer. The buffer flow was controlled 
either manually, using a plunger, or automatically by using a computer-controlled pressure 
system. Between the flow cell and the syringes, manually controlled valves (Hamilton) were 
introduced to enable switching between buffers or to block the flow through the channels. A 
glass micropipette with a tip inner diameter of ~ 1μm (Figure 4B, black arrow) was connected 
to a manually-controlled syringe via the polyethylene tubing. The assembly of the flow cell is 
schematically shown in Figure 4B.

Figure 5. The laminar flow inside a flow cell 
during the optical tweezers measurements. A. 
The three input channels with different buffers: 
channel 1: microsphere suspension 1; channel 
2 experimental buffer; channel 3: microsphere 
suspension 2. Due to the small dimensions, 
the flow inside the flow cell is laminar and 
hardly any mixing of the three flows occurs. B. 
Zoomed-in representation. Each microsphere 
is caught from their respective flow and 
transferred to the micropipette and middle of the 
flow channel, respectively. C. Micrograph of an 
optically trapped 2-μm microsphere (right) and a 
microsphere that is being held by a micropipette 
(left).
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Figure 4. Flow cell. A. An example of the sample holder that was used in experiments. The arrow points at the position of 
the micropipette tip. B. The flow cell assembly procedure. The flow cell, cut from Nascofilm (Karlan) and micropipette were 
sandwiched between a clean object and cover slide. Upon heating and applying pressure, the Nescofilm melts and forms a 
tight seal with the glass.
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Experimental procedure

In our set up the solutions with microsphere suspensions were connected to the outermost 
channels, whereas the experimental buffer was coupled to the middle channel of the flow cell 
(Figure 5). Because of the small internal dimensions of the flow cell (typically 5 mm wide; 100 
μm deep), no mixing can occur between the three input flows (except for some diffusion). First, 
a microsphere from flow channel 3 is caught in the optical trap by manual moving the piezo 
stage. This microsphere is transferred to the micropipette tip where it is held through suction. 
Subsequently, a second microsphere from flow channel 1 is caught in the laser focus. Experiments 
were started by bringing the two microspheres in close proximity and probing for connections 
(tethers) via DNA strands and/or proteins (Figure 5). When no connection was observed, the 
microsphere was (mechanically) removed from either micropipette or optical trap and a new 
microsphere was caught. Forces exerted on the laser trapped microsphere were measured using 
the QPD voltages. 
The optical tweezers setup as presented in this appendix was used to study the (un)folding of 
maltose binding protein (Chapter 4) and translocation of proOmpA(-P8) (Chapter 5). 




