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Abstract 

A critical factor for the initiation of pyelonephritis by Escherichia coli are the bacterial surface 
organelles known as P-pili. They are helix-like organelles that mediate binding to the host cells by 
means of their adhesin at the tip. The helical structure of P-pili can uncoil and thus reduce the 
effect of an external force, such as a fluid flow acting upon a bacterium. Uncoiling can make the 
pili to act as a damper. The flexibility of P-pili against the natural body defenses such as urine flow 
thereby helps bacteria to adhere in a hostile environment. Removal of the flexibility would thereby 
make it harder for a bacterium to stay attached. In this work, we investigate the influence of anti 
P-pili antibodies on the biomechanical properties by means of optical tweezers. We found in 
controlled force measurements that antibody molecules change the mechanical properties of P-
pili. For example, a comparison of P-pili without and in the presence of antibodies showed major 
differences in the uncoiling as well as the recoiling force plateau. Changes that were assessed were; 
shorter regions of constant uncoiling, several sections of non-linear increasing force peaks, shorter 
uncoiling length, and missfoldings during contractions. We believe that antibody molecules bind 
to pilin subunits clamping several together and thereby making the uncoiling plateau shorter. In 
addition, for consecutive extension experiments on the same pilus the force peaks occurred at 
similar extension positions indicating that antibodies remain attached to the pilus. Further 
experiments need to be performed in order to find out if an antibody itself undergoes a 
conformational change. Our results demonstrate that antibodies can change the flexibility of P-
pili. We anticipate our study to be a starting point for a fundamental understanding of the structural 
responses of P-pili in the presence of antibodies. Hopefully these investigations will bring new 
perspectives of bacterial adhesion process, and an initial step towards finding new alternative drugs 
to treat infections.  
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1. Introduction 

A new generation of powerful optical manipulation techniques has opened up new possibilities to 
study the properties of microscopic objects, particularly in the field of biology. One of these 
techniques are the single gradient trap more known as optical tweezers (OT), which were presented 
by Arthur Ashkin, Steven Chu and their coworkers at Bell Laboratories in the 1980s. Ashkin 
derived the theory for optical forces and radiation pressure for trapping of micron sized objects 
[1]. Since the innovation of OT, it has become a significant technique in both the fields of physics 
and chemistry [2].  

1.1 Application of optical tweezers 

Force measuring optical tweezers (FMOT) is a device that can trap objects as small as 5 nm and 
exert forces above 100 pN [2]. Thus OT is an excellent tool to assess the minute and delicate forces 
represented by few molecules [1]. The ability to exert and measure this range of forces has turned 
the optical tweezers to an ideal force transducer and micromanipulator in studying biological 
structures [3]. Usually, they are utilized to investigate cell membranes, viscoelastic properties of 
single biopolymers (such as DNA), gels of fibers in the cytoskeleton, aggregated protein fibers 
(such as actin), composite structures, and characterization of the forces exerted by molecular 
motors (such as myosin). In addition, the optical tweezers have provided great opportunity for 
intracellular surgery such as transforming the chromosomes of living cells, which has led to 
clinical applications such as in vitro fertilization [2]. The mechanical forces have significant roles 
all at levels of cell biology. The cytoskeleton constitutes dynamic networks that can mechanically 
impede the improvement of trafficking organelles at the sub-cellular level. At the cellular level, 
the adhesive properties are controlled by cells so they can increase cells pulling forces to crawl. 
Optical techniques, particularly optical tweezers, have provided new perspectives to investigate 
these biological forces [1]. One important application is the assessment of the mechanical (elastic) 
properties of parts of the cell body, such as pili, the bacterial surface organelles [4]. 

Typically, optical tweezers are constructed around an inverted microscope with a high 
numerical aperture objective in combination with a detector, e.g., a position sensitive detector 
(PSD) that allows measuring the deflection of the beam thereby allowing for force spectroscopy 
experiments. As already mentioned, OT applies the forces originating from a focused beam of 
laser light to trap the particles. A trapped object feels a restoring force when displaced from the 
equilibrium position, which is in proximity to the focal region [5]. The object’s displacement from 
the equilibrium position is proportional to the restoring force for displacements smaller than half 
of the particle’s radius. The absolute exerted force on a particle is known only after calibration, 
and depends on different properties such as, shape and composition of the trapped objects, intensity 
of laser beam, and shape of the focus [4], [5]. Among several methods that can be used for 
calibration, the most common is the power spectrum method that use the Brownian motion of a 
trapped bead [5]. 
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1.2 Specific goal of this thesis 

Escherichia coli are gram negative bacteria that express surface organelles more known as pili that 
mediate the bacteria-host contact. These pili are therefore seen as key factors for an infection 
process. Pili are spread over the surface in large numbers and for uropathogenic Escherichia coli 
(UPEC) different types of pili are expressed depending on the location of the bacteria. [6]. UPEC 
is the primary causative agent of 75-80% uncomplicated urinary tract infections and grave 
pyelonephritis. UPEC is well studied, both genetically and its adhesive properties and can therefore 
present a model for how Gram-negative bacteria can attach to host cells [7]. For example, P-pili 
and type 1 pili are protein filaments anchored to glycolipids on the epithelial surfaces, which is a 
requisite for bacterial infections [7], [8]. Generally, bacteria expressing P-pili are more correlated 
to upper urinary tract and kidney infections, whereas type 1 pili are commonly found in the lower 
urinary tract and bladder causing cystitis [8]. A bacterium adhered to the urinary tract will be 
subjected to different types of flows depending on the location. Pili, which is a 1-2 µm long 
polymer composed of ~ 103 protein subunits that mediate the adhesion process will therefore be 
exposed to tensile stress and it has been shown that they can stretch (uncoil) to a linear 
conformation that is believed to help the bacterium to withstand external forces e.g., from urine 
flow [7]. Thus, the biomechanical properties of pili are considered important factors for sustained 
bacterial adhesion. Although bacterial adhesion is usually mediated by multiple pili, the physical 
properties of an individual pilus should first be assessed in order to get a complete picture of the 
adhesion process [6]. It has been found that force measuring optical tweezers are a suitable method 
to assess the intrinsic properties of individual pili such as the force-extension response [7].  

The aim of this thesis was to investigate if antibodies could influence the biomechanical 
properties of P-pili expressed by UPEC. In order to accomplish that, the first part of the thesis was 
aimed at comparing P-pili encoded from two different plasmids to find the most suitable type of 
pili. The second part of the thesis was aimed at investigating the biomechanical behavior of P-pili 
in the presence of antibodies. The major part of the experiments was carried out with force 
measuring optical tweezers.   
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2. Optical tweezers 

An optical tweezers is a noninvasive measurement technique, generally utilizes to trap micron-
sized dielectric objects in three dimensions [9]. This chapter describes; the theory behind the forces 
in an optical trap from a geometrical optics approaches the basic concept behind optical tweezers 
instrumentation, the calibration process, and finally the measurement procedure. 

2.1 Theory of optical trapping 

The first optical trap by Ashkin, demonstrated optical levitation where the photons in a laser beam 
counteracted gravity [4]. In general, optical forces in an optical trap can be divided into two types, 
even though they originate from the same physics. These forces are referred to as the scattering 
and gradient force, of which the gradient force is proportional to the spatial propagation of the 
light, whereas the scattering is proportional to the light intensity. Therefore, trapping is stable 
whenever the scattering and gradient forces are in the balance [9]. 

In essence, each photon carries an energy of hν and a momentum of h/λ. The absorption of 
photon by a particle leads to a reaction force F on the object given by, 

 

where n is the refractive index of medium, P is a power of light beam, and c is the velocity of light. 
Often the efficiency of an optical configuration is described in terms of a dimensionless quantity 
Q whereby the light beam force in optical trap is, 

 

2.1.1 Tweezers force: Ray optics regime 

Ashkin derived a theory based upon ray optics to demonstrate and quantify optical forces on a 
dielectric particle. The ray optics regime provides precise estimation of Q for particles larger than 
the wavelength of the laser beam. In fact, when a ray hits the transparent sphere it follows Snell’s 
low of refraction and Fresnel’s equations for reflection and transmission. The refraction of light 
by transparent object leads to a change in linear momentum of light beam, and the corresponding 
forces acting on the object. The intensity profile of the beam cross-section generates a force that 
acts to move the object towards the center of the beam, whereas the focusing of the beam gives 
rise to a force that shifts the object vertically towards the focus. Thereby, a three-dimensional trap 

 � =
��
� , 

(1) 

 � = � ��
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can be created by a single laser beam [9]. The refraction of the light rays at the surface of a sphere, 
including the resulting forces, are illustrated in Fig. 1. In Fig. 1A, which presents the lateral 
trapping force, two rays are depicted, where R1 has higher intensity than R2, thus the sphere will 
experience a force to the left and be directed to the center of the beam. In Fig. 1B, a lens (a high 
Numerical Aperture objective) focuses the rays, and then the change of the momentum leads to a 
restoring force that displaces the sphere in an axial direction. 

 

 

Figure 1. Schematic representation of the trapping force in a Gaussian shaped laser beam. The pink pentagons 
in both panels show the incoming beam has a Gaussian distribution. Panel A represents the lateral movement 
of the bead, where the ray R1 is weaker than R2 which results to the lateral restoring force away from center of 
the beam (illustrated by the black backward arrow quoted as “Reaction force on particle”). Panel B indicates 
the axial displacement of the bead. The lens in this panel strongly focuses the incoming beam, thereby the axial 
momentum from R1 cancels the lateral contribution of R2, and results in the restoring force in an axial direction 
(illustrated by the black upward arrow quoted as “Reaction force on particle”). 

 

Ashkin proved that the scattering force, Fsc, and the gradient force, Fg, due to a single ray with 
power P, hitting a sphere with incident momentum per second of n1P/c , can be written as, 
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where θ and φ are the angles of incidence and refraction. The quantities T and R are the Fresnel’s 
transmission and reflection coefficients of the surface at the angle of θ, respectively. Since T and 
R are different for different polarization, the force for an unpolarized ray is the average of the 
forces for rays parallel or perpendicular to the incidence plane [11]. Consequently, the total force 
is obtained by summing all rays resulting from equations (3) and (4). 

2.1.2 Tweezers force: Rayleigh theory 

For objects smaller than the wavelength of the laser beam, the ray optics model is not suitable. In 
that case, the Rayleigh theory is more precise. The force can then be expressed in terms of an 
electromagnetic field near the trapped object. In short, an electromagnetic field induces a dipole 
property to the dielectric particle [9]. As before, the arising forces are divided into those originating 
from scattering, and those resulting from the intensity gradient of the light. For particles with 
higher refractive index than the surrounding, the gradient force is dominant, and the direction of 
the force is towards the focal point of a laser beam, whereas for particles with low refractive index 
multi-beam arrangements are needed to achieve stable trap [12]. 

The scattering force, for a particle of radius r, and a light intensity of I0, is given by, 

 

where N is the ratio of the refractive index of the object to that of the surrounding (n). Therefore, 
the scattering force pushes particles in the direction of propagation of the light. The gradient force, 
which arises from the gradient of the intensity, is given by, 
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From the above equation, one can clearly conclude that the force is directed towards the higher 
intensity area. However, in order to constitute a full three-dimensional trap, the gradient force 
needs to exceed the scattering force [9]. 

2.2 Instrumentation 

The optical tweezers system in this work is constructed around an inverted microscope (Olympus 
IX70) with a high numerical aperture oil-immersion objective. In order to eliminate the influence 
of external noises, it is installed on an air floating table which can considerably decrease noises 
like vibrations. Two pictures of the optical tweezers laboratory are provided in Fig. 2.  

 

Figure 2. The optical tweezers laboratory at the Umeå University. The optical tweezers, consisting of a 
microscope, optics, lasers, detector, etc is constructed on an air floating table in order to reduce external noises. 

The construction of an optical tweezers is relatively straightforward in its basic form, i.e., for 
trapping. However, essential parts that are needed to precisely control the position of the trap and 
its quality, are, the trap and probe lasers, beam shaping optics, and a microscope with a high 
numerical aperture objective. In addition, the spatial position of the trap and probe beam in the 
focus is controlled by a set of mirrors and lenses. A schematic illustration of the experimental setup 
is shown in Fig. 3. Both the trap and probe laser beams are constructed movable by specific lens-
mirror arrangements. The position and the degree of over-filling can be set by means of three 
lenses referred as a beam expander. In an older setup the gimbal mounted mirror (GMM) was used 
to keep the degree of over filling constant, whereby the movement of the trap could be obtained 
without loss of power [5]. However, in the existing setup the GMM has been skipped, and the 
degree of over-filling can be adjusted by the beam expander. 
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Figure 3. A schematic illustration of the force measuring optical tweezers setup. The green path represents the 
trap laser beam passes through a set of mirrors and lenses before enter the microscope objective. The axial 
translation of the trap beam in the sample is controlled by means of three lenses (L1, L2, and L3). The probe 
laser beam, presented in red line, is directed through the same pass as the trap beam, and passes the Dichroic 
Mirror (DM), which particularly coated to reflect t he wavelengths around 1064nm. Afterwards the probe laser 
beam passes the condenser and detected by the PSD. The detector signal is amplified with a preamplifier, and 
transferred via A/D card to the computer. 

Both the trapping and the probing beams are directed into the microscope. The trap beam is 
blocked after the condenser lens, whereas the probe laser beam is imaged onto a detector for an 
accurate detection of the bead position. The position detection system is performed by focusing 
the probe laser beam below the trapping focus. An interference pattern, originating from the probe 
laser, of the trapped bead is imaged via the condenser onto a Position Sensitive Detector (PSD) 
that generates analogous voltage signals that provide information about the position of the beam 
on the detector [5]. The signals are conveyed to a computer, where the corresponding force that 
acts on the trapped bead is calculated by means of a specific program. The software that is used 
for analyzing the data is a custom made LabView program. A (CCD) camera, which is placed onto 
the microscope eyepieces, provides the visual image of the sample on a monitor. 

2.3 Calibration 

As already mentioned, in many biological physics applications, optical tweezers is used as a force 
transducer and reliable results can be obtained only after accurate force calibration. The stiffness 
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of the trap is evaluated before each measurement using appropriate calibration techniques; for 
example by use of the Stokes drag force, the Boltzmann distribution or a power spectrum. 
However, one of the popular calibration methods is based upon the power spectrum of the 
Brownian motion of a bead trapped with the optical tweezers, which is also used in this work. 
Inasmuch as the calibration procedure takes only a few seconds, calibration can be repeated before 
each measurement [13]. 

As was alluded in section 2.2 the change of the trapped beads position can accurately be 
measured by monitoring the shift of the probe laser beam on the PSD. The force can thereby be 
found rather easily since the trapping potential is harmonic for spherical objects. This implies that 
if the trapping constant, k, is known, the force, F, can be derived from, F= -k x, where x is the 
displacement of the bead from the equilibrium position. To find the trapping constant k we use a 
calibration method, which combines the power spectrum measurement of thermal Brownian 
motion and the response to a sinusoidal motion of a translation stage. However both these methods 
require the drag coefficient of the trapped object to be known, the combination technique is 
independent of the drag coefficient as an input. Thus, neither the viscosity nor the size of the 
trapped object needs to be known [14]. 

 

2.4 Sample preparation and measurement procedures 

2.4.1 Sample Preparation 

Sample preparation is performed in a few steps that must be done in a consecutive order. The first 
task is to immobilize the large beads and functionalized them with Poly-L-lysine. Therefore a 
small drop (15.0 µl / slide) of diluted large beads (9.5 µm in diameter) with filtered Mili-Q water 
is placed onto each single microscope slide and left in a laboratory oven at 57 ̊ C for 60 minutes. 
This procedure can firmly bind, and evenly distribute the large beads over the surface of the 
microscope slide. The prepared microscope slide with immobilized large beads, mounted 
bacterium, and trapped small bead is shown in Fig. 4. The next procedure is to cover the 
immobilized beads with Poly-L-lysine, which creates a positive charge surface that facilitates the 
fixation of the bacteria to the large bead. Thus a small drop (30.0 µl / slide) of Poly-L-lysine is 
dropped onto the large beads, and incubated for 60 minutes at 37 ̊ C.  
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Figure 4. A snap shot of an experimental sample including immobilized beads (9.5 µm), mounted bacterium 
and trapped probe bead (2.5 µm). 

The second step is to prepare a solution with a suitable concentration of diluted small beads 
(2.5 µm in diameter), diluted bacteria (E. coli) in PBS, and antibodies. The desired volume of the 
prepared solution is injected into the chamber by means of a pipette before the chamber is sealed. 
Since the chamber is made very thin, the small volume of chemicals can fill it properly. Finally 
the prepared sample is placed into the sample holder on the stage, and the measurement procedure 
is started subsequently. Note that the control part, which provides a precise comparison of the force 
levels between the samples with and without antibody, must be done immediately after each 
measurement.    

2.4.2 Measurement procedures 

The first step in the force measurement procedure is to capture a bacterium by the optical tweezers 
at low power, and to firmly mount it onto the large bead. To control whether the bacterium has 
been stuck firmly to the mounted bead, the microscope slide together with the immobilized large 
beads, and the mounted bacterium is moved with respect to the trap to make an effort to remove 
bacteria. Those bacteria that remain immobilized can be used for the measurements. 

Secondly, a small bead is trapped and its height in the sample is set. In fact, the small bead 
provides a surface for the bacterial pili to stick onto, and also acts as a force transducer. When the 
presence of the pili in the bacteria was determined, the mounted bacterium is moved only a small 
distance far from the trapped bead to perform the calibration. It is then brought in proximity to the 
probe bead to form the bead-pili attachment. If any bonds have been formed, the force 
measurement curve will change when the bacterium is moved away from the trapped bead. If not, 
the bacterium is moved close to the bead again, and a new attempt is done. This procedure is 
repeated until a steady binding is formed. 



10 
 

3. A biomechanical model for elongation of polymers 

3.1 The worm like chain model for elongation of a chainlike polymer 

The worm-like chain (WLC) model is a suitable model for the elongation of a chainlike polymer. 
This model considers a polymer as a semi-flexible rod composed of homogeneous segments that 
can display entropic elasticity. Recent investigations on  single-molecules by means of optical 
tweezers have shown that the WLC model fits many different polymer types [16]. Pili structures 
can be suitably described by the WLC model when extended by an external force [17]. The WLC 
model is given by: 

 

where KB is the Boltzamann constant, F is the force, P is the persistence length, x is the end-to-end 
length, and Lc is the contour length of  a stretched pilus [18]. 

3.2 A model for the elongation of a helix-like polymer 

Bacterial pili are the hair-like structures that constitute an important factor in many bacterial 
infections, e.g., P-pili and type 1 pili assist uropathogenic Escherichia coli, which causes urinary 
tract infection, to attach to the host cell surface. Their stretchable properties provide the pili with 
an exceptional property to reduce the influence of drag forces from urine flow. 

Figure 5 represents a schematic model of a P pilus. An individual P fimbriae consists of a tip, 
which at its end expresses an adhesin PapG, and a rod, which contains ~ 1000 PapA subunits which 
bond together by head-to-tail interactions. Approximately each P pilus has a length of ~ 2 µm and 
a diameter of ~ 7 nm. The PapA subunits are coiled into a helical rod configuration, where the rod 
is held together by the layer-to-layer interactions. These interactions act three steps away, which 
means the n subunit binds to the n+3 subunit. 

 ��� = ��	� �1
4
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Figure 5. A schematic model of a P pilus. The P pilus is a helix-like rod expressed by the uropathogenic E. coli. 
The assembly of the P pilus needs the PapD chaperon.  The tip fibrilium of a pilus composed of PapG, PapF, 
PapE, and PapK. The PapG, which is located at the distal end of pilus considered as a main virulent factor. 
The PapF, and PapK role as adaptor proteins, and PapE is the multiple copies of fibrillar protein. As illustrated 
in the figure, the tip fibrilium is followed by ~ 1000 PapA subunits. Ultimately, the pilus is anchored to the outer 
membrane by means of PapH protein. During the pilus assembly, all the pilin subunits pass the membrane 
through the usher PapC. 

 

A typical force-extension curve of a single P pilus is shown in Fig. 6. As can be seen, it can 
be divided into three distinct regions. In the first region, the pilus shows a linear elastic behavior. 
The extension continues in the region I until any layer-to-layer interaction open. Once the 
stretching force approaches ~ 28 ± 2 pN, the layer-to-layer interaction starts to open in a sequential 
manner, whereby a transition from the first to the second region takes place. The force plateau in 
region II shows stretching of the pilus up to few micrometers at a constant force level, which is 
referred to as an uncoiling force of P pilus. 
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Figure 6. Typical force-extension curve of P pilus when is stretched out by optical tweezers. As illustrated in 
the figure the curve is divided into three phases, which shows the behavior of the pilus under an external force 
in each region. The constant force in region II represents the uncoiling force (~ 28 pN). 

When the helical structure is completely uncoiled the force-extension curve enters the third 
region where a soft “S” shape curve is formed. In fact in this region all the layer-to-layer 
interactions have been opened, whereby the response is governed by opening of the head-to-tail 
bonds [19]. Since the head-to-tail bonds are independent of each other the “S” shape of this region 
results from entropic effects. 
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4. Results 

4.1 Optimizing samples for P-pili force measurement studies 

In order to assess, with high precision, the forces and effects of soluble inhibitor molecules it is of 
importance that the samples in a single molecule experiments are prepared correctly. Thus, an 
important part of the experiments is to prepare the samples, i.e., find the optimal concentrations of 
the used components; beads, bacteria and antibodies. I therefore started to optimize each step in 
the sample preparation procedure carefully. 

4.1.1 Finding the optimal concentration of the mounting beads 

As previously mentioned, the microscope slides are covered with the 9.5 µm “large beads” for 
mounting of bacteria. To have the right proportion of such beads, too many will make it difficult 
to perform an experiment whereas too few makes it time consuming to find a bead and mount a 
bacterium, considerable tests were done to have reasonable numbers of beads on the microscope 
slide. Large beads were first diluted in a 1:100 concentration, 1 µl of beads from stock into 99 µl 
of Milli-Q water. Thereafter, I diluted that concentration further in the steps presented in Table 1. 

 

Table 1. The examined concentrations of the large bead dilution. 

Concentration Preparation formula 

1:2000  1 µl [1:100 solution] + 19 µl [Milli-Q] 

1:1500   1 µl [1:100 solution] + 14 µl [Milli-Q] 

1:1000 1 µl [1:100 solution] + 9 µl [Milli-Q] 

1:500 1 µl [1:100 solution] + 4 µl [Milli-Q] 

1:250    1 µl [1:100 solution] + 1.5 µl [Milli-Q] 

 

Solutions of different concentrations were thereafter dropped onto microscope slides (15 µl / 
slide), and placed in the oven for 60 minutes for firm adhesion. These procedures were done for 
each solution on 10 microscope slides. The density of beads and their distribution over each 
microscope slide were analyzed under the microscope whereby the practical consequences of the 
huge difference between concentrations were scrutinized. The higher concentrations represented 
high population of beads cluster on the slides, which made it hard to find suitable mounting 
surfaces. On the other hand, for the lower concentrations, a long time was spent to find large beads 
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to mount the bacteria on. It was found that solutions that have a concentration of the beads of 1:500 
µl was identified as the best solution for the investigation. 

4.1.2 Finding the optimal concentration of bacteria and probe beads 

Each sample is composed of a microscope slide with immobilized large beads (9.5 µm), small 
beads (2.5 µm), and bacteria. In order to find the optimal concentration of small beads, different 
concentrations were prepared and evaluated. These beads were diluted in PBS buffer to provide, 
to some extent, a similar environment for the bacteria that were investigated. The examined 
concentrations and their preparation ratios are presented below in Table 2. 

Table 2. Examined concentrations of the probe beads (2.5 µm) solutions. 

Concentration Preparation formula 

1:1000 1 µl [1:100 solution] + 9 µl [Milli-Q] 

1:500 1 µl [1:100 solution] + 4 µl [Milli-Q] 

1:250    1 µl [1:100 solution] + 1.5 µl [Milli-Q] 

1:200 1 µl [1:100 solution] + 1 µl [Milli-Q] 

1:100          1 µl [pure bead solution] + 99 µl [Milli-Q] 

 

An optimal sample is, according to the following considerations, one that provide; enough 
bacteria to mount, enough space for the pili to be extended, enough small beads to use for 
experiments. In addition, the samples should have a moderate number of probe beads that stay 
buoyant for at least 20 minutes. Among the examined solutions it was found that a 1:200 µl dilution 
provided the optimal concentrations, i.e., enough beads to perform a few measurements per 
sample. 

The next step was to optimize the concentration of bacteria in the sample. A few colonies of 
bacteria were extracted from the agar plate by means of an inoculation loop and diluted into ~ 1000 
µl of PBS buffer. A second dilution was done by extracting a specific volume, as presented in table 
2, from the first dilution into a new volume of PBS buffer. It was found that 1:15 µl was the best. 
The final sample, which is called the bacterial sample, as mentioned in the first paragraph, is 
constructed by combining those three factors.                                                                                 

The additional part that can be explained briefly is the preparation of the chambers. The 
chambers were constructed by means of double stick tapes, parafilm, grease, and cover slips (18	×
	18 mm). Usually tape was preferred to parafilm since it sticks faster and easier. Two thin bands 
of double stick tape stuck around the large beads spot on the microscope slide, thereafter the cover 
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slip put over the prepared chamber and slightly pushed. The same procedure was done with the 
parafilm as well, but it had to be heated to be stuck to the slides. 

The last part was dedicated to the injection of the specific volume of the prepared solutions 
into the already prepared chamber. Few possible ways of applying liquids were examined in this 
work. In the first method desirable volumes of probe beads (2.5 µm) and bacterial solution were 
combined into an Eppendorf tube, e.g., 50 µl (1:200 µl) of small bead solution plus 50 µl (1:15 µl) 
of diluted bacteria and injected into the chamber. The second technique consisted of injection of 
the liquids separately, e.g., first 2 µl of bacterial solution was injected, then 2 µl of diluted probe 
bead solution. The other quite different method was to add the liquids on top of each other. This 
technique is applied in circular chambers which have been made by making a thin circle line of 
grease around the large beads spot. Thereafter the liquids were applied from the top and finally 
sealed by the cover slip. This method took a few minutes more than the others to conduct, in 
addition included many tiny annoying bacteria. Consequently, according to the several 
examinations on different types of chambers the second method, which was using the double stick 
tape, provided a more suitable environment for doing the measurement than the others. 

4.2 Verifying the optical tweezers system with P-pili force-extension studies 

A comparison of assessed force-extension data clearly confirmed the changes made to the 
experimental setup as well as the calibration method, e.g., elimination of the gimbal mounted 
mirror and the tilt procedure used to assess the calibration constant. As was alluded in section 2.2 
in the old setup, the GMM was placed at a specific position to keep the degree of overfilling 
constant.  In the new configuration, the size and position of the beam as well as the degree of 
overfilling is instead controllable by three lenses. 

Another significant change that had to be done due to the removal of the GMM mirror was 
the calibration method. In the old setup, the calibration consisted of two different steps which were 
based on the existence of the GMM. The first part was the calibration of the lateral movement of 
the trap by means of the GMM. The target was to find the relation between the tilting of the GMM 
and the lateral translation of a trapped bead. High resolution images were captured, digitally 
treated, and used as a calibration image for later purposes. The second part was to relate the 
movement of the bead in the trap to the trap stiffness. However, that method was more time 
consuming than the new, in which the position of the bead is sampled and the power spectrum is 
calculated and fitted to a physical model that takes the Brownian motion into account as well as 
the properties of the medium and bead. 

4.2.1 Force-extension curves of P-pili expressed by HB101/pPap5 strain of E. coli 

The first set of measurements was aimed at investigating of the force-extension responses of P 
pilus expressed by the HB101/pPap5 strain of E. coli. The force-extension response of this type of 
pili had been measured and characterized well previously. Therefore, in order to check that the 
new calibration procedure gave the same force plateau, several measurements where the probe 
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bead had been calibrated with the new method, was performed. Figure 7 shows a typical force-
extension response of a single P pilus that clearly indicates the three distinct elongation regions 
that take place during the uncoiling procedures. 

In region I the force first increases linearly and represents the stretching of the pilus quaternary 
structure. The pilus is “stretched” and elongated up to its helix-like contour length. As the force 
increases and reaches the threshold level for bond opening, a transition to region II where opening 
of the layer-to-layer bonds takes place. The plateau in this region is a result of sequential opening 
of layers. According to our results, for slow enough elongation speeds this extension happens at a 
constant force of ~ 28 ± 2 pN. The plateau region can be very long, in some cases up to ~ 5 µm, 
which implies that the pili can elongate several times its original length. Finally, region III shows 
an increase of the force that originates from the polymeric property of pili. When the layer-to-layer 
bonds have been completely opened, a second transition to the third region takes place where the 
head-to-tail bonds are breaking and the pilus is fully uncoiled. Since the head-to-tail bonds are 
stronger than the layer-to-layer bonds a higher force is needed to affect them. In contrast to region 
II, the head-to-tail bonds open and close in random order. This randomness gives an entropic force 
which gives rise to the soft “S” shaped response.  

 

Figure 7. Typical force-extension curve of P-pili expressed by HB101/pPap5 strain. 

The force-extension curve in Fig. 7 indicates strong interactions between the P pilus subunits that 
help the pilus to undergo long elongations (several micrometers) and resist high forces (up to 100 
pN in some cases), as have been shown before [18]. 

The P pilus can be recoiled back to its relaxation length by moving the stage backward. Figure 
8 shows, in the two panels A and B, a force-extension and the subsequent contraction response of 
a single P pilus. In panel A, the unfolding curve is shown in black and by the black forward arrow, 
while the recoiling procedure is shown in grey and by the grey backward arrow. Panel B indicates 
the same type of measurement for a subsequent elongation cycle of the same pilus. The last curve 
in panel C shows the spontaneous detachment of the pilus under an exposure to a higher force (~ 
100 pN). 
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Figure 8. The force-extension curves obtained after stretching P type pili. Panel A and B shows the uncoiling, 
and recoiling of the P pilus expressed by pPap5 plasmid. The forced uncoiling of the pilus is fully reversible. 
Moreover, the panel C represents the spontaneous rupture of the pilus from the small bead. 

The force-contraction curves demonstrate an almost identical force level for the contraction 
procedure. In addition, under steady-state conditions the extension and contraction process take 
place under almost identical (constant) force plateaus (~ 28 ± 2 pN). 

The dips seen in the contraction curves indicate misfoldings which means that layers that make 
up the quaternary structure cannot be formed. The first dip in Fig. 8B occurs during the transition 
from region III to II and originates from the lack of a “nucleation kernel” to construct the first layer 
of helical structure [20]. This is therefore longer than the other missfoldings. 
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A comparison of all measured curves assessed with the new optical tweezers setup and with 
the new calibration procedure with previously assessed data with those measured by the old setup 
showed that the force level of uncoiling of P-pili stayed the same.  

4.3 Force-extension curves of P-pili expressed by HB101/pHMG93 strain of E. coli 

An electron microscopy analysis of two dissimilar strains of E. coli showed a higher production 
of P-pili by pHMG93 rather than pPap5 at room temperature [21]. Since it was difficult to assess 
the force-extension data with the pPap5 plasmid it was proposed to look at the biomechanical 
properties of P-pili expressed by HB101/pHMG93 strain of E. coli instead and see if they behaved 
similarly. 

A typical force-extension response of a P pilus (pHMG93) for an elongation speed of 0.1 µm/s 
is illustrated in Fig. 9. Panel A shows the behavior of a single pilus, whereas panel B represents 
the response of a multitude of pili. As already mentioned, region II indicates the zipper-like 
uncoiling of P pilus under a constant force. The constant force plateau in region II is ~ 28 ± 2 pN 
which agrees well with the expected force level for uncoiling the helix-like structure of P pilus 
(pPap5) under steady-state condition. Also the regions I and III agree well with what has been 
predicted by theory of uncoiling a helix-like pili under steady-state conditions. 

 

Figure 9. Representation of the force-extension curves of P fimbriae. Panel A represents the typical response 
of single pilus expressed by pHMG93 plasmid of E. coli when exposed to an external pressure, whereas panel 
B represents the response of multitude of pili. 
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Occasionally, bacteria attaches to the host cell by more than one receptor-adhesion interaction. 
Expressing a large number of pili by each E. coli bacterium increases the probability of multiple 
pili attachment [18]. Figure 9B shows the force-extension curve while several pili have been 
attached to the probe bead. Once all pili except one had detached, the force dropped considerably 
(~ 20 pN), and the remained pilus continued to uncoil. In order to study the contraction procedure 
of the pilus the stage was moved backward. Figure 10 shows the uncoiling and recoiling process 
of a single P pilus expressed by the HB101/pHMG93 strain. 

 

Figure 10. The uncoiling and recoiling procedures of a P pilus expressed by pHMG93. As mentioned in the Fig. 
8 panel A and B, the uncoiling procedure of the P pilus expressed by various strain of E. coli is reversible. 

The slight difference between the uncoiling and recoiling force plateaus in region II comes 
from the non-equilibrium condition. The results show that the force-extension/relaxation curves 
for P-pili that are expressed by HB101/pHMG93 are very similar to those of pPap5. Since it was 
difficult to make the bead-bacteria interaction with pili expressed by bacteria with the pPap5 gene 
in comparison to bacteria with the pHMG93 gene, we decided to use pHMG93 for the antibody 
experiments.  

4.4 Influence of the antibody on the P-pili of E. coli 

Moradi et al. indicated in their earliest work that certain antibodies can affect the P fimbriae [22]. 
They demonstrated the ability of polyclonal antisera against P-pili to inhibit the adherence of 
uropathogenic Escherichia Coli (UPEC) to the host cells. They found that blocking of the adhesin 
tip is more probable as the concentration of antibody increases. The second part of this work was 
aimed at investigation of the impact of this type antibodies on the biomechanical properties of P-
pili expressed from the HB101/pHMG93 strain of E. coli.  

4.4.1 Optimizing the bacteria-antibody samples 

As was alluded in section 4.3 regarding to the number of pili expressed by two different strains of 
E. coli at different temperatures, the experiments were performed with the HB101/pHMG93 strain. 
The measurement procedure was similar to the samples without antibodies. Initially, the optimal 
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bacteria-antibody concentration was investigated. First, a solution including beads, bacteria, and 
antibody was prepared. In order to prepare 11 µl of the final sample solution, 1 µl of bacteria, 1 µl 
of antibody, and 9 µl of PBS were combined. Since only a small volume of bacteria was added 
into the mixture that might be affected by antibodies, a higher concentration of bacteria was 
recommended. In the first step, bacteria were diluted in 500 µl of the PBS buffer, and in the further 
step diluted to 1:15 concentration. 

Also, to keep the ratio of the bacteria and antibody slightly constant in a solution only a small 
volume of probe beads must be applied. Therefore, a solution with a higher concentration of small 
beads (1:100) was used to increase the probability of finding a suitable bead. Thereafter, 3.5 µl of 
the bacteria-antibody solution and 1.5 µl of the probe beads solution were injected into the already 
prepared chamber with the volume of ~ 5 µl.  

4.4.2 Optimal concentration of antibody solution 

To assess the impact of antibody on P-pili, we employed polyclonal antiserum against the P 
fimbriae of isolated E. coli that had already been prepared in rabbit blood. First of all, the impact 
of different concentrations of antibody was investigated. The first groups of samples were prepared 
with a high concentration of antibody solution (1:220 titer). However, the binding probability 
decreased, to some extent, when a high concentrated antibody solution was used. Therefore, to 
examine the influence of a less concentrated anti-p fimbriae antiserum solution, the already 
prepared antibody dilution (1:220 titer) was diluted 10 times. As expected, it was easier to bind 
pili to beads, but the large number of bacterial cells that were not cross-linked by antibody 
molecules made the force measurement process hard this time. It was found that the best 
concentration for antibody experiments were with a 1:220 titer of antibody solution. 

4.4.3 Impact of anti-p pili antibody on the force-extension responses of P-pili 

Previous experiments showed that anti-p fimbriae antiserum can inhibit the binding of E. coli to 
epithelial cells, and reduce the infection rate substantially [22]. However, these works did not give 
any information whether the antibodies affect the biomechanical properties of the rod or whether 
it influenced the carbohydrate-binding subunit, PapG, which is located at the N-terminal domain 
of tip, mediates the adhesion of bacteria to the host cell [23]. With that in mind we investigated 
the force-extension/contraction response at a single P pilus level with the optical tweezers. 

What the force-extension curves indicate (Fig. 11, A and B) lead us to the assumption that 
antibodies affect the PapA subunits. Figure 11A shows a multiple pili force-extension curve in the 
absence of antibodies, in this case, presumably two pili are elongated under exposure of external 
force. In contrast, Fig. 11B represents the force-extension curve of P pilus in the presence of 
antibodies. It is seen in the data that there is no phase transitions or uncoiling force plateau.  
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Figure 11. Force-extension curves obtained from stretching P-pili expressed by HB101/pHMG93 strain of E. 
coli. Panel A shows a curve from a control measurement, i.e., without any antibodies. Panel B represents the 
elongation of a P pilus in the presence of antibodies. The force-extension curve is clearly showing a distorted 
response. 

The first curve represents a typical force-extension response of multiple pili under steady-
state condition. The force increases up to ~ 100 pN at which the first pilus ruptured, whereas the 
second one continues to be extended under a constant force exposure (~ 28 ± 2 pN). The second 
curve shows a very strange response of one or several P-pili in the presence of antibodies. Once 
the pilus/pili is/are elongated the force increases (up to 80 pN). This can be explained by a 
resistance of the helical rod to bond opening. The force-extension curve at 0.5 µm indicates a 
decrease of force of around 40 pN. After this, a pilus is still attached and continues to uncoil until 
it detached. 

4.4.4 Force-extension curves under the different elongation speeds 

To investigate the behavior of P-pili in the presence of antibodies and under different elongation 
speeds several measurements were done from dissimilar samples. The experiments were made for 
three different velocities, 0.03, 0.05, and 0.1 µm/s. Figure 12 shows the uncoiling responses of the 
helical rod under the mentioned elongation speeds. The black curve represents the uncoiling curve 
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at the speed of 0.1 µm/s of the pili, whereas the curves b and c indicate the extension procedure of 
the pili that are extended with the 0.03 and 0.05 µm/s velocities respectively. 

 

Figure 12. The force-extension responses of the helical rod in the presence of antibody while uncoiled with three 
different elongation speeds. Each curve represents different speeds: a, 0.1 µm/s; b, 0.03 µm/s; and c, 0.05 µm/s. 
The curves represent almost similar procedure however they indicate the force measurement responses of P-
pili from different samples. 

Figure 12 shows that pili can be uncoiled relatively similar under the different elongation 
speeds. The force drop (~ 40 pN) in the curves above indicates the occurrence of an unknown 
phenomenon during the extension process of P-pili in the presence of antibodies. One possibility 
is that the peak in force can be attributed to a rupture of the antibody-pili subunit. It should then 
correspond to the force that is needed to break the interactions between pilus subunits which are 
tightly held together by antibody molecules.  

4.4.5 Assessment the recoiling procedure of P-pili 

We also assessed the contraction procedure of P-pili in the presence of antibodies. Comparative to 
the recoiling procedure of a single P pilus in a pure bacterial sample, huge difference was observed. 
Figure 13 shows by the panels A and B, the uncoiling and recoiling curves of P-pili, respectively. 
The quite different extension/contraction responses are from those of a typical P pilus. In contrast 
to the previously presented recoiling curves for the P pilus without antibody, the contraction 
procedure of the pili in the presence of antibodies indicates a totally different response. 
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Figure 13. Force-extension/contraction curves represent the uncoiling and recoiling process of the P pilus 
extracted from bacteria-antibody sample. Both panels indicate almost identical curves obtained from P-pili 
expressed by pHMG93/HB101 strain. 

4.4.6 Rupture forces  

Under the presence of antibodies, the force-extension curves are deviating from normal curves. It 
was clearly seen that additional forces peaks are created during the uncoiling plateau. To find the 
mean distribution of all force drops taking place during the uncoiling procedure we made a 
statistical analysis of the measured force spectroscopy responses. Figure 14 shows a histogram of 
these rupture forces under equilibrium condition. A Gaussian curve has been fitted to the histogram 
giving the most probable force to Fi = 20 ± 5 pN. The histogram represents data from 27 data sets. 
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Figure 14. A histogram of the rupture forces distribution between the pili subunits in the presence of antibody 
molecules, which the mean value amounts to 20 ± 5 pN. 

4.4.7 Comparison the unfolding length of P-pili with/without antibody 

A preliminary comparison of the uncoiling length of P-pili without and in the presence of 
antibodies indicates a huge difference. Figure 15, panel A and B, shows the force measurements, 
with and without antibodies, of the P-pili expressed by bacteria from the same colony. The 
experiments were done under equilibrium condition.  Panel A shows the elongation of P-pili in the 
presence of antibodies. The pilus is elongated about 1.8 µm before it detaches at ~ 70 pN. The 
control experiment, with the same bacterial dilution without antibodies is presented in Fig. 15, 
panel B. The pilus is extended up to ~ 9.5 µm which is considerably longer than for the pilus in 
the presence of antibodies. The difference in the uncoiling length can be attributed to the impact 
of antibodies on the structure of P pilus. 
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Figure 15. Comparison of the uncoiling length of a pilus at a steady-state condition. Panel A shows the extension 
of the pili in the presence of antibody under an external pressure. The pili extended ~ 1.8 µm, then detached 
where the force drops to the zero. Panel B shows the extension of the pili extracted from the same bacterial 
solution. The pili elongated ~ 9.5 µm, and ruptured. (The curves represent the raw data) 

Uncoiling length differences in the presence of antibodies suggest a structural impact of P-
pili. The pili might have similar lengths but they cannot be fully uncoiled. In order to provide a 
simple comparison, investigations aimed at some statistical assessments, and data analysis was 
performed by means of the T-test. In Fig. 16, the panels A and B represent histograms of extension 
length distributions based on 10 data sets. Panel A represents the length distribution of P-pili in 
the presence of antibodies, whereas panel B shows the uncoiling length of pure pili. Since different 
numbers of data points were available the histograms have different heights. Despite this, a simple 
comparison of the histograms shows a clear difference between their mean values, which can be 
attributed to the fact that the pili uncoil differently with/without antibody. The assessment results 
show a very small P value for the T-test (~ 8.3	×	10-11), which indicates a statistical difference of 
the uncoiling lengths. Precise conclusions require considerable numbers of experimental data to 
perform reliable comparison, which will be provided in the future.- 
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Figure 16. The uncoiling length distribution histograms. Panel A shows the distribution of pili uncoiling length 
in the presence of antibody. The mean value amounts as 1.4 ± 0.4 µm. Panel B refers to the pure pili while 
uncoiled, where the mean value shows the amount of 8.4 ± 0.4 µm. Following histograms do not overlap which 
can be attributed to the different uncoiling length of P-pili with/without antibodies. 
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5. Summary and discussion 

5.1 Comparison of P-pili encoded from the pPap5 and pHMG93 plasmids 

Bacterial infections require that bacteria first bind to the host epithelium cells. This interaction is 
for Gram-negative bacteria most often mediated by adhesion organelles, pili, that are expressed on 
the surface of bacteria. The pili are dynamic structures with possibilities to uncoil that thus can 
function as a molecular springs under the exposure stress [18]. Uropathogenic Escherichia coli 
express different kinds of pili, type 1, P-pili, etc that are considered as key virulence factors. In 
this work, we have investigated P-pili and characterized two differently encoded P-pili by probing 
their force measurement responses. 

5.1.1 Physiological comparison of plasmids 

As already mentioned, P-pili can be encoded from two different plasmids and expressed by E. coli. 
Problems of too few pili expressed by the HB101/pPap5 bacteria lead to an investigation if 
HB101/pHMG93 would be more suitable to use in the study. According to the previous work by 
Göransson et al. adhesion of bacteria are dependent on environmental conditions, such as 
temperature. Two different plasmids of the HB101space strain of E. coli, pPap5 and pHMG93 
were investigated at 37 ̊ C and 26 ̊ C. An electron microscopy analysis of the two plasmids 
demonstrated the influence of temperature on the pili expression. The HB101/pPap5 strain of E. 
coli expressed fewer pili at 26 ̊ C than 37  ̊C, whereas HB101/pHMG93 expressed almost equal 
numbers of pili per cell at the two different temperatures [21]. 

Since the other major part of this work was dedicated to study the influence of antibodies on 
P pilus structure, the strain with higher number of pili at room temperature (~ 25  ̊C) was selected. 
Our results fitted well with those found by Göransson et al., therefore HB101/pHMG93 was used 
as a model system to facilitate measurements with antibodies. 

5.1.2 Biomechanical properties of P-pili expressed by different plasmids 

The biomechanical characteristics of the two mentioned types of E. coli plasmids (HB101/pPAP5 
and HB101/pHMG93) were investigated and presented in the result section. The studies were 
concerned with the force-extension/contraction response of P-pili expressed by the two dissimilar 
plasmids of the HB101 strain of E. coli. Both kinds of P pili gave similar responses during the 
uncoiling experiments with a force plateau around 28 ± 2 pN as expected. Both helical rods are 
highly stretchable and it was found, as previously shown, that they can be extended ~five times 
their relaxation length. 

Furthermore, both strains showed similar responses during the contraction process as well. 
During steady-state conditions the recoiling force plateau in region II was identical to the constant 
uncoiling force region. However, misfoldings were occasionally found, as expected, during the 
contraction procedure. A dip, originating from the lack of nucleation kernel, was always seen when 
going from region III to region II. The pili need to have a certain amount of slack to initiate the 
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coiling process. Therefore, while the contraction procedure continues the probability to initiate the 
coiling increases. As was illustrated in the Figs. 8B and 10, the transition from the third to the 
second phase takes place when two phases of uncoiled and recoiled PapA subunits coexist at a 
constant force of ~ 28 pN [24]. 

The investigation of the uncoiling/recoiling forces in two different strains of bacteria indicates 
the significance of the elasticity property of the helical rod. This property provides a mechanism 
for extending the lifetime of the bacteria-host interaction. Once the bacterium is exposed to a shear 
force, tensile stress will induce pilus uncoiling that help increase the lifetime of the binding to the 
host cell [18]. Consequently transitional changes of a P pilus aid the bacterium to withstand the 
natural defenses of body such as urine flow. 

Furthermore, uncoiling and recoiling behaviors of the P-pili expressed by two dissimilar 
strains of E. coli were probed in this work. The similarity between the uncoiling forces can be 
attributed to the fact that apart from the strains the pili have been expressed, the uropathogenic 
Escherichia coli will survive in the upper urinary tracts. Also, according to Chen et al. [19] studies 
of type 1 pili, which cause cystitis, have stronger uncoiling forces that can help the pathogen to 
undergo even higher flushing forces in the lower urinary tract. Therefore the expression of a 
specific type of pili is highly dependent on the mechanical effects originating from the different 
hostile environments. 

5.2 Impacts of antibodies on the P fimbriae 

Antibodies are glycoproteins that are generated by B lymphocytes (B cells) in response to the 
invading molecules and organisms. They are also referred to as immunoglobulin (Ig) and are found 
abundantly in many types of components in the blood. The antibodies “warn” the immune system 
to defend against pathogenic viruses and bacteria and they also activate the complements and the 
white blood cells to digest unknown microorganisms. Antibodies have two main roles, they can 
bind to the antigenic determinant part of the antigens by means of the antigen-binding sites on the 
arms (Fab) of the antibody molecules and their tail region (Fc) can activate natural killer cells, 
complements, and phagocytosis by swift transmitting data [25]. 

5.2.1 Antibodies specificity 

Several studies have shown that the adherence of E. coli to urinary tract epithelial cells is mediated 
by pili. P-pili, which have been the type of pili investigated in this study, are associated with 
pyelonephritis, which causes upper urinary tract infections, i.e., kidney infections. To determine if 
antibodies have any impact on P-pili, force spectroscopy measurements were performed. To a 
great extent, investigation of the antigen-antibody interactions can provide new approaches of how 
to reduce the flexibility of the pili, or block the adhesion. The force spectroscopy measurements 
in this work have revealed a “clamping” effect of anti-p fimbriae antibodies on P-pili. 

In this work, polyclonal anti-p pili antibodies were used. Polyclonal antibodies (PAbs) are 
produced while the lymphocyte cells are activated whereas monoclonal antibodies (MAbs) are 
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produced from single B cells [25]. PAbs are capable of recognizing any antigen epitope and they 
are mainly made up of IgG subclasses of immunoglobulin. Therefore, they are not efficient for 
probing the specific domains of antigens. MAbs are difficult to produce and expensive whereas 
PAbs can be produced quickly at low prices. 

5.2.2 Optimal antibody concentration 

Earlier studies by Moradi et al. showed that antibodies against P fimbriae can affect the adhesion 
process [22]. They concluded that polyclonal anti-p fimbriae antibodies, produced in rabbit blood, 
can block the adherence of UPEC to the epithelial cells. In addition, they found that a higher 
concentration of antibodies increased the blocking of adhesion [22]. Therefore to assess the impact 
of antibody on the P-pili, we used the same antiserum in our experiments. Furthermore, two 
different concentrations of antibody dilution, 1:220 titer, and 1:2.2 titer were examined. Since high 
concentrated antibody dilution (1:2.2 titer) made it hard to find bindings of beads and pili a low 
concentrated dilution (1:220 titer) was used. 

5.2.3 Antibodies against the P-pili 

Urinary tract infections (UTIs) are one of the most common infection diseases worldwide. 
Uropathogenic E. coli expressing P fimbriae have been known as the primary agent that cause 
pyelonephritis. Basically, P-pili can bind to the globoseries of glycollipids in epithelial cells that 
cover the urinary tract [22]. The PapG adhesin located at the distal end of the P pilus is known as 
a major factor in a bacterial adhesion. In fact, E. coli expresses P-pili of class G-II which mediates 
the binding to the globotriaosylceramide (GbO4) receptor in the kidney. Therefore a lack of the 
adhesin tip (PapG) can disable the P fimbriae to bind to the host cells [26]. As discussed above, 
blocking of the adhesin tip is therefore one possible mechanism that anti-p pili antibodies can use 
to disable the bacterial adhesion. However, reducing the flexibility of the helical rod might also be 
an effective way of flushing the bacteria out by the urine flow. 

As was alluded above, PapG, the carbohydrate-binding subunit, which is located at the N-
terminal domain of flexible tip, mediates the adhesion of bacteria to the host cell and initiate the 
first step of infection [23]. According to earlier investigations, employing the anti-p pili antiserum 
can inhibit the binding to the epithelial cells, and reduce the infection rate considerably. According 
to our data, we hypothesize that blocking of the adhesin is not the only effect of antibodies on the 
P fimbriae. Antibodies can also clamp the PapA subunits and hold them together during the 
uncoiling process, thereby avoid further breaking of the interactions between pilus subunits. Figure 
17 shows a schematic of how a single antibody might bind to the helical rod and clamp subunits 
that during a force-extension experiment cannot uncoil. In Figure 11, the panel A and B show that 
there are clear dissimilarities between the force-extension curves of P pilus with/without antibody. 
A comparison of the demonstrated curves provided the first evidence of the influence of antibodies 
on the force-extension response of P pili. 
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Figure 17. The single antibody molecule has bound to the helical rod thereby can avoid further uncoiling of a 
pilus under an external pressure. 

5.2.4 Antibody-pilus interaction 

Antibodies are protein molecule, with two or more antigen binding sites, that is produced in 
response to the microorganisms and unknown molecules. These binding sites are called differently 
depending on the type of antigen that binds. Generally, antigenic determinants are placed on the 
surface of the antigens that mediate the binding to the antibody [27]. 

As previously discussed, we used two different sized beads in our experiments. The bacterium 
was mounted on a large immobilized bead and the pili that mediate adhesion was attached to a 
smaller probe bead. The force measurements were done by moving the stage forward and 
backward in order to uncoil and recoil the pilus. Also the control measurements were done 
immediately after each measurement to check the validity of the gained results. 

The force measurement responses of a P pilus presented in the Fig. 11, A and B, shows the 
effect of antibody-pilus subunits interactions. The force drops due to antibody attachment during 
the uncoiling procedure was 30 ± 10 pN. This can be interpreted as the force required to break the 
pili subunits interaction when tightly held by antibody molecules i.e., the rupture force. However, 
this force depends on factors such as sample temperature, pH, or the buffer condition (salt 
concentration). It can also be affected by some statistical parameters such as the exact orientations 
of antibody molecules [28]. 

Consequently, we suppose that the antibody molecules can bind to the PapA subunits, hold 
them together, and avoid their further opening or closure during the extension/contraction process. 
When a force peak rupture it is possible that the attached antibody/antibodies undergo a 
conformational change. An antibody molecule possibly binds to the pilus subunits by means of its 
two arms. Therefore, when a pilus is uncoiling the antibody molecule is exposed to a force that 
can either rupture the interaction between the pilus and one of the arms or the antiobody itself can 
undergo a conformational change, as illustrated in Fig. 18, panel A and B. In Panel A the antibody 
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molecule is attached to the pilus by one arm, whereas panel B shows how an antibody molecule 
undergoes a conformational change and elongates.   

 

Figure 18. Representation of the orientation of antibody molecule once the pilus is exposed to an external force. 
Panel A shows detachment of the antibody molecule in one arm during the pilus uncoiling. The gray backward 
arrow represents the direction of an external pressure. Panel B illustrates that the antibody molecule can 
undergo a conformational change of its arms. 

As already mentioned the peaks during the uncoiling procedure (Fig. 13, panel A and B) take 
place when the subunits open. Investigating the consecutive force-extension/contraction curves 
revealed that the force drops occur at almost identical places. These observations lead us to the 
idea that antibody molecules are attached with both arms during the uncoiling of a pilus since if 
only one arm was attached the other arm would reconnect to the pilus at a different location. The 
ability of antibodies to undergo conformation changes by opening or closing its arms led us to 
focus into the structure of the antibody. We found that a small part of the antibody’s structure that 
is called the “Hinge region” provides the flexibility of the arms. 

5.2.5 The role of the hinge region on the antibody-pilus interaction 

A typical antibody is composed of two arms containing antigen binding sites and a tail part. Figure 
19 shows a schematic illustration of an antibody structure. These distinct parts are connected to 
each other by means of a region referred to as the hinge region, which has rich supplies of 
aminoacids such as proline, threonine, and serine. This region assists the antibody to move 
laterally, and rotate freely around the antigen binding site. In other words, the flexibility of the 
hinge region can significantly increase the efficiency of the antigen-antibody binding and cross-
linking of the antigens by antibodies. Also, the flexible hinge region allows for a larger distance 
between the antigen and antibody. 
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Figure 19. A representation of the structure of the antibody molecule. A typical antibody molecule is composed 
of two identical arms (Fab) that contains antigen-binding sites, and a tail region (Fc). Also, a hinge region 
mediates the connection between the arms and tail region.  

Another question that can be addressed in this context relates to the ability of antibodies to 
reduce the flexibility of pili. Are the antibodies capable of clamping the pili subunits firmly 
together thereby postponing the opening of interactions at the steady-state force? The force 
measurements showed resistance of a pilus for further uncoiling in the presence of antibodies. 
However a precise answer to this question requires a fundamental understanding of the structure 
of P-pilus, antibody and their interactions.  

5.2.6 Antibodies shorten the uncoiling length of pili  

Supposedly antibody molecules clip several pili subunits together, and prevent that the layer-to-
layer interactions between them open under an external force. The force-extension curves showed 
a significant difference between the uncoiling lengths of P-pilus with/without antibody. In the 
presence of antibodies the uncoiling length of pili gets shorter relative to the typical uncoiling 
length of P pilus. 

A statistical analysis of the uncoiling lengths based on preliminary results was presented in 
section 4.4.7. The elongation length distribution histograms showed a mean value of 1.4 ± 0.4 µm 
for the uncoiling length of P-pili in the presence of antibody whereas the mean value for the typical 
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P pilus amounted to 8.4 ± 0.4 µm. A simple comparison of the mean values reveals the effect of 
antibody molecules on uncoiling length of a P pilus. 

  Typical P-pili can be elongated ~ five times of their unstretched length. In the presence of 
antibodies this amount is significantly reduced.  

Furthermore, antibodies can shorten the transition time scale. A large uncoiling length can 
imply that pili can withstand lower forces for a longer time. When the uncoiling length gets shorter 
the transition to the next phase takes place earlier. In the other words, the pili will be exposed to a 
higher force in a short period of time which could be beneficial in removing the pili by an external 
force.  In conclusion, antibody molecules can interact with the helical rod subunits and keep them 
coiled for a while, thereby shortening the uncoiling length and transition time scale considerably. 
However reliable answer requires more experimental assessments. 

5.2.7 Statistical estimation of the antibody-pili rupture forces 

The rupture force between the antibody and the pili can also be assessed via thermodynamic 
principles. Dammer et al. [28] showed in his earlier studies a method to determine the antibody-
antigen unbinding force. He proposed a thermodynamical approach, i.e., F=∆H/d where the 
unbinding force is the ratio of the free enthalpy ∆H and the effective range of the potential d. If 
one of the parameters is known, for example the potential d, then it is possible via force 
measurements to assess the free enthalpy. However, Dammer et al. used a completely different set 
of material and the force measurements were done by AFM. They found that for a particular set of 
antibodies-antigen the unbinding force was 60 ± 10 pN [28]. 

Therefore, the above mentioned equation can assist us to make a good comparison between 
the rupture forces obtained experimentally and theoretically if the values of the enthalpy and 
potential is known. However, in order to form a thermodynamic estimation the required parameters 
must be provided. Inasmuch as our work does not fulfill the prerequisites of the corresponding 
components, a theoretical estimation of the rupture forces must remain as a target for future 
investigations. 

However, statistical analyses of our experimentally obtained rupture forces led us to estimate 
the most probable rupture forces of an antibody-pili complex. The histogram presented in section 
4.4.6 indicated a mean value of 20 ± 5 pN. The force difference ~ 40 pN between Dammer’s and 
our results can be attributed to the several factors such as different types of antibodies as well as 
experimental approach. In short, they immobilized the antibodies over a wafer surface, and tried 
to bind them to the biotin fibers mounted on the AFM tip. In addition, they exerted a tensile force 
to the biotins so the rupture of the antibody-biotin interactions was in the same direction as the 
force. However, in our approach the antibody molecules was bound to the pili subunits 
perpendicular to the shaft and the tensile force was exerted directly to the helical rod to force it to 
uncoil.  
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5.2.8 Uncoiling length independent of elongation speed 

Force-extension measurements of P-pili in the presence of antibodies under different elongation 
speeds were presented in section 4.3.3. The curves presented the force-extension responses when 
the pili elongated with three various speeds, 0.03, 0.05, and 0.1 µm/s. However, although the 
elongation speeds were altered the force-extension curves indicated almost similar responses. The 
uncoiling lengths were found to be almost identical for elongation with 0.1 and 0.03 µm/s. In 
addition, the force drops that are referred as the rupture forces showed almost the same value. In 
conclusion, the elongation speed does neither affect the uncoiling length of a P pilus nor the rupture 
force. One consequence of this is the insignificant difference between the different extension 
velocities. For P-pili it is known that the dynamic region starts ~ 0.5 µm/s so the extension was 
always in a steady-state regime. However, since the antibody-pili complex is mediated via the 
interactions that follow the thermodynamic laws, one could start to see that the rupture force has a 
certain velocity dependence effect. 
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6. Conclusion 

Pathogenic Escherichia coli cause several types of diseases. A few of them are pyelonephritis, 
cystitis, meningitis, and diarrhea that cause severe pain and kill a large amount of people each 
year. Treatment is currently done by antibiotics. However due to an increased bacterial resistance 
nowadays they are not always effective. In order to develop better therapeutics an improved 
understanding of the infection processes is needed. Previous work proposed that preventing the 
adhesion process by molecules that change the biomechanical properties could be one possibility 
to prevent infections. With that in mind, the work in this thesis was aimed to investigate, for the 
first time, whether polyclonal antibodies could affect the biomechanical properties of P-pili. 

However, before experiments could be carried out on the pili-antibody complex an 
investigation of the optical tweezers had to be done since the setup had been upgraded, both with 
optical components as well as a new calibration procedure. Therefore, I compared force-extension 
measurements of HB101/pPap5 expressed P-pili with previous results obtain by the group. The 
results indicated that the change in a setup and the calibration procedure gave the same uncoiling 
force as obtain previously. 

Since it was difficult to bind pili with probe beads while measuring on the HB101/pPap5 strain 
an investigation was done using P-pili expressed by the producing HB101/pHMG93 strain since 
this produces more pili. The only significant difference between these two strains is that they have 
different production rates of pili for different temperatures. According to the previous studies done 
by Göransson, and our own observations during experimental measurements HB101/pHMG93 can 
express a larger numbers of pili at room temperature than HB101/pPap5. Choosing the 
HB101/pHMG93 strain helped us to perform the experiments with antibodies much faster since 
the experiments were carried out at room temperature (25  ̊C). We also verified that these two types 
of pili show identical force measurement responses. It was found that a force of ~ 28 ± 2 pN was 
required to break the layer-to-layer interactions in both types of P-pili. 

Probing the impact of the anti-p pili antibodies on the structure of P-pili was the second major 
part of our investigations. The polyclonal anti-p fimbriae antibody, which was specifically 
extracted from rabbit blood, was used at specific concentrations in the experiments. We found that 
antibodies affect the force-extension response and together with a previous finding from another 
group, that antibodies block the adhesin tip. Antibodies have thus two beneficial properties that 
make them an antibacterial compound. One, the old study showed that antibodies block the 
adhesin-host cell interaction. Two, our study shows that antibodies can change the flexibility of 
the helix-like shaft. 

Our force spectroscopy experiments showed the impact of antibody molecules on the helical 
rod structure. Our hypothesis is that antibody molecules bind to the pili subunits and hold them 
tightly together. Thereby the uncoiling length of the pilus gets shorter, which means that the pilus 
might lose, to some extent, its flexibility. Therefore the pilus cannot act as an effective distribution 
of force anymore. Furthermore, shorter uncoiling length leads to the shorter effective uncoiling 
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time as well. In the other words, the pili will only work as an effective damper for very short time 
scales. 
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7. Additional work 

A setup of force-extension experiments were also done on other type of pili expressed by 
Enterotoxigenic Escherichia coli (ETEC). ETEC is regarded as a main factor for the cause of 
diarrhea among children in developing countries. In addition, it is a common cause of tourist 
diarrhea. In a similar fashion to the investigated strains of the UPEC, this pathogen adheres to and 
colonizes the intestinal epithelium cells by means of its colonizing factors (CFs). Various strains 
of CFs, such as CFA/I, II, and IV express different types of fimbriae [29,30]. 

Andersson et al. previously have previously shown force spectroscopy studies on a single 
CFA/I pilus expressed by ETEC. The uncoiling force was found to 7.5 ± 1.5 pN at steady-state 
condition. From the force measurements it was shown that weak external forces are required to 
break the interactions between pili subunits. 

We did force spectroscopy measurements on the CS20 pili expressed ETEC. The experimental 
procedures were the same as those for the P-pili force measurement processes. However, achieving 
binding between the pili and probe bead was difficult in comparison to the measurements on P-
pili. Only a few force-extension curves could therefore be obtained. Figure 20 shows a force-
extension response of a CS20 pili at a steady-state condition. The average uncoiling force of all 
curves was ~ 18 ± 2 pN, that is ~10 pN higher than for CFA/I but ~10 pN lower than for P pili.  

 

Figure 20. Representation of the force-extension curves of P and CS20 pilus at a steady-state condition. The 
black curve (a) indicates the force-elongation response of Cs20 under an external pressure, whereas the red 
curve (b) shows the typical force-elongation behavior of P pilus. Both curves are almost similar in region I and 
II, but the dissimilarity is observed in a region III.  

The force-extension curves are in a good agreement with the force-extension curves for P, 
type-1, S, F1C pili, which all belong to the helix-like pili family [31-34]. What is common for this 
family is thus the linear increasing force in region I, the constant uncoiling force and a pseude 
elastic increasing force in region III. In order to better assess the properties of CS20 pili more 
experiments needs to be carried out. 
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8. Future work 

The force spectroscopy experiments performed in this work showed that antibodies have an impact 
on the biomechanical properties of P-pili. Our results demonstrate that antibodies can change the 
flexibility of P-pili by removing the possibility to uncoil under a constant force. Since this study 
has been performed under a limited time, results and conclusions are based on preliminary data. 
Therefore the plan is to continue and collect more data in order to get a better picture of how 
antibodies interact with pili. 

Furthermore, we are currently performing physical simulations to simulate the behavior of P 
pilus under tensile stress. The simulations show that a bacterium exposed to fluid flow attached 
with a pilus to a surface experiences an advantage in comparison with those that express a stiff 
organelle. A future fluid simulation would be with the presence of antibodies interacting with pili. 
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