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Abstract 

he discovery of antibiotics in 1928 seemed like a win in the battle against 

infectious diseases. But, the ability of bacterial pathogens to adapt to these 

life-saving medicines was underestimated. The bacterial evolution, indeed, 

led to the emergence of antibiotic resistance as soon as the clinical consumption of 

antibiotics started. Today, certain bacteria including some strains of the gram-

negative Escherichia coli are resistant to all major antibiotics. To overcome this 

problem, identifying new therapeutic targets in bacteria is essential, which 

necessitates scrutinizing the bacterial infection mechanism. An initial step in the 

bacterial infection mechanism is identification of and adherence to host tissue. 

Thus, blocking bacterial adhesion is considered as a potential target in the battle 

against infectious diseases. Gram-negative bacteria generally establish their 

adhesion by variety of proteinaceous structures known as fimbriae. The strains of 

Escherichia coli associated with gastrointestinal and urinary tract infections, for 

instance, colonize their host via a variety of adhesion fimbriae. These adhesion 

organelles are comprised of subunits assembled into a helix-like structure with 

remarkable biomechanical properties. For example, fimbriae can be significantly 

extended under force and are therefore very flexible. Fimbrial flexibility is 

considered to be beneficial for attachment and adhesion of bacteria in fluidic 

regions.  

The aims of this thesis are: to provide insight into the structural and 

biomechanical differences of fimbriae expressed by enterotoxigenic and 

uropathogenic Escherichia coli, and to investigate how fimbrial mechanics are 

affected in the presence of anti-fimbrial antibodies. To achieve these aims we put 

together data acquired using different technical approaches. We used force 

measuring optical tweezers to characterize the force-extension responses of 

fimbriae in the absence and presence of antibodies. High-resolution imaging was 

employed to explore the structural features of fimbriae as well as monitoring the 

antibody-fimbriae interactions. Our results demonstrate that each type of fimbria 

explored shows unique force spectroscopy responses. For example, the fimbriae 

expressed by uropathogenic Escherichia coli require a higher unwinding force in 

comparison to enterotoxigenic Escherichia coli fimbriae. These observations 

suggest that bacteria adapt to the environment wherein they establish colonization 

by expressing fimbriae with different biophysical features. Such evolutionary 

adaptation can thereby help in the bacterial adhesion process. Furthermore, we 

found that antibodies significantly alter the biophysical features of fimbriae, 

implying that antibodies significantly interfere with the mechanics of fimbriae. We 

suggest further elucidation of how antibodies disrupt fimbrial mechanics, 

providing insights for the development of antibody-based therapeutics.   
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Sammanfattning 

pptäckten av antibiotika 1928 sågs länge som en seger i kampen mot 

bakteriella infektionssjukdomar. Det visade sig dock efter ett tag att 

förmågan hos bakterier att anpassa sig och motstå dessa läkemedel hade 

avsevärt underskattats. Idag är vissa bakterier, inklusive vissa stammar av den 

gramnegativa bakterien Escherichia coli, resistenta mot flera typer av antibiotika. 

För att utveckla nya läkemedel och lösa detta alarmerande problem måste vi 

identifiera nya terapeutiska mål hos bakterier som nyutvecklade läkemedel kan 

angripa. Detta kräver god kunskap om den bakteriella infektionsmekanismen; en 

kunskap som mänskligheten ännu inte fullt förfogar över.  

Det är dock klart att ett första steg i den bakteriella infektionsmekanismen 

innefattar en vidhäftning till värdvävnad. Således borde vidhäftningsmekanismen 

kunna anses vara ett potentiellt mål för ett framtida läkemedel som ska motverka 

infektion. Gramnegativa bakterier etablerar i allmänhet sin vidhäftning genom 

olika långsmala proteinstrukturer som på fackspråk ofta kallas för fimbrier. De 

stammar av Escherichia coli som är förknippade med gastrointestinala- och 

urinvägs-infektioner koloniserar värdcellerna via en mängd olika fimbrier. Dessa 

vidhäftningsorganeller är sammansatta av subenheter sammanfogade till en 

långsträckt spiral som uppvisar flera fascinerande biomekaniska egenskaper. Under 

påverkan av en yttre kraft kan de bl a förlängas avsevärt; ofta flera gånger sin egen 

längd. Dessutom kan en samling av fimbrier som gemensamt påverkas av en kraft 

förlängas på ett sådant sätt att kraften fördelas mellan dem så att ingen blir belastad 

väsentligt mer än de andra. De uppvisar därtill mycket god flexibilitet. Dessa 

egenskaper anses spela en avgörande roll för hur väl bakterier lyckas vidhäfta till 

ytor under påverkan av flöden.  

Syftet med denna avhandling är att förmedla insikt om strukturella och 

biomekaniska egenskaper hos fimbrier uttryckta av såväl enterotoxiska som 

uropatogena Escherichia coli, med speciellt fokus på deras skillnader, och att 

undersöka hur biomekaniken hos fimbrier påverkas i närvaro av antikroppar. För 

att förstå detta har vi använt flera olika tekniker. Vi har, t ex, använt kraftmätande 

optisk pincett för att karakterisera kraftresponsen från fimbrier, i både frånvaro och 

närvaro av antikroppar, emedan högupplöst avbildning har använts för att 

undersöka strukturella drag hos fimbrier samt för att avbilda antikroppars 

växelverkan med fimbrier. Våra resultat visar att varje typ av undersökt fimbrium 

har unika kraftspektroskopiska egenskaper. Till exempel har vi upptäckt att 

fimbrier uttryckta av uropatogena Escherichia coli kan motstå en väsentligt högre 

kraft innan de börjar förlängas i jämförelse med fimbrier uttryckta av enterotoxiska 

Escherichia coli. Dessa observationer tyder på en evolutionär anpassning, i detta 
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fall genom att bakterierna uttrycker fimbrier som är väl anpassade till den miljö där 

de etablerar kolonisering. Dessutom fann vi att antikroppar avsevärt kan ändra de 

biofysiska egenskaperna hos fimbrier. Detta indikerar att det finns möjligheter att 

genom yttre påverkan kunna förändra bakteriers vidhäftningsförmåga. Vi föreslår 

därför att man i framtiden bör klarlägga hur antikroppar påverkar fimbriers 

biomekanik eftersom en sådan kunskap kan ge uppslag till utveckling av 

antikroppsbaserade läkemedel mot infektionssjukdomar.  
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1 Introduction 

very year millions of people die from infectious diseases worldwide. Not 

only due to the emergence of the new pathogenic agents, but also due to the 

development of bacterial resistance to antibiotics 
1
. Certain bacteria, 

including many strains of Escherichia coli (E. coli) are now resistant to many 

antibiotics making them difficult to treat 
2
. An increasing prevalence of 

antimicrobial resistance to antibiotics is a public health nightmare that needs to be 

addressed urgently, mainly because antibiotic resistant genes can easily cross 

borders and spread globally 
3
. Thus, to overcome this major public concern, a 

thorough comprehension of the infection mechanism is required. Although recent 

studies have shown that the virulence of a microbe is a very complex process, it is 

clear that the bacterial adhesion is a prerequisite for an infection. Hence, the 

bacterial adhesion mechanism is one possible target that should be addressed for 

developing new antibacterial therapeutics. 

Over the years, several studies have shown that the pathogenesis of infection 

generally occurs in two phases, initial physical interaction and a subsequent 

cellular phase 
4–6

. Bacterial adhesion often refers to physical interaction followed 

by colonization and biofilm formation 
4,7

. Adhesion is usually initiated by a variety 

of adhesive organelles expressed on the surface of bacteria. For example, many 

strains of E. coli express a variety of adhesion organelles, known as fimbriae, that 

mediate bacterial adherence to host tissue, see Figure 1. Uropathogenic 

Escherichia coli (UPEC) that is associated with urinary tract infections (UTIs) 

express a variety of fimbriae that assist bacterial attachment and colonization in the 

urinary tract 
8,9

. Similarly, enterotoxigenic Escherichia coli (ETEC) often initiate 

its colonization by fimbrial organelles 
10

. ETEC is the leading bacterial cause of 

diarrheal diseases among young children in developing countries as well as the 

main cause of travelers’ diarrhea 
11–14

. Pathogenic ETEC initiate infection by 

adherence to the intestinal epithelial cells mediated by fimbrial colonization factors 

(CFs) 
10,15,16

. This means that UPEC- and ETEC-expressed fimbriae can be a 

potential target in the battle against fimbriated pathogens, which therefore 

necessitates better understanding of their structural and mechanical properties.  

Fimbriae expressed by E. coli are filamentous structures with a diameter of ~ 8 

nm and a length of ~ 1-2 µm 
17–21

. These organelles are assembled on the surface 

of bacteria by a micro-machinery. Fimbriae usually consist of a major shaft 

composed of identical copies of a major subunit (pilin) that are coiled into a helix-

like fiber. At the end of the shaft an adhesin protein is attached 
22

. The adhesin 

mediates the physical contact to the host tissue via a receptor-ligand bond. 
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However, the adhesion capability of fimbriated bacteria is not only limited to the 

adhesin, also the biomechanical properties of the shaft play a key role 
23–25

. The 

fimbrial shaft, due to its helix-like architecture, can unwind several times its 

natural length when exposed to a tensile force. It is thereby speculated that 

flexibility of fimbriae can help the bacterium to withstand fluid flow for a longer 

time by redistributing the force among several fimbriae and thereby reducing the 

load on the adhesin 
23–27

.  

 

 

Figure 1. Micrographs assessed by transmission electron microscope (left; protein is 

dark) and scanning electron microscope (right; protein is light) of P-fimbriated E. coli 

cell. The scale bars represent 1 µm. 

Thus, successful adhesion and colonization of fimbriated E. coli pathogens 

without their flexible adhesion tools is unlikely. To investigate whether it is 

possible to impair fimbriae flexibility, I challenged UPEC- and ETEC-expressed 

fimbriae with antibodies that mainly target the fimbrial shaft. The biomechanical 

behavior of the fimbriae in the presence of antibodies was carefully investigated. 

These findings shed light on how antibodies interfere with fimbrial mechanics, 

which is a fundamental property in the immune system. Also, it can be a starting 

point when designing new antibacterial strategies to battle against infections such 

as UTIs and diarrheal diseases. 
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1.1 Outline of the thesis 

The interdisciplinary work in this thesis has been aimed to explore the mechanics 

of fimbriae, a key step in bacterial adhesion. In addition, I have investigated the 

impact of antibodies on the biomechanical properties of these adhesion organelles. 

In particular, I investigated the biomechanical and structural properties of P, CS20, 

CS2 and CFA/I fimbriae expressed by UPEC and ETEC bacteria in the absence 

and the presence of antibodies.  

To investigate the biomechanical properties of fimbriae I performed in vitro 

force spectroscopy experiments using optical tweezers. However, several imaging 

techniques were also used to study the morphology of fimbriae as well as 

monitoring the initial antibody-fimbriae interactions. 

The thesis has been organized into six main chapters. Following this 

introductory chapter, the second chapter describes the mechanism by which 

fimbriae are assembled. In the third chapter, the theory behind optical tweezers and 

details of the experimental approach are explained. In the fourth chapter, the 

structure of fimbriae, a theoretical model for fimbriae unwinding, and the force 

spectroscopy procedure are explained. In addition, that chapter presents force 

spectroscopy responses of P, CS20, and CS2 fimbriae. In the fifth chapter, the 

morphology of CS2 and CS20 fimbriae is compared. Finally, in chapter six the 

impacts of antibodies on fimbriae are presented.  
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2 Fimbriae 

he presence of non-flagellar appendages on the surface of bacteria was first 

detected using electron microscopes in 1950 
28

. A few years later, in 1955, 

the structures were named ‘Fimbriae’ and their key role in mediating 

adherence of E. coli to eukaryotic cells was demonstrated 
29

. However, in 1959 
30

 

various names for these structures were introduced and nowadays ‘Pili’ is also 

commonly used. 

2.1 Fimbriae biogenesis 

Various strains of E. coli express a multitude of serologically distinct fimbriae that 

are assembled either via the classical chaperone-usher (CU) or the alternate-

chaperone (AC) pathways 
31

. The CU pathway is the most common assembly class 

in which most types of fimbriae are produced. For example, the CS20 fimbriae 

expressed by ETEC and other Class 1b fimbriae (P and Type 1) are assembled via 

the CU pathway 
32,33

. On the other hand, a majority of Class 5 fimbriae, such as 

CFA/I that are expressed by ETEC, are assembled via the AC pathway 
32

. 

The assembly systems of P and Type 1 fimbriae have been extensively studied 

over the years providing a suitable model for biogenesis of fimbriae 
34–38

. Here I 

describe the biogenesis model of P-fimbriae that represents the prototypic 

organelle assembly by the CU pathway. An illustration of the P-fimbria and its 

biogenesis model is shown in Figure 2. The P-fimbria, associated with 

pyelonephritis is a polymer consisting of a major helical fiber (PapA shaft) and a 

tip fibrillum at its distal end 
39,40

. The helical rod is composed of a multitude (~10
3
) 

of identical major subunits (PapA) that are coiled into a right-handed helix forming 

a hollow cylinder with an outer diameter of ~ 8 nm 
41,42

. The tip fibrillum consists 

of: the carbohydrate binding adhesin (PapG) that is located at the distal end, a few 

copies of repeating subunits (PapE), and the adaptor subunits (PapF and PapK). 

The PapF links the adhesin receptor to the tip fibrillum, whereas the PapK links the 

tip fibrillum to the PapA shaft 
40

.  

To assemble subunits into a fimbrial architecture the periplasmic chaperone 

and the outer membrane protein (usher) play a critical role. Indeed, it has been 

shown that in the absence of the chaperone, subunits are unstable and can be 

degraded by periplasmic proteases 
43,44

. The subunits are synthesized in the 

cytoplasm and transported into the periplasm through the Sec machinery 
45

. The 

periplasmic chaperone (PapD) is responsible for facilitating the release of the 

T 



 

6 

 

subunits from the membrane, and for complementing a fold in the fimbrial subunit 
43,46

. Fimbrial subunits have an immunoglobulin (Ig)-like fold that lacks the final β-

strand at its C-terminal, which creates a hydrophobic groove. When the chaperone 

interacts with the fimbrial subunit it recognizes the groove and binds to the subunit 

domain by inserting its final β-strand (G1) into the subunit’s hydrophobic cleft 

through a mechanism referred to as donor-strand complementation 
47,48

. This 

mechanism stabilizes the subunit by completing the classical Ig-like fold, thereby 

preventing their aggregation 
45

. The chaperone thereafter transports the subunits to 

the usher (PapC), where they are assembled into a fimbria. The most distal 

subunits are secreted first, as shown in Figure 2. The subunits are linked via head-

to-tail (ht) interactions into a linear fiber that eventually assembles into a helical 

rod on the outer surface of the cell. To anchor a fimbria to the outer membrane a 

PapH subunit is finally attached to the end of the polymer.  

 

 

Figure 2. An illustration of the micro-machinery for assembling P-fimbriae via the 

chaperone-usher pathway. The chaperone (PapD) facilitates extraction of subunits from 

the inner cytoplasmic membrane, complements their fold, and transports them to the 

usher (PapC). The subunits undergo a donor-strand exchange prior to being translocated 

from the outer membrane. After being secreted through the usher, subunits assembled 

into a helical fimbria. 
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3 Optical tweezers 

ptical tweezers are powerful optical manipulation instruments that have 

opened up new possibilities to investigate features of microscopic objects, 

particularly in the biological fields. Optical tweezers can trap and move 

micro-meter sized objects using the force generated by a strongly focused laser 

beam. In this section I specifically describe the basic mechanisms behind the forces 

in an optical trap, details of the setup, the force measurement procedure, and the 

calibration method. 

3.1 Theory behind optical trapping 

The fundamental physical principle behind optical trapping originates from the fact 

that light has momentum and thereby can exert a force on matter. The concept of 

radiation pressure of light was first reported by Johannes Kepler in 1619 
49

. He 

suggested that the deflection of the comet’s tail occurs due to the radiation pressure 

from the light produced by the sun. In 1862 James Clerk Maxwell showed 

theoretically that light is an electromagnetic wave that transports energy and has 

momentum, and therefore can exert a force on objects 
50

. Thus, the reflection, 

refraction, and absorption of light by particles leads to a change in momentum, 

which in turn, gives rise to a force. 

In the early 1970s Arthur Ashkin and his co-workers at Bell laboratories 

showed how the radiation pressure from a highly focused laser beam could 

displace and levitate micro-meter sized particles in both water and air 
51

. A few 

years later they demonstrated that a tightly focused single laser beam is capable of 

stably trapping a dielectric microsphere in three dimensions. This is the basis for 

the optical technique that is now referred to as ‘single beam optical tweezers’. 

To theoretically describe the force in an optical trap the relative size of the 

trapped particle and the wavelength of the light are of importance. Commonly, two 

approximations are used: the Rayleigh and the ray optics regime. For particles 

much smaller than the wavelength of the light the Rayleigh regime is satisfied. In 

this regime the force can be considered in terms of an electromagnetic field near 

the trapped particle and the object is treated as a dielectric particle in that field. The 

radiation pressure that acts on a dipole is divided into a scattering and a gradient 

component. The scattering force is pointing in the direction of the propagation of 

the light and it is proportional to the intensity of the light, whereas the gradient 

force is pointing in the direction towards the focus of the light and it is proportional 
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to the gradient of the intensity. However, both the scattering and gradient forces 

are strongly influenced by the size and refractive index of the particle and the 

surrounding medium. In practice, for a dipole with a refractive index higher than 

the surrounding, the gradient force pulls the particle towards the highest intensity 

of the beam, while the scattering force pushes the particle into the equilibrium 

position slightly off the maximum intensity region. Stable trapping can thus be 

achieved only when the gradient force overcomes the scattering force 
52

. This can 

be achieved by using a high numerical aperture (NA) objective lens that reduces 

the diameter of the focal spot and thereby increases the gradient. 

For particles larger than the wavelength of the light ray optics can be used to 

describe optical forces, and trapping can be understood using the conservation of 

linear momentum. When a beam of light hits an object it can be partially reflected, 

refracted or transmitted. Considering an ideal situation where light is only 

refracted, refraction leads to a change in linear momentum of the light, implying 

that a change in linear momentum leads to reaction forces acting on the object. 

When a non-uniform laser beam, e.g., with a Gaussian intensity distribution, 

impinges on a semi-transparent sphere, as is shown in Figure 3A, a restoring force 

resulting from refraction of the rays will direct the sphere toward the center of the 

beam. Thus, the sphere will be pushed towards the center of the beam when 

horizontally displaced from the equilibrium position. If the Gaussian intensity 

distributed laser beam is also strongly focused using an objective lens, the 

peripheral rays will produce a force that supports axial trapping as illustrated in 

Figure 3B. Stable axial trapping is achieved as long as the axial trapping force is 

stronger than the scattering force, since the reflected rays will generate a force that 

pushes the sphere along the direction of the light propagation. Therefore, for stable 

axial trapping, the force produced by the peripheral rays must be higher than the 

force from reflection of the light, which can be achieved using a high NA objective 

lens 
52,53

.  

In general it is difficult to exactly predict using theory, the magnitude of the 

trapping force. Therefore, in order to perform force spectroscopy experiments and 

quantitate applied and measured forces, empirical calibration procedures are 

commonly used. Fortunately, these are rather straightforward to apply, since for 

small displacements of a spherical object from the equilibrium position of the laser 

beam, in both the lateral and axial direction, a trapped object behaves as residing in 

a harmonic potential. Suggestions for how to calibrate an optical trap are presented 

in 3.3. 
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Figure 3. A schematic representation of a sphere exposed to a laser beam with a Gaussian 

intensity distribution. Low and high intensity are illustrated using light-red and red, 

respectively. In panel A the rays, R1 and R2, with high and low intensities impinges on 

the sphere and are refracted. This results in a change of momentum illustrated by the 

solid black arrows. Since R1 is more intense than R2 the bead will experience a restoring 

force, white arrow, toward the highest intensity region. In panel B the beam is focused 

with a high NA lens producing a restoring force toward the focus of the beam in the axial 

direction.  

3.2 Experimental setup 

High-resolution force measuring optical tweezers instruments are sensitive to 

environmental noise, i.e., the conditions of the room in which the instruments are 

placed 
54

. Environmental factors such as: temperature drift, mechanical and 

acoustic vibrations, and background electronic noise can significantly reduce the 

resolution of the system. Therefore, to enhance the resolution we have installed our 

optical tweezers system in an insulated and temperature controlled room that is 

equipped with a separate ventilation system and a sound-insulated ceiling. A 

picture of the optical tweezers room is shown in Figure 4. Computers and 

controllers that have fans are placed in a small room separated from the setup. To 

reduce vibrations the setup is installed on an air-floating table that significantly 

decreases noise 
55

. The stability of the setup has been analyzed using the protocol 

provided in reference 
56

 to minimize noise when measuring forces. 

The force measuring optical tweezers system in this work is constructed 

around an inverted microscope with a high NA oil-immersion objective. The high 

NA microscope objective creates a gradient of the light intensity that is a 

prerequisite for a stable trap. In practice, the light from the trapping laser is 

directed into the microscope objective without affecting the imaging capability of 

the microscope, which is achieved by using a dichroic mirror that aligns the 

trapping laser beam with the microscope optical path. To form a stable trap a laser 
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with excellent pointing stability and low power fluctuation is required 
51,54

. A 

suitable trapping laser depends on several independent factors including: the 

maximum output power, pointing stability, thermal drift, wavelength, mode quality 

etc. In addition, the heating of the biological sample by absorption of the laser light 

is another critical factor that should be addressed. Therefore, a suitable laser with 

proper wavelength is important for trapping of living cells or small organisms. 

Taking all the above mentioned factors into consideration we have chosen a 

continuous wave Nd:YVO4 laser that operates at Gaussian TEM00 mode. This laser 

operates in the near infrared region with a wavelength of 1064 nm and is typically 

run at a power of ~ 1.0 W during the force measurements, with ~ 200 mW of light 

in the sample chamber. 

 

 

Figure 4. A photo of the optical tweezers setup. The system is located on an air floating 

table inside a noise insulated room to minimize: air fluctuations, temperature drifts, and 

acoustic noise. To minimize variation of the refraction index in the air and to reduce 

possible hazardous reflections of the laser beam, both the trap and the probe lasers 

including the optics that direct the beams to the microscope, are covered as shown at the 

right and left sides of the microscope, respectively. A joystick is used to manually move 

the microscope stage and a CCD camera is mounted onto the microscope to provide real-

time images of the sample. 
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Accurate position detection of a trapped bead can be performed in several 

ways, e.g., using high-speed video cameras or a laser-based position detection 

technique 
51

. We use a laser-based position detection method where the object is 

illuminated with a low power laser. The laser, a HeNe, is fiber-coupled, operates 

with a wavelength of 632.8 nm and has an output power in the sample of a few 

µW. The beam is directed into the microscope using a dichroic mirror, thus the 

probe and trap beams spatially overlap. The light from the probe laser, refracted by 

the trapped object, is then collected by a condenser and imaged on a position 

sensitive detector (PSD). The PSD generates analogous voltage signals that 

provide information about the position of the beam on the detector. A laser line 

filter is positioned in front of the detector to only allow the light from the probe 

laser to reach the PSD. The signals are then transferred to a computer, converted to 

displacement and the trapping constant is calculated using a customized LabView 

program. A schematic illustration of our optical tweezers system is shown in 

Figure 5 and the components used are listed in table 1.  

 

 

Figure 5. An illustration of the force measuring optical tweezers setup. The green path 

represents the laser beam used for trapping, which is passing through a set of lenses 

before entering the microscope objective. Lenses L1, L2, and L3 are used as a beam 

expander to overfill the objective and to control the beam divergence. Both the trap laser 

and the probe (red) laser beams enter the objective through a dichroic mirror. The probe 

laser light is collected by the condenser and filtered before reaching the PSD. The 

detector signal is amplified with preamplifiers, and transferred via an analog/digital 

converter (A/D) card to the computer.  
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Table.1 Detailed information on the components used in the setup.  

 

Component Manufacturer Model 

Microscope Olympus IX-71 

Trap laser,Nd:YVO4 

 

Spectra Physics Millennia IR 

Probe laser, HeNe Manteca 1137, Uniphase 

Objective Olympus UplanFI 100X/IR,  

NA= 1.35 

Microscope stage ITK MC2000 

Piezo stage Physik Instrument P517.2CL 

PSD Sitek Electro Optics L20-SU9 

CCD camera ALLIED Vision Technologies Stingray F125C 

Preamplifier Stanford Research System DX-20h / DX-2h SR640 

A/D-card National Instrument PCI 6259M 
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3.3 Calibration 

For quantitative force measurements, the optical tweezers system must be 

calibrated. In other words, collected data must be converted to actual physical 

parameters, i.e., the displacement and the force exerted on the trapped 

microsphere. These two parameters are linked by a conversion factor, β, which can 

be estimated after a calibration procedure. Since a spherical object trapped in an 

optical tweezers behaves as residing in a harmonic potential, a restoring force 

similar to that of a spring will act for small displacements. Thus, by knowing the 

spring constant, k, measuring the displacement from the equilibrium directly 

provides the applied force.  

Calibration of the optical trap can be performed using different approaches. 

Common approaches are; the Stokes’ drag force or the passive and active power 

spectrum method. In Stokes’ method, the drag force that is exerted on a trapped 

bead in a fluid flow is defined as, 

 

 6 ,dragF rv   (1) 

   

where η is the dynamic viscosity, r is the radius of the trapped bead, and v is the 

velocity of the liquid relative to the bead. The force on the sphere can thereby be 

assessed by trapping a bead of known size and moving the surrounding liquid with 

a known velocity. By knowing the viscosity and velocity of the fluid the trapping 

force can be derived. Furthermore, the displacement of the microsphere relative to 

the center of the trap, x, is measured by detecting the deflected beam of the probe 

laser. By knowing the drag force and the displacement of the sphere in the trap, the 

trap stiffness is given by, 

 

 
.

dragF
k

x


 
 

(2) 

   

Another commonly used approach to calibrate an optical tweezers instrument is by 

the passive power spectrum method. To determine the trap strength, the power 

spectrum of the Brownian motion of a particle in a viscous fluid is used 
57–59

. 

Although the Brownian movement of the trapped bead is somewhat suppressed by 

the optical trap, the trapped bead is continuously oscillating about its equilibrium 

point with certain amplitudes and frequencies that are related to the trap strength.  

For a spherical bead undergoing Brownian motion in a harmonic potential at 

low Reynold numbers, thus neglecting the inertia force, the Langevin equation can 

describe the equation of motion as,  
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where γ is the viscous drag coefficient, x is the position of the bead, t is the time, k 

is the trap stiffness, and FB(t) is the stochastic force due to Brownian movement. 

For a spherical bead with radius r suspended in a fluid with a viscous coefficient of 

η that is trapped and subjected to Brownian motion, the power spectrum of the 

bead has a Lorentzian form and can be expressed as,  
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where kB is the Boltzmann’s constant, T is the absolute temperature, γ is the 

viscous drag coefficient, f is the frequency of the oscillating bead, fc is the corner 

frequency separating the unsuppressed and suppressed Brownian motion due to the 

optical trap, and D is the theoretical diffusion coefficient (given by Stokes-Einstein 

equation). The trap stiffness in relation with the viscous drag coefficient and the 

corner frequency can be described as, 

 

 2 .ck f   (5) 

   

By fitting Eq. (4) to calibration data a value for fc can be found and the trap 

stiffness can thereby directly be derived from Eq. (5).   

The power spectrum method can also be performed in an active manner. The 

main difference between the passive and active methods is that the sample is 

oscillated during the active power spectrum method. This method simultaneously 

measures the conversion factor that converts the signal from the PSD into a 

displacement. In addition, the active method is independent of the viscosity, and 

the size of the trapped bead 
60

. In our lab we use the active power spectrum 

method, where a trapped polystyrene bead is oscillated with 104 nm amplitude and 

32 Hz frequency. The power spectral density is thereby changed to, 
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where D is the diffusion coefficient, A is the oscillation amplitude and fosc is the 

oscillation frequency. The corner frequency (fc) is derived by fitting the first term 

of Eq. (6) to the power spectrum. As is shown in Figure 6 the power spectrum of 

the positional data for a trapped bead has a distinct peak at the oscillation 
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frequency. In the active method the conversion factor (β) that converts data from 

the PSD (in volts) to displacement (in µm) is given by, 

 

 / ,th exW W 
 
 (7) 

   

 

where Wth is the theoretical height of the peak and Wex is the experimental height of 

the peak (see Figure 6), which is defined as, 
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where P
V
(fosc) is the peak height, PT

V
(fosc) is the thermal background and tm is the 

measurement time. The theoretical height of the peak (Wth) is given by,  
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The drag coefficient is defined as γ=kBT/D, where D is expressed as D= β
2
D

V
, 

where D
V
 is the diffusion coefficient in V

2
/s. Finally, by inserting the drag 

coefficient (γ) in Eq. (5) the trap stiffness can be expressed as, 
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Figure 6. The power spectral density of a 2.5 µm diameter microsphere trapped at 1.0 W 

laser power. The sample is oscillated at 32 Hz with an amplitude of 104 nm. The grey 

curve represents the power spectral density consisting of a thermal background caused by 

Brownian motion, and a spike at fosc. The red curve represents a fit to the power spectrum 

that yields a corner frequency of fc = 2137 Hz, and the trap stiffness of k = 266 pN/µm.  
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4 The biomechanics of fimbriae 

s mentioned earlier fimbriae are important virulence factors mediating 

adhesion of pathogenic bacteria. Thus, understanding their structure and 

mechanics is of a great importance. Over the years, electron microscopy 

has provided novel information of the structural architecture of the fimbriae 
61,62

, 

but, investigating their mechanical function necessitates employment of other 

techniques. Force measuring optical tweezers is one such technique. Optical 

tweezers can extend fimbriae with nanometer precision and apply forces with pico-

newton accuracy. Thus, valuable information of the fimbriae biomechanics can be 

revealed from the force-extension response 
63,64

. 

During the last decade several studies have been performed using optical 

tweezers to characterize the biomechanical properties of the P, Type 1, S, F1C, T4, 

and CFA/I fimbriae 
17,65–70

. These studies revealed that fimbriae, owing to their 

remarkable structural design, can be extended and to some extent unwound by 

applying a tensile force. In addition, these studies showed that fimbrial unwinding 

is reversible and that fimbriae can regain the helical configuration when tensile 

force is removed 
71

. However, each type of fimbriae indicated various unwinding 

forces and mechanical parameters.  

In the studies associated with this thesis I performed force spectroscopy 

measurements with optical tweezers to characterize the biomechanical properties 

of CS20 and CS2 fimbriae. In addition, force studies were also carried out on CS17 

and CS19 fimbriae, however, these results are not included in the thesis. The 

corresponding findings are presented and discussed in the current chapter, chapter 

6, and Papers I-V.   

4.1 Theory behind unwinding of helix-like fimbriae 

To understand how to interpret force spectroscopy data a suitable physical model 

that can describe the biomechanical responses of fimbriae is useful. Therefore, to 

simplify the interpretation of data presented in this thesis and also to provide a 

useful nomenclature for the analysis, I start this chapter by giving a short 

description of a theoretical model that can be used to describe unwinding of helix-

like fimbriae.   

The shaft of fimbriae is composed of numerous subunits arranged in a helix-

like quaternary structure that leads to a rather intricate mechanical behavior of 

fimbriae. This helical polymer, comprised of ~ 3 subunits per turn, is stabilized via 

A 
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layer-to-layer (ll) interactions. These interactions break under exposure to an 

external tensile force and the structure starts to unwind due to a sequential opening 

of the ll interactions. The opening of these ll interactions can be well described by 

the sticky-chain rate theory (described in details in refs 
72,73

).  

The bond opening rate, dNB/dt, where NB represents the number of open ll 

bonds in the shaft, is proportional to the ratio of the unwinding velocity, �̇�, and the 

bond opening length, ∆xAB (A and B represent the closed and open states). In 

addition, it can be argued that the rate of the bond opening is proportional to the 

effective bond opening rate of the outermost ll bond. The effective bond opening 

rate is defined as the difference between the bond opening and closure rate, 

therefore, 
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where kAB(F) and kBA(F) are the bond opening and closure rates of ll interactions 

under a tensile force F, respectively. The unwinding velocity, �̇�, can in turn be 

rewritten as,  
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with the bond rates given according to Bell 
74

, 
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where kAB
th

 is the thermal opening rate of the ll interaction, ∆xAT is the bond length 

(the distance from the ground state to the transition state), βT =1/kT, V0 is the 

energy difference between the transition state and the open state, ∆xTB is the 

distance between the transition state and the open state. The uncoiling velocity can 

therefore be derived by inserting Eqs. (13) and (14) into Eq. (12) giving, 
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where ∆xAB, the bond opening length, is defined as ∆xAT + ∆xTB. When the fimbria is 

exposed to a slow extension velocity, the condition referred to as steady-state 

condition applies, where the bond opening and closing rates are in full balance, i.e., 

kAB(F)= kBA(F). The steady-state unwinding force, Fss can therefore be derived by 

equalizing the Eqs. (13) and (14) that gives, 
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For high extension velocities (�̇� > �̇�*
), where �̇�*

 is an entity referred to as corner 

velocity 
27

, the bond opening rate becomes significantly larger than the bond 

closure rate. Under these conditions the second term in Eq. (15) can be neglected 

and the unwinding force in the system is given by, 

 

 
*( ) / ln( / ),th

B ATF L L k T x L L    
 (17) 

   

where �̇�th
 is the thermal extension velocity given by, kAB

th
∆xAB, where kAB

th
 denotes 

the thermal bond opening rate 
73

. As can be seen in Eq. (17) the unwinding force is 

proportional to the unwinding velocity in a logarithmic manner, which can be 

referred to as dynamic condition. If in Eq. (16) we set F = Fss the corner velocity 

�̇�* 
can be given as, 
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The corner velocity separates the steady-state and the dynamic regions. By using 

the expression given for the corner velocity the unwinding velocity can be 

expressed as,  

 

 ( ) ( )* [1 ].ss AT T ss AB TF F x F F x
L L e e

     
   

 (19) 

   

The expression for unwinding velocity can be applied for both steady-state and 

dynamic conditions. Investigating the unwinding force as a function of unwinding 

velocity under dynamic conditions is referred to as dynamic force spectroscopy 

(DFS). The dynamic response of biological macromolecules can provide 

information about their biophysical properties, such as bond length. 

4.2 Unwinding of fimbriae with optical tweezers 

To unwind a fimbria with optical tweezers I used an assay where a bacterial cell 

was first attached to a surface immobilized large bead 
75,76

. The large bead is used 

as a mount for a bacterium to perform the experiments a few microns above the 

surface. This experimental setup reduces the impact of bead-surface interactions, 

which can affect the calibration constant. A small bead was thereafter: trapped and 

attached to a fimbria; and translated to apply a tensile force. The small bead is 

therefore used as a force transducer, similar to a micro-dynamometer. A detailed 
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description of a sample preparation and a force measurement procedure is 

presented below. 

4.2.1 Sample Preparation  

Prior to force measurements a microfluidic chamber is prepared in a few steps. 

Initially large beads (9.5 µm in diameter, no.2-10000, Interfacial Dynamics Corp.) 

are immobilized on a 24 × 60 mm coverslip (no.1, Knittel Glass). The large beads 

are carboxylate modified latex (CML) polymer beads with a relatively hydrophilic 

surface. These beads are immobilized by drying a small droplet ~ 10 µl of a bead-

water suspension (1:500) on the coverslip in an oven at 60 ͦC for 1h.  

Next, the large beads are coated with 0.01% Poly-L-Lysine (PLL) (Catalogue 

#P4832, Sigma-Aldrich). The PLL is a polymer that positively charges the surface 

of the large beads, thereby facilitates attachment of bacterium cells (e.g., E. coli) to 

the surface of the bead 
77

. After immobilizing the beads onto the coverslip, a 

droplet of PLL (~ 20 µl) is added onto the beads and the coverslip is incubated in 

60 ͦC for 1h.  During the incubation time the PLL settles down onto the surface of 

the beads. The coverslips are then left for 15 min at room temperature for cooling. 

After the coverslips are cooled a small ring of vacuum grease is added around the 

area containing the mount beads to form a microfluidic chamber. The vacuum 

grease prevents evaporation of the fluid sample. A microfluidic chamber can also 

be made by addition of two strips of parafilm or double-stick tape instead of the 

vacuum grease. 

A small volume (~ 3 µl) of a mixture of bacterial cells and probe bead (2.5 µm 

in diameter, no.3-2600, Invitrogen) suspension in 1x phosphate buffer saline (PBS, 

pH 7.4) is added to a center of the custom-made vacuum grease ring and a 20 × 20 

mm coverslip (no.1, Knittel Glass) is added to the top. This will preserve the fluid 

sample from evaporation. The prepared sample is thereafter mounted into the 

sample holder in the piezo-stage for force spectroscopy experiments. 

4.2.2 Force measurement procedure 

Prior to performing a force measurement, a bacterium is trapped at low laser power 

(0.2 W) and attached to the waist of the PLL coated large bead, as is shown in 

Figure 7A. To ensure that the bacterium is firmly attached to the surface of the 

bead, the power of the laser is increased (1.0 W) and the trap is positioned on the 

bacterium to make an effort to detach it. If the cell remains attached, it will be 

analyzed for fimbriae. 
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Thereafter, the probe bead is trapped and positioned at the same height as the 

bacterium. We use amidine polystyrene latex beads with a hydrophobic surface 

layer as probe beads. These beads provide a hydrophobic surface for bacterial 

fimbriae to attach to. After trapping the probe bead the stiffness of the trap is 

calibrated using the power spectrum method. The bacterium is then brought into 

proximity of the trapped bead to initiate the bead-fimbria interaction, see Figure 

7B. After initial contact, data acquisition is started and the large bead is moved 

away from the trapped bead, by translating the piezo-stage, and thereby applying a 

force on a fimbria, see Figure 7C. To measure the rewinding force the large bead is 

moved in the opposite direction thereby allowing the fimbria to rewind. 

 

 

Figure 7. A schematic presentation of the three main steps used to measure the force 

response of a fimbria. The trapped bacterium is mounted on the waist of the immobilized 

large bead (A). The bacterium-bead complex is moved in proximity to the probe bead to 

initiate fimbrial interaction (B). When the interaction occurred the stage is first moved to 

the left to unwind the fimbria and thereafter to the right to rewind the fimbriae (C). 

4.2.3 Force spectroscopy under steady-state condition  

A typical force-extension/contraction response of a single P-fimbria assessed by 

optical tweezers is shown in Figure 8, data taken from Paper I. I investigated the P-

fimbriae expressed by E. coli, strain HB101/pHMG93, which is a different strain 

from bacteria (strain HB101/pPAP5) that were used in references 
66,72

 to study P-

fimbriae. Although the strains are different, the force-extension responses are 

similar. 

The force-extension response of P-fimbria can be divided into three distinct 

regions where each region represents a specific stretching condition. Initially, the 

fimbria response to tensile stress is by a linearly increasing force, denoted as 

region I. Stretching layers gives rise to an analogous Hookean spring response. 

After reaching a threshold in structural resistance of the layers a transient change to 

a constant force can be seen, denoted as region II. A constant force plateau 

(defined as steady-state force) originates from a sequential opening of the ll 

interactions that leads to unwinding of the shaft subunits. This region is marked 

with two blue dashed lines in Figure 8 indicating the constant unwinding force of ~ 
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28 ± 2 pN for P-fimbriae. After complete unwinding of the shaft, the force 

increases non-linearly with extension, which is attributed to over-stretching of the 

subunits aligned in an open coil, denoted as region III. In this region the head-to-

tail (ht) bonds are stretched. Since these bonds are stabilized by donor-stand 

exchange they are significantly stronger than the ll bonds, therefore requiring a 

higher force to be stretched. The slightly tilted force rise in this region is attributed 

to a random phase transition of the ht bonds 
78

. 

 

 

Figure 8. A typical force-extension response of single P-fimbria assessed by optical 

tweezers 79. The unwinding and rewinding responses are indicated by the black and blue 

colors, respectively.  

If the tensile stress is reduced the fimbria is able to regain its helical form. This 

is shown by the blue curve in Figure 8, which indicates the rewinding response of 

the fimbria. The rewinding curve continues along with the unwinding curve except 

for a small force drop (~ 10 pN) that occurs in the transition from region III to 

region II. This force drop, referred to as a ‘dip’, occurs due to the slack in the 

fimbrial shaft that is required before two subunits are close enough to reform the ll 

interactions. 

4.2.4 Force spectroscopy under dynamic condition 

To investigate the dynamic properties of fimbriae as well as identifying their 

biomechanical parameters such as corner velocity (�̇�*
) and bond length (∆xAT) we 

performed dynamic force spectroscopy (DFS) measurements. In DFS 

measurements, a fimbria that has entered its region II is extended, for a preset 

length (~ 2 µm), with several velocities above the steady-state velocity. Prior to 

each DFS measurement we performed typical force-extension analysis to detect a 

total length of region II to make sure that the fimbria can be extended at least ~ 2 
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µm without interruption. Also, pre force-extension is performed to remove multi-

fimbrial bindings with the bead and reduce it to only one fimbrial interaction. 

Since the dynamic response of fimbria in region II is of interest, data collection is 

performed between two points, (a) and (b), as is shown in an inset in Figure 9. The 

data show a CS2 fimbriae being extended. 

The DFS measurement procedure is summarized as follows. After a short 

extension of the fimbria in region II at a steady-state velocity, the piezo-stage that 

is controlled with a computer program is translated a preset distance, i.e., between 

(a) and (b), at a preset rate, and thereby extends the fimbria with velocities greater 

than steady-state velocity. For extension velocity above the steady-state velocity 

the force increases upon extension, i.e., between two red dashed lines represented 

by (1) and (2) in Figure 9. In (b) the piezo-stage is stopped and the fimbria relaxes 

to its steady-state condition, i.e., the curve after a dashed red line represented by 

(2). After each pull the stage returns to the starting point (a) allowing the fimbria to 

rewind under steady-state conditions. The next extension of the same part of the 

fimbria starts after a short pause of 2 s, with a higher extension velocity.  

 

 

Figure 9. A force response from a single CS2 fimbria during static (inset), dynamic and 

then static conditions 80. In the main panel, a fimbria is extended ~ 2 µm in region II 

(between a-b) with an extension velocity above the steady-state velocity, which increases 

the applied force. 

4.3 Force measurement on CS20 

To colonize the intestine ETEC strains express various types of adhesion virulence 

factors, so called colonization factors (CFs) or coli surface antigens (CS) 
16

. The 

“CS” is generally followed by the specific number that identifies the order in 

discovery of these adhesion organelles 
81

. CS20 (colonization surface antigen 20) is 

one such ETEC fimbrial adhesion organelle that mainly associate with diarrheal 
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diseases 
82

. This fimbria specifically mediate bacterial adherence to the mucosa of 

the intestine 
83

. In the intestine, the peristaltic motion creates high shear and 

perpendicular forces to the surface. Thus, to withstand these forces, the mechanical 

behavior of fimbriae is significantly important. We investigated the force 

extension-contraction responses of the CS20 fimbriae with optical tweezers to 

assess their mechanical properties. The force assessments were performed under 

both the steady-state and the dynamic conditions. 

4.3.1 Force response of CS20 under steady-state condition 

To probe the unwinding and rewinding forces of the CS20 fimbriae we performed 

force spectroscopy measurements. The force response of a CS20 fimbria under 

steady-state conditions (0.1 µm/s) is shown by the black curve in Figure 10, data 

taken from Paper II. As can be seen, the force pattern is similar to that of P, Type 

1, and CFA/I fimbriae 
65,70

. Initially the force increases linearly indicating the 

elastic stretch of the shaft (region I). After the extension, a constant force plateau is 

seen representing sequential unwinding of the shaft subunits. The average 

unwinding force was assessed to 15 ± 1 pN (n = 58). At the end of region II, a 

linear increase of the force (region III) shows overstretching of the linearized shaft 

subunits. The rewinding response follows that of the unwinding except for a dip 

that occurs in the transition from region III to region II. This dip in force is similar 

to what has already been observed for other fimbriae such as P, Type 1, and CFA/I. 

As explained for P-fimbriae the dip originates from the slack in shaft that is 

required prior to recoiling.  

The unwinding force of CS20 is lower than that of P and Type 1 fimbriae, 28 

and 30 pN, respectively 
65

, but higher than for CFA/I fimbriae, 7.5 pN 
70

. We 

investigated whether the differences of unwinding forces could be correlated to 

structural differences such as the number of inter-subunit interactions. Thus, to 

better answer this question we investigated and compared the structures of CS20, 

CFA/I, and P-fimbriae, presented in Paper II, and further discussed in chapter 5. 
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Figure 10. A force-extension response of a single CS20 fimbria under steady-state 

condition assessed by optical tweezers 84. The black curve represents the unwinding, 

whereas the blue curve represents the rewinding response.  

4.3.2 Force response of CS20 under dynamic condition 

To investigate the dynamic behavior of CS20 fimbriae as well as quantifying its 

mechanical parameters �̇�* 
and ∆xAT, we performed DFS measurements. The DFS 

measurement procedure is described in 4.2.4. A single CS20 fimbria was subjected 

to a tensile force at different unwinding velocities, i.e., 0.05, 1.35, 4.05, 12.15, and 

36.45 µm/s. The dynamic force responses of CS20 fimbriae in region II under the 

given velocities are shown in Figure 11A and B, data taken from Paper II. As is 

seen in Figure 11A, for velocities above the steady-state velocity, the unwinding 

force increases with increased unwinding velocity. This behavior was predicted 

theoretically by Eq. (17). 

To quantify the corner velocity, �̇�*
, and the bond length, ∆xAT, we plotted the 

average unwinding force versus the unwinding velocity and fitted the theoretical 

models, as is shown in Figure 11B. Measurements were acquired at 5 kHz 

sampling rate and the average unwinding forces at different velocities (n = 13) are 

indicated by the black dots in Figure 11B. The grey dashed line in Figure 11B 

shows a fit to the steady-state region, where the bond opening and the closure rates 

are in balance, using Eq. (16). The blue dashed line shows a fit to the dynamic 

region, i.e., where the bond opening rate becomes significantly larger than the 

bond closure rate, using Eq. (17). The fit is in agreement with the experimental 

data. The intersection between the grey and the blue dashed lines indicates the 

corner velocity, which was measured to be �̇�* 
= 877 nm/s. The corner velocity is 

the maximum extension velocity for a fimbria before a further increase in velocity 

requires an increase in unwinding force. For low unwinding velocities, below the 

corner velocity, the force response is ~ 15 pN, i.e., the force level for steady-state 

unwinding.  
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Figure 11. Dynamic force spectroscopy measurement of a CS20 fimbria 84. Panel A 

shows the unwinding force responses of the fimbria under given velocities for a distance 

of 1.5 µm. Panel B shows the force vs. extension-velocity responses of fimbria with the 

corresponding models fitted to the data. 

To predict the corner velocity, �̇�*
 and bond length, ∆xAT, we fitted the full rate 

equations to the experimental data using Eq. (19). The red dashed line in Figure 

11B represents this model that best fitted the experimental data giving the values of 

0.4 ± 0.09 nm and 824 nm/s for the bond length and the corner velocity, 

respectively. The dynamic behavior of CS20 fimbriae, analogous to P, Type 1, and 

CFA/I fimbriae 
17,70,72,73

, was also predicted by the sticky-chain model.   
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4.4 Force measurement on CS2 

The CS2 (colonization surface antigen 2) is another ETEC-expressed adhesion 

fimbriae that is categorized in the CFA/II group, and is found on E. coli that 

colonize the intestine. To identify the biomechanical features of the CS2 fimbriae 

we performed force spectroscopy measurements using a similar approach as for the 

P and CS20 fimbriae. The mechanical responses were studied under both steady-

state and dynamic conditions. 

4.4.1 Steady-state and dynamic responses of CS2  

The force response of a CS2 fimbria under steady-state condition is presented in 

Figure 12A, data taken from Paper III. The CS2 force-extension response is similar 

to that of P, Type 1, CFA/I, and CS20 
69,70,73,84

, indicating that CS2 fimbriae most 

likely have a helix-like structure that can unwind in the presence of a tensile force.  

To quantify the intrinsic properties of CS2, i.e., bond length and corner 

velocity, we investigated its dynamic responses to tensile force by exposing the 

fimbriae to non-steady-state extension velocities, i.e., 0.1, 0.4, 1.6, 6.4, and 25.6 

µm/s. Figure 12B shows the mean unwinding force, represented by black dots, 

versus extension velocity for all analyzed CS2 fimbriae (n = 30). For velocities ≤ 

0.1 µm/s the unwinding force is ~ 10 pN, whereas for higher velocities the 

unwinding force increases logarithmically with increasing velocity.  

 

 

 

Figure 12. The unwinding force responses of CS2 fimbria under steady-state and 

dynamic conditions 80. Panel A indicates the unwinding force response of CS2 fimbria 

under steady-state velocity (0.1 µm/s). Panel B represent DFS responses of CS2 fimbriae, 

where the unwinding occurs at velocities above the steady-state velocity. Each black dot 

represents the average unwinding force in region II under given velocity. The red dashed 

line represents a fit to the sticky-chain model, where yields �̇�* = 1300 ± 200 nm/s for 

corner velocity, and ∆xAT  = 0.86 ± 0.10 nm for bond length. 



 

28 

 

4.4.2 Multi-fimbrial interactions 

Pathogenic E. coli bacteria normally express hundreds of peritrichous fimbriae 

with varying lengths. Therefore, often multi-fimbrial interactions are seen when 

performing force-extension measurements. As an example, Figure 13 shows the 

force-extension response of three CS2 fimbriae with various lengths that are 

detaching in a consecutive manner from the probe bead. Analogous to the force 

responses of single fimbria, initially the force linearly increases, however, with an 

increased stiffness since the force is distributed equally between these fimbriae.  

All three fimbriae are extended and unwinding, giving rise to a force response of ~ 

30 pN. The first fimbria (a) is unwound a few micrometers, then enters its third 

region (~ 4 µm) and finally detaches, leading to a force drop. The two remaining 

fimbriae continuously unwind until the second fimbria (b) is fully unwound and 

detached as well. The extension continues until the last fimbria is fully unwound 

and enters its third region. The motion was thereafter reversed and the fimbria 

started to rewind (blue curve), at the same force as the unwinding ~ 10 pN. 

 

 

Figure 13. Force spectroscopy measurement of multiple CS2 fimbriae 80. The unwinding 

response of three attached fimbriae where in (a) all three simultaneously extended until 

the shortest fimbriae detaches and the force drops to 20 pN. The two remaining fimbriae 

continue unwinding until a single fimbria remains (c). The blue curve shows the 

rewinding response of the single fimbria. 
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4.5 Chapter conclusion 

The current chapter described the biomechanical behavior of helix-like fimbriae, 

introduced a theoretical model for unwinding, explained in detail the force 

measurement procedure, and eventually discussed the force spectroscopy data for; 

P, CS20, and CS2 fimbriae under steady-state and dynamic conditions. Our data 

showed that the force responses of CS20 and CS2 are similar to those previously 

found for P, Type 1, S, and CFA/I fimbriae. However, each type of fimbriae 

indicates different unwinding forces as well as different kinetic parameters, i.e., 

bond length and corner velocities. This study indicates that UPEC-expressed 

fimbriae (P, Type 1) need higher unwinding forces (~ 30 pN) than the ETEC 

fimbriae (CS20, CS2, CFA/I), < 20 pN. Additional experiments on ETEC fimbriae 

such as; CS14, CS17 and CS19 also point to a lower force requirement for ETEC 

than the UPEC fimbriae.  

The clear difference in the biomechanics of UPEC- and ETEC-expressed 

fimbriae points to adapted dissimilarities that are niche specific. UPEC bacteria 

colonize bladder and kidney regions whereas ETEC colonize intestinal regions. 

The forces in these two regions are different and the results from our studies, 

therefore, strongly suggest that the environment plays a key role in adaptation of 

the biomechanics of fimbriae. To further elucidate this hypothesis we also 

investigated the structure of fimbriae.  
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5 Morphology and structure of fimbriae  

5.1 Imaging with AFM and TEM 

ight microscopes are not capable of providing detailed information of the 

morphology of fimbriae since the width of these structures is significantly 

smaller than the optical resolution. Therefore, to elucidate the structural 

architecture of fimbriae we used atomic force microscopy (AFM) and transmission 

electron microscopy (TEM) that can resolve nanometer features.  

We also used AFM imaging to assure that cultivated bacterial cells expressed 

fimbriae prior to a force measurement. If a majority of the cells expressed a 

relatively uniform distribution of fimbriae the corresponding batch could be used 

for force spectroscopy measurements. An AFM micrograph of two E. coli cells 

that express CS20 fimbriae is shown in Figure 14A, which clearly indicates 

distribution of fimbriae on the cell surface. 

The morphological state of fimbriae, i.e., coiled or unwound, could also be 

detected in AFM and TEM micrographs. For example, an inset in Figure 14A 

shows an unwound region of a CS20 fimbria. Figure 14B, shows a TEM 

micrograph of purified CS20 fimbriae in two morphologies, with most fimbriae in 

a wider structure but also including small narrower regions (black arrow). This 

indicates that the majority of CS20 fimbriae had intact quaternary structures, which 

suggests the ll interactions are strong enough to be maintained during sample 

preparation. 

 

Figure 14. Images of CS20 fimbriae expressed by ETEC (WS7179A-2/pRA101 strain) 
85. Panel A) AFM micrograph of two E. coli cells expressing CS20 fimbriae. Fimbriae 

are mainly found in a coiled form except for a few unwound regions, see the inset (white 

arrow). Panel B) TEM micrograph of negatively stained purified CS20 fimbriae. The 

black arrows indicate unwound regions of fimbriae. (Scale bars : 0.5 µm.)  

L 
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AFM and TEM imaging were also used to assess the length of fimbriae in its 

helical conformation. The length quantification was performed using ImageJ 

software 
86

. A representative TEM micrograph that was used for the length 

assessment of P-fimbriae is shown in Figure 15. By using these micrographs we 

assessed the average length of ~ 0.74 ± 0.33 µm for P-fimbriae, which is typical 

for E. coli cells. AFM micrographs were also used for length assessments that are 

presented in appended Papers II-V. 

 

 

Figure 15. The length quantification of the P-fimbriae using TEM imaging 79. The TEM 

micrograph indicates a section of the E. coli cell that expresses P-fimbriae. The 

approximate length of each fimbria was quantified using ImageJ software. Each fimbria 

has been shown with a red dashed line for a better representation. 

5.2 Homology-modeled major subunit 

The biomechanical properties of CS20 and CS2 fimbriae motivated us to take a 

deeper look into structural details of these fimbriae. To investigate the structure of 

these fimbriae, models of the major subunits were needed since no crystal 

structures of these subunits were available. Therefore, we homology modeled 

CsnA and CotA, the major subunits of CS20 and CS2 fimbriae, respectively. A 

homology model provides an atomic-resolution structural model of the subunit by 

comparing its amino-acid sequence to that of homologous subunit, and 

constructing its structure based on the template structure.  
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CS20, P and Type 1 fimbriae are members of the Class 1b fimbriae 
32

, 

therefore, they share homologous characteristics. A homology model of CsnA was 

generated using the secondary structure of PapA and FimA, the major pilin 

subunits of P and Type 1 fimbriae, respectively. Initially the amino-acid sequence 

of CsnA was aligned to that of PapA and FimA using ClustalW2 
87

, which showed 

58.9 % similarity and 22.8 % identity with PapA, and 61 % similarity and 24.3 % 

identity with FimA. Thereafter, we used MODELLER software 
88

 to model the 

CsnA from both known pilin structures. The most energetically stable model of 

CsnA was found using the FimA template. Thereafter, the homology modeled 

CsnA was inserted into a helical reconstruction map of CS20 fimbriae to provide 

information on the shaft structure. 

A similar approach was used to homology model CotA, the major subunit of 

CS2 fimbriae. CS2 belongs to the Class 5 family sharing a close genetic and 

pathophysiological relationship with CFA/I fimbriae. The protein sequence of 

CfaB, the major subunit of CFA/I, was aligned to that of CotA to see how well it 

was suited as a template protein. The sequence alignment showed that these two 

subunits share 51 % identity and 80 % similarity. Considering the high degree of 

similarity, the CotA structure was homology modeled using CfaB as the template. 

Figure 16 shows a ribbon presentation of the homology-modeled CotA subunit, 

where the inner and the outer surfaces are presented at the left and the right sides, 

respectively.  

 

Figure 16. A ribbon representation of the homology model of CotA, the major subunit of 

CS2 fimbriae 80. The model on the left shows the inner surface, whereas the model on the 

right shows the outer surface (the visible surface when positioned in the shaft) of the 

subunit. The β-strands and α-helix are shown in green and red-orange colors, 

respectively. The scale bar is 10 Å.  

To investigate the distribution of electrostatic potential and hydrophobicity of 

the subunit we used APBS 
89

 and UCSF Chimera software 
90

. Figure 17 shows the 

surface representation of CotA showing the hydrophobicity (panel A) and 

electrostatic potential (panel B). The upper and the lower representations show the 
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inner and outer surfaces, respectively. As is seen in Figure 17A, the outer surface 

of this subunit is mostly composed of the hydrophilic residues (blue), whereas the 

inner surface (groove) mainly contains hydrophobic residues (orange).  

To investigate the electrostatic potential distribution of CotA we colored the 

negatively and the positively charged residues red and blue. The inner and outer 

surface views of the charge distributions of CotA are shown in Figure 17B. As is 

seen, the inner surface (lower) is mainly composed of neutral residues (tan), 

whereas the outer surface (upper) is charged.  

 

Figure 17. Surface representations of the homology-modeled CotA subunit 80. The upper 

and lower models show the outer and inner surfaces of the structure, respectively.  Panel 

A indicates the degree of hydrophobicity and hydrophilicity of the structure. The green 

arrow in (A) points at the hydrophobic groove. Panel B shows the electrostatic charge 

distribution of CotA, where the inner surface is mostly neutral (tan), whereas the outer 

surface is relatively charged.   

To compare the surface characteristics of the model (CotA) and the template 

(CfaB), we assessed the hydrophobicity and charge distribution of CfaB, as 

presented in Paper III. The results indicate a hydrophobic groove in the center and 

hydrophilic residues that are mostly positioned on the outer surface. The charge 

distribution analysis showed that the CotA is slightly more negatively charged than 

CfaB. We used this information to choose the most suitable probe beads when 

running force spectroscopy measurements.  
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5.3 Structural model of CS20 fimbriae 

To understand the details of the structure that provide these biomechanical 

properties, a 3D helical reconstruction of CS20 fimbriae was generated from cryo-

EM data, as is shown in Figure 18A. The 3D reconstruction revealed that CS20 

fimbriae have an outer diameter of 82 Å, a helical symmetry of 3.21 subunits per 

turn of the helix, and a rise per subunit of 8.9 Å.  

To identify the subunit-subunit interactions in CS20 fimbriae, the homology-

modeled CsnA subunit was inserted into the EM map of CS20 fimbriae, as is 

shown in Figure 18A. We first found that CsnA did not fit well in the EM map, 

however, by reorienting the N-terminal of the CsnA, which, participate in the 

donor-strand exchange, a good fit was achieved. Next, we repositioned the residues 

representing the α-helix and its loop that bind two subunits. These changes are 

shown in Figure 18B-E, where the CsnA is shown before (D, black arrow) and 

after (B, black arrows) optimization. A further description and details are presented 

in Paper II.  

 

 

Figure 18. A 3D reconstruction of CS20 fimbriae 84. Panel A shows a helical 

reconstruction map of CS20 fimbriae generated by cryo-EM and the fitted CsnA 

monomers. The white ovals indicate the residues before (lower) and after (upper) 

reorientation to achieve a better fit to the map. In panels B-E, 15 Å slices of surface map 

of CS20 with fitted CsnA are shown. The black arrows in D and B indicate the states of 

CsnA before and after optimization, respectively. The scale bar is 50 Å.       

Moreover, we investigated the orientation of subunits, CsnA, CfaB, and PapA, 

in their representative structure. Figure 19A shows an isosurface representation of 

a single pilin subunit fitted into the 3D helical map of each fimbriae, i.e., CS20 

(green), CFA/I (blue) and P-fimbriae (pink), respectively. The CsnA shows 2 ͦ tilt 

from horizontal with respect to helical axes, whereas these values are -2 ͦand 28 ͦfor 

CfaB and PapA, respectively. 
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Fimbriae are stabilized with ll interactions, thus, identifying these interactions 

can help when describing the biomechanical responses of fimbriae. Therefore, we 

investigated the ll interactions of CS20, CFA/I, and P-fimbriae using the 3D 

reconstructed models 
62,91

. A surface view of these fimbriae at a threshold 

enclosing 50 % of the expected volume is shown in Figure 19B. As is seen, the ll 

interactions of P-fimbria at this threshold indicate a stronger density between 

adjacent subunits (see ovals) in comparison to that of CS20 and CFA/I fimbriae. 

This implies that the P-fimbriae have stronger inter-subunit interactions than CS20 

and CFA/I, which agrees with our force spectroscopy data that revealed the P-

fimbriae require a higher force for unwinding the quaternary structure of the CS20 

and CFA/I. However, the magnitude of unwinding force is not only affected by the 

number of ll interactions and orientation of subunits, the type of bonds also play a 

critical role. 

 

 

Figure 19. Subunit localization and ll interactions in CS20, CFA/I and P-fimbriae 84. 

Panel A shows the surface representation of CS20 (green), CFA/I (blue), and P-fimbria 

(pink) with a fitted single major subunit (tan). Panel B indicates the ll interactions (black 

and grey lines) at threshold that contains 50 % of the expected volume for CS20, CFA/I, 

and P-fimbria, respectively. The scale bar is 50 Å. 
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5.4 Chapter conclusion 

In the current chapter I discussed the various methods used to investigate the 

morphology and structure of fimbriae. We used AFM and TEM imaging to 

quantify fimbriae expression and the length of fimbriae. We homology modeled 

the major subunits to identify the surface properties of major pilin subunits and for 

generating a 3D model of CS20 fimbriae by fitting a CsnA subunit into the cryo-

EM map of the fimbriae. Structural comparison of CS20, CFA/I and P-fimbriae 

revealed that the P-fimbriae have stronger inter-subunit interactions than the CS20 

and CFA/I fimbriae. This finding is in accordance with force spectroscopy data 

showing that P-fimbriae require a higher force to unwind than CS20 and CFA/I 

fimbriae. These data, taken together, elucidate that although these fimbriae share a 

relatively similar helix-like structure, their biomechanical and structural 

characteristics vary depending on the milieu they are colonizing. Thus, from the 

observed structural and biomechanical similarities and differences we can conclude 

that pathophysiological environment presumably plays a determinative role in 

assigning the biomechanical features of fimbriae.  
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6 Antibodies action against fimbriae 

imbriae, owing to their capability of unwinding and rewinding, have a great 

degree of flexibility. This remarkable property of fimbriae provides 

sustained adhesion of bacteria in the presence of fluid flow that occurs for 

instance in the urinary or the intestinal tract. It is therefore believed that fully 

functional fimbriae are required for firm attachment of bacteria in the presence of 

dynamic fluid flows. Hence, finding components (proteins, chemicals substances, 

etc) that disrupt the fimbrial function may reduce the adhesion capabilities of 

pathogenic bacteria and thereby prevent infections. 

The role of antibodies in the host defense mechanism against bacterial 

infections is to some extent known. For a UTI infection, both humoral and secreted 

antibodies in sera and urine have been reported 
92–94

. However, the mechanism by 

which these antibodies interfere with binding properties of UPEC-expressed 

fimbriae, apart from specifically blocking the adhesin-receptor 
95–98

, is less clear. 

Recent studies in ETEC vaccine development have also shown a protective role of 

serum and intestinal antibodies 
99–101

, however, the mechanism by which these 

antibodies contribute to protection, is not well known. 

With this in mind, we investigated if antibodies, apart from their ability in 

blocking the adhesin receptor, might inhibit natural unwinding/rewinding capacity 

of fimbriae and thereby compromise fimbrial flexibility. To enlighten this 

hypothesis we scrutinized the flexibility of UPEC- and ETEC-expressed fimbriae, 

i.e., P, CS2, CS20, and CFA/I, in the presence of antibodies that were specifically 

raised against fimbrial shaft subunits. 

6.1 Imaging the antibody-fimbriae interaction 

To verify the interaction of antibodies with the P-fimbriae we used 

Immunofluorescence (IF) and TEM imaging. A typical example of an IF 

micrograph is shown in Figure 20 indicating a single E. coli cell expressing P-

fimbriae (HB101/pHMG93 strain) in the presence of anti-fimbrial (anti-PapA) 

antibodies. To perform the IF imaging, the anti-fimbrial antibodies, referred to as 

primary antibodies, were labeled by secondary antibodies. The secondary 

antibodies were labeled with a fluorescent dye Alexa Flour 488 (AF488). Thus, 

localization of anti-fimbrial antibodies bound to fimbriae could be detected by 

imaging the AF488 dye (green color, Figure 20A). In addition, to distinguish the 

external and internal localization of primary antibodies, the cell boundary and 

F 
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interior were labeled with membrane dye FM4-64FX and the DNA binding stain 

DAPI (red and blue colors resp., Figure 20B and C), respectively. Co-localization 

of AF488 (green) with both cell membrane (red) and DNA (blue) clearly showed 

differential spatial occupancy of the antibodies around the cell periphery.  

 

 

Figure 20. An immunofluorescence micrograph of P-fimbriated E. coli cell in the 

presence of anti-PapA antibodies (0.2 µg/ml) 79. Panels A-D indicates; only the primary 

antibodies (A), cell interior and antibodies (B), cell membrane and antibodies (C), and 

the three components are presented in (D). The peripheral localization of the antibodies 

at the cell exterior is clearly detectable. 

Furthermore, to confirm peripheral localization of antibodies around the cell 

we performed confocal fluorescence microscopy. In this method the fluorescent 

signals of the same cell was recorded at different focal depths resulting in a 3D 

representation of the cell, as is shown in Figure 21. The green color that represents 

the anti-fimbrial antibodies can be detected in all three dimensions at the cell 

exterior. Moreover, to ensure that antibodies specifically target the fimbriae, we 

performed similar analysis using antibodies that are raised against an outer 

membrane protein of the cell (anti-OmpA). The peripheral spray was not observed 

when the anti-OmpA antibodies were used. The micrographs associated with these 

data are presented in Paper I, supplementary information. 
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Figure 21. A confocal micrograph of two P-fimbriated E. coli cells in the presence of 

anti-fimbrial antibodies (0.2 µg/ml) 79. The cell interior is labeled with DAPI (blue) and 

primary antibodies against fimbriae were labeled with secondary antibodies conjugated 

with Alexa Fluor® 488 (green). The peripheral localization of antibodies is detected in all 

the presented dimensions.  

To collect TEM micrographs, prior to imaging, the fimbriated bacterial cells 

were attached to a Cu-grid, negatively stained, and incubated with primary and 

secondary antibodies, respectively. The primary antibodies (anti-fimbrial) were 

labeled with secondary antibodies that were conjugated with gold nanoparticles. 

Figure 22 shows a TEM micrograph of an E. coli cell (HB101/pHMG93 strain) 

expressing P-fimbriae, where fimbriae are decorated with a multitude of antibodies 

(black dots). This clearly confirms the interaction of antibodies with fimbrial 

shafts. As mentioned previously the TEM micrographs were also used to estimate 

the length of fimbriae as well as estimating the number of antibodies that might 

interact with fimbriae. 
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Figure 22. A TEM micrograph of E. coli cell expressing P-fimbriae in the presence of 

antibodies (0.2 µg/ml). The fimbriae decorated with anti-PapA antibodies that are labeled 

with gold nanoparticle conjugated antibodies (black dots). Each fimbria is nicely covered 

with multitude of antibodies.  

We also confirmed the interaction of antibodies to their specific target using 

western blot (WB) analysis. The WB analysis showed a band at the molecular 

weight consistent with that of the target protein, i.e., the shaft subunit. As an 

example, the WB analysis of total cell lysate using anti-PapA antisera showed a 

specific band of ~ 17 kDa, the molecular weight of PapA subunits, implying a 

specific interaction of anti-PapA antibodies with the shaft subunits. The 

preparation procedures for WB analysis as well as corresponding WB data using 

anti-PapA, anti-CS20, anti-CS2, and anti-CFA/I antisera are presented in details in 

Papers I, IV, and V, respectively. 

6.2 Antibodies modify the force response of fimbriae  

To obtain a better understanding of the impact of antibodies on the mechanical 

behavior of fimbriae we measured the force response of fimbriae in the presence of 

anti-fimbrial antibodies. We compared the force response of P, CS20, CS2, and 

CFA/I fimbriae in the absence and presence of antibodies. As a representative data 

set, I here use CS20 as example. Polyclonal antibodies were raised against purified 

CS20 fimbriae in which the immunodominent component was the CsnA subunit. 

The purified antibody was analyzed by SDS-PAGE, where the molecular weight of 

purified antibodies appeared close to that of immunoglobulin G (IgG) class. Force 

spectroscopy measurements were performed using three different concentrations of 

purified antibodies, i.e., 2.8, 0.28, and 0.028 µg/ml. Panels A1-C1 in Figure 23 
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show three consecutive force responses of CS20 fimbriae at the highest 

concentration of antibodies (2.8 µg/ml).  

In comparison to the typical force responses of unaccompanied CS20 fimbriae, 

the force responses in the presence of antibodies indicate significant changes of the 

unwinding and rewinding responses. Panel A1 in Figure 23 shows the first phase 

of extension (black) and contraction (blue). As is seen, the unwinding force has 

been increased several fold above its steady-state unwinding force indicating that 

higher force is required for opening of the helical shaft. The force peaks seen 

during unwinding are likely detachment of one arm of an antibody that allows 

subsequent opening of the layers in the second phase of extension (panel B1). 

During rewinding the force level is reduced to a force significantly lower than the 

force required for rewinding of CS20 alone. These data imply that the fimbria is 

unable to fully regain its helical form. The force peaks that appeared during 

rewinding indicate that only small sections of the fimbria could reform the helical 

structure. In the next phase (Figure 23B1) the same fimbria is extended and 

contracted for the second time. In the beginning of the extension curve a short 

plateau region (distance between two dashed lines) is seen that represents a short 

section of sequential unwinding. Thereafter, the force increases non-linearly with 

extension, indicating stochastic opening of the ll bonds. Panel C1 shows the third 

extension-contraction phase of the same fimbria. The force-extension curve shows 

only a small constant region indicating short unwinding of the shaft. The few force 

peaks that are observed during rewinding indicate a few formed helical regions. 

The force measurement at lower concentration of antibodies also showed 

disturbed force responses. However, at lower concentration fewer and smaller 

force peaks was observed. Figure 23, panels A2-B2 show three consecutive force 

responses of CS20 fimbria in the presence of a 10 fold lower concentration of anti-

CS20 antibodies (0.28 µg/ml). Panel A2 shows the first extension, indicating that 

even at low concentration the initial extension is significantly influenced by 

antibodies. The force response during rewinding (blue) is similar to without 

antibodies, however more fluctuations are seen. Panels B2 and C2 indicate the 

second and the third phases of extension-contraction, respectively, indicating 

reduced force peaks due to less bound antibodies. 
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Figure 23. Three consecutive force spectroscopy responses of a CS20 fimbria in the 

presence of anti-CS20 antibodies 85. Panels A1-C1 shows a consecutive unwinding-

rewinding response of the same fimbriae in the presence of highest antibody 

concentration (2.8 µg/ml). The unwinding and rewinding responses are presented in the 

black and blue colors, respectively. Panels A2-C2 shows a consecutive force response of 

CS20 fimbriae in the presence of lower concentration of anti-CS20 antibodies (0.28 

µg/ml). 

The force spectroscopy data indicate that a significant change of the 

biomechanical properties of fimbriae occurs in the presence of anti-fimbrial 

antibodies. As was seen in Figure 23, during extension the force increases several 

fold above its steady-state unwinding force implying that antibodies have a 

“destructive role” for fimbrial resilience. We speculate that the force rise during 

the unwinding originates either from; clamping of several layers by antibodies, 

which in turn prevents sequential unwinding of the shaft, or cross-linking of 

fimbriae by their two arms that leads to simultaneous extension of several fimbriae. 

Force peaks, similar to the once observed in our data, was also detected in a 

computer simulation using a rigid multibody model approach and stochastically 

clamping layers 
102

. In general, the force response in the presence of anti-fimbrial 

antibodies was very similar for all the investigated types of fimbriae, i.e., P, CS2, 

CS20, and CFA/I. 

To confirm the hypothesis that antibodies lock consecutive layers of fimbriae 

with their bivalent binding capabilities we performed additional force spectroscopy 

measurements with Fab fragments of the antibodies. The Fab fragments were 
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prepared by cleaving antibodies with papain. This enzyme dissociates each 

antibody (IgG) into two fragments, the antigen binding domains (Fab) and the 

single fragment crystallization domain (FC). The force measurement on a fimbria 

was thereafter performed in the presence of Fab fragments. Figure 24 shows 

representative data of three consecutive force responses of CS20 fimbria in the 

presence of Fab fragments. As is seen, the force extension curves in the presence 

of Fab fragments are very similar to that of in the absence of antibodies, Figure 10. 

However, the rewinding curves contain several force drops that indicate failure in 

proper rewinding of the shaft to its helical configuration. We anticipate that during 

the extension of fimbria, internal epitopes are exposed to monovalent Fab 

fragments, which later induce fluctuations during the rewinding. 

 

 

Figure 24. Three consecutive force spectroscopy response of CS20 fimbria in the 

presence of Fab fragments of anti-CS20 antibodies (3.0 µg/ml) 85. Panels A-C show the 

unwinding (black) and rewinding (blue) cycle for the same fimbria.  

6.3 Antibodies modify the extension length of fimbriae 

Our data show that anti-shaft antibodies not only change the unwinding response 

of fimbriae, but also significantly reduce the extension length of fimbriae. This was 

seen for all investigated fimbriae. To quantify the extension length, in the presence 

and absence of antibodies, we used force data curves from individual fimbria. We 

compared the length of the constant force plateau (region II) either in the absence 
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or presence of antibodies. This length is indicated with two vertical dashed lines in 

Figure 10 and Figure 23B1 for CS20 fimbriae in the absence and presence of 

antibodies, respectively. For example, the extension length in Figure 10 is 4 µm, 

whereas this length is only 1.3 µm in Figure 23B1.  

Figure 25 shows the distribution of extension lengths of CS20 fimbriae in the 

presence, the red histogram (panel A), and in the absence of antibodies, the black 

histogram (panel B). Our statistical analysis shows the mean extension lengths for 

CS20 fimbriae (n = 16) in the presence and absence of antibodies are 2.9 ± 0 .9 µm 

and 5.6 ± 2.2 µm, respectively. A comparison of the mean values using t-test 

analysis reveals a significant difference (p < 0.05) that implies the extension 

lengths and thereby the flexibility of fimbriae is strongly influenced by antibodies. 

A similar assessment was done on the extension length of fimbriae in the presence 

of Fab fragments indicating the extension length is unaltered in the presence of 

Fab. 

 

 

Figure 25. The extension length of CS20 fimbriae in the absence and the presence of 

antibodies 85. Panel A) In the presence of antibodies the mean extension length is 2.9 ± 

0.9 µm whereas Panel B) In the absence of antibodies the mean extension length is 5.6 ± 

2.2 µm. 

A significant difference was also found for P-fimbriae in the presence and 

absence of antibodies, data presented in Paper I 
79

. The mean extension length in 

the presence of antibodies for P-fimbriae (n = 50) was 2.2 ± 0.6 µm, whereas in the 

absence of antibodies the mean value was 8.0 ± 1.4 µm. 



 

47 

 

6.4 Anti-shaft vs. anti-adhesin antibodies 

So far, we have explored the impact of anti-fimbrial antibodies on the mechanical 

properties of fimbriae, which indicated significant changes in the extension force 

and the extension lengths of fimbriae. The anti-fimbrial antibodies contain, 

however, both anti-shaft and anti-adhesin antibodies since epitopes of both the 

shaft and adhesin were presented during immunization. To elucidate any 

differences of these antibodies we investigated the force-extension responses of 

CFA/I fimbriae. In Figure 26 panel A, a typical force-extension response of a 

single CFA/I fimbria, unwinding at ~ 7.5 pN indicated by the dashed vertical red 

lines, is shown. Panels B and C show the force responses of CFA/I fimbriae in the 

presence of anti-fimbrial (both shaft and adhesin) and anti-shaft antibodies, 

respectively. As is seen, both antibodies significantly altered the force-extension 

responses of fimbriae. Panel D shows the force-extension (black) and contraction 

(blue) responses of CFA/I in the presence of only anti-adhesin antibodies, where 

the force response is similar to that of Panel A. Thus, the data indicate that the anti-

shaft antibodies influence the biomechanical properties of fimbriae, whereas the 

anti-adhesin antibodies do not attach to the shaft and therefore do not change the 

extension response. 

 

 

Figure 26. Force spectroscopy responses of CFA/I fimbriae in the absence and presence 

of antibodies. In panel A, a typical force response of CFA/I fimbriae in the absence of 

antibodies is shown, where the fimbria experiences a sequential unwinding at 7.5 pN 

(region II). Panel B shows the force-extension response in the presence of anti-fimbrial 

antibodies against both shaft and adhesin (2.8 µg/ml). The extension curve contains 

several force peaks with a short unwinding region that is indicated between two red 

dashed lines. Panel C shows the force-extension response in the presence of anti-shaft 

antibodies (2.8 µg/ml), which is also constituted of high force peaks. Panel D presents 

the force-extension (black) and contraction (blue) curves of a fimbria in the presence of 

anti-adhesin antibodies (85.8 µg/ml) indicating almost no impact of antibodies on the 

mechanics of fimbriae. 



 

48 

 

6.5 How antibodies interact with fimbriae 

The force responses of fimbriae in the presence of antibodies are significantly 

different than in their absence. This behavior was seen for P, CS20, CS2, and 

CFA/I fimbriae. However, in the presence of Fab fragments we did not detect any 

significant changes. To better understand this behavior we developed a conceptual 

model that describes the possibilities for antibody-fimbriae interactions. Via 

bivalent binding antibodies should be able to cross-link a fimbrial shaft in two 

ways: either via inter- or intra-fimbrial interactions. Via intra-fimbrial interactions 

an antibody can lock layers by attaching its two arms on the surface of one fimbria, 

thus sequential unwinding is not possible. On the other hand, since all fimbriae 

express similar epitopes, the bivalent nature of antibodies should provide a 

possibility to bind together two separate fimbriae via inter-fimbrial interactions, 

thus cross-linking two fimbriae. This implies that upon tensile force on one fimbria 

in an optical tweezers instrument, the response will include stretching of two 

fimbriae.  

An illustration of this conceptual model is presented in Figure 27 showing 

possible interactions during a force spectroscopy experiment. Panel A shows intra-

connected antibodies that lock the layers of fimbriae, whereas panel B shows 

antibodies that lock the layers and cross-link two fimbriae via intra- and inter-

connections, respectively.  

 

 

Figure 27. A conceptual model of antibodies attachment to fimbriae during force 

spectroscopy measurement. For simplicity each bacterium is shown with only two 

fimbriae (grey spiral cord) that are attached to the probe bead (blue) and decorated with 

antibodies (orange Y). Panel A represents the intra-fimbrial interactions, where 

antibodies inter-lock the layers of a single fimbria. Panel B indicates both the intra- and 

inter- fimbrial interactions, where antibodies in addition to intra-fimbria locking of 

layers, antibodies also cross-link neighboring fimbriae. 

A conceptual in vitro model was also made to better describe the unwinding 

and rewinding behavior of fimbriae when exposed to a tensile force in the presence 

and absence of antibodies. This is shown in Figure 28 indicating two E. coli cells 

in the absence (left) and the presence (right) of antibodies, when exposed to a 

tensile stress. Figure 28A indicates both cells before exposure to a tensile force. 
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Panel B represents the unwinding state of fimbriae, where the fimbria in the 

absence of antibodies is fully unwound, whereas the fimbria that is decorated with 

antibodies is partially unwound. Alluded to above, the partial unwinding occurs 

due to the inter- and intra-fimbrial interactions. During the rewinding, as is shown 

in Figure 28C, the fimbria in the absence of antibodies can easily regain its helical 

form, whereas the fimbria in the presence of antibodies does not experience a full 

rewinding.  

 

 

Figure 28. An illustration of the extension-contraction responses of fimbriae in the 

absence and the presence of antibodies 85. For better clarification only a single 

representative fimbria is shown. Panels A-C represent two bacterium cells in the absence 

(left) and the presence (right) of antibodies (IgGs); before exposure to a tensile stress 

(A); both cells are exposed to a tensile stress in a direction that allows the extension of 

fimbria (B); the rewinding state of fimbriae (C). 

6.5.1 Antibody-fimbriae binding 

To get a better understanding of how a single antibody molecule binds to the 

fimbrial shaft as well as estimating the number of layers being locked by an 

antibody, we created a conceptual model as is shown in Figure 29. In this model 

we used the helical reconstruction map of fimbria (P-fimbriae) 
62

 and fitted the 

arms of an antibody class - immunoglobulin G (IgG) model (pdb 1IGT) to the 

specific epitope (Val11) on the shaft subunits. The arms of antibodies were 

represented by cylinders of 5 nm in diameter and 10 nm in length, shown as a tan 

cylinder in Figure 29A. These represent a low resolution visualization of the arm 

of the antibody and thereby simplified the model. The primary arm of the antibody 

that was attached to the n
th

 subunit is shown as a blue cylinder in Figure 29B. 

Thereafter, we investigated different possibilities for attachment of the second 

arm of the IgG. First, since the two arms of an IgG are allowed to be separated ~ 

10 nm via a flexible hinge region, the secondary arm is limited to attach to a 

subunit within this distance. Second, since the shaft is constructed of identical 

subunits (PapA), and the two arms of an antibody have identical antigen-binding 
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site, we thus allowed the second arm to attach to the fimbria via the same epitope 

(Val11) as the primary arm. In addition, the secondary arm should be attached with 

the same angle relative to the shaft as the primary arm. Lastly, the steric clashes 

between two arms were considered, requiring a minimum distance of 5 nm 

between them. 

  By applying these constraints we could explore the binding possibilities of 

the secondary arm to neighboring subunits, when the primary arm is attached to the 

n
th

 subunit.  We realized that the IgG binding between the n
th

 (blue cylinder, Figure 

29B) and n+7
th

 subunits (green cylinder, Figure 29B) is more likely to occur. In 

addition, the attachment between n
th

 and n+3
th

 subunits (tan cylinder, Figure 29B) 

is also a possibility, although the arms are close. The current model was applied for 

P-fimbriae in the presence of anti-PapA antibodies allowing us to anticipate the 

possible number of subunits that are clamped by a single IgG. Our modeling 

yielded ratios of 1:4 (allowing the n
th

 and n+7
th

) and 1:2 (allowing n
th

, n+3
rd

 and 

n+7
th

) antibodies per subunit can attach to the shaft. A further description and 

details are presented in Paper I. 

 

 

Figure 29. A model representing interaction of an antibody with shaft subunits 79. An IgG 

model (pdb 1IGT, tan, panel A) and a 3D reconstruction map of P-fimbriae (magenta, 

panel B) are used as a representative antibody molecule and fimbria, respectively. The 

cylinders in panel A and B represent low resolution visualization of the arm of the 

antibody. Panel B represents the plausible positions of the antibody on the fimbria. The 

yellow spheres represent atoms of a potential epitope (Val11).  
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6.6 Chapter conclusion 

This chapter discussed how purified anti-fimbrial antibodies influence the 

mechanical behavior of fimbriae. Initially, we confirmed interactions of antibodies 

with the fimbrial shaft using IF and TEM imaging. Thereafter, we performed force 

spectroscopy experiments on different fimbriae (P, CS20, CS2, CFA/I) in the 

presence and absence of antibodies. In the presence of anti-fimbrial antibodies the 

unwinding force significantly increased and the extension length was reduced. Our 

data, thus, indicated that antibodies significantly alter the mechanical properties 

and thereby flexibility of fimbriae. 

Moreover, to investigate if bivalent binding is necessary for reducing fimbrial 

flexibility, we performed force spectroscopy measurements with Fab fragments. 

The monovalent Fab fragments were prepared by disassembling the intact antibody 

molecules into two arms and a single tail section. It was found that, in the presence 

of Fab fragments the unwinding was not influenced implying that bivalent binding 

is necessary to inhibit fimbrial flexibility.    

Since antibodies significantly reduce fimbrial flexibility, and it is believed that 

flexible fimbriae are important for sustaining bacterial adhesion, the findings 

presented here opens up for a speculative discussion. We believe that bacteria with 

non-flexible fimbriae would not sustain adhesion under shearing forces, and thus 

the bacteria would be easily flushed out by body fluids. Concluding from our 

observations antibodies, in addition to their role in identifying the foreign antigens, 

can physically interfere with mechanical properties of fimbriae and disrupt their 

function.  
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7 Ongoing project 

7.1 Comparison of Class 5 fimbriae 

he Class 5 family, also known as the α-fimbrial clade, includes the majority 

of the fimbriae that are assembled via the alternate chaperone-usher 

pathway 
103

. A well-studied member of this family is CFA/I fimbriae of 

ETEC associated with infectious diarrhea. Other ETEC-expressed fimbriae that are 

categorized in α-clade group are CS1, CS2, CS4, CS5, CS14, CS17, CS19, and 

PFC071. Similar to CFA/I, most of these fimbriae (except CS5) are composed of a 

rigid fimbrial shaft (multiple copies of the major subunit) with 6-7 nm in diameter 

and a tip-localized minor subunit that mediates adherence.  

Recent investigations at a single cell level have provided valuable information 

on the structural and biomechanical features of some members of this family, e.g., 

CFA/I and CS2. However, characteristics of many members still remain unknown. 

Therefore, to make a comprehensive comparison between the fimbriae from this 

family we aimed to characterize the structure and biomechanical properties of 

some other members, i.e., CS14, CS17, and CS19. We collected preliminary force-

extension responses of CS17 and CS19 under steady-state conditions, which 

yielded a value of 8.8 ± 1 pN (n = 23) and 7.6 ± 1.4 pN (n = 10). A representative 

force extension-contraction response of CS17 is shown in Figure 30. As was 

anticipated, the CS17 and CS19, analogous to CFA/I and CS2, are categorized in a 

low-unwinding force group. The next step is to characterize the kinetic parameters 

and structural properties (measurements are ongoing).  

 

 

Figure 30. A force extension-contraction responses of a single CS17 fimbria. The 

unwinding and rewinding curves are shown in black and blue, respectively.  

T 
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8 Concluding remarks 

he work performed during my thesis has been devoted to both 

characterizing the structure and biomechanics of fimbriae as well as 

exploring the impact of antibodies on fimbrial mechanics.  

In the first part I investigated the biomechanical and structural characteristics 

of ETEC-expressed fimbriae using force measuring optical tweezers. These results 

are presented in Papers II and III. A comparison between these with previous 

investigated UPEC-expressed fimbriae revealed clear differences of unwinding 

forces and kinetic parameters. Thus, to better understand these differences we 

explored the structural properties of representative ETEC- and UPEC-expressed 

fimbriae. Our data highlighted that these fimbriae despite their similar helical 

architecture, vary in structural details and biomechanical properties. From the 

observed similarities and differences reported here, we concluded that the 

environment plays a critical role in assigning the biophysical and structural 

properties of fimbriae.  

The second part of my work focused on exploring the impact of antibodies on 

the mechanics of fimbriae, presented in Papers I, IV, and V. We used various 

imaging techniques to detect the interactions of antibodies with fimbriae, and we 

performed force spectroscopy measurements to address the influence of antibodies 

on the biomechanical properties of fimbriae. Our imaging and force spectroscopy 

data strongly suggested that antibodies interact and physically interfere with 

fimbrial biomechanics, which follows reduced flexibility of the shaft. The findings 

presented herein, thus, suggest a new role of antibodies that may directly 

contribute in the battle against bacterial virulence factors. While a lot remains to be 

explored, this work has improved our understanding of the mechanism by which 

antibodies mediate disruption of fimbrial biomechanics, and hopefully, provided a 

step forward in development of new antibody-based therapeutic and vaccines. 

  

T 
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9 Summary of papers 

his thesis is based on the work presented in the following publications 

denoted as Papers I-V in the text. Below I give a brief description of these 

Papers together with my main contribution to each of them. 

 

Paper I 

P-fimbriae in the presence of anti-PapA antibodies: new insight of 

antibodies action against pathogens 

In this paper we investigated the biomechanical properties of P-fimbriae in 

the presence of anti-PapA antibodies, i.e., antibodies that mainly target the 

major shaft subunits. To verify the interaction of antibodies with fimbrial 

shaft subunits, initially we performed Immunofluoresence and TEM 

imaging. In addition, western blot analysis was carried out that also 

confirmed the antibody-fimbriae interaction. The biomechanical properties 

of fimbriae were investigated with the force measuring optical tweezers, 

which revealed a significant alteration of the force response of fimbriae in 

the presence of antibodies. 

My contribution to this work includes the force spectroscopy 

measurements, the length quantification as well as data interpretation. 

Moreover, I contributed to parts of the writing correlated with these 

sections and made most of the corresponding figures. 

  

T 
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Paper II 

Structure and function of enterotoxigenic Escherichia coli fimbriae 

from differing assembly pathways 

Extensive investigations performed in this paper were conducted to 

characterize the CS20 fimbriae expressed by enterotoxigenic Escherichia 

coli. The expression of fimbriae and their morphology were investigated 

using AFM and TEM imaging. To characterize the biomechanical behavior 

of CS20 fimbriae, under steady-state and dynamic conditions, we 

performed the force spectroscopy measurements using optical tweezers. 

Moreover, we investigated structural properties of CS20 fimbriae using its 

3D reconstruction model. Our findings, therefore, allowed us to draw a 

broad comparison between the biomechanical and structural properties of 

CS20 with other ETEC- and UPEC-expressed fimbriae. 

In this work I carried out the force spectroscopy measurements under 

steady-state and dynamic conditions including data analysis. I also made 

the figures correlated with these sections as well as contribution in writing 

of these sections.   

Paper III 

Biomechanical and structural features of CS2 fimbriae of 

enterotoxigenic Escherichia coli 

This paper investigates the biophysical properties of CS2 fimbriae. We 

further investigated the structure of CotA, major subunit of CS2, by 

homology modeling. The mechanical responses of fimbriae to a tensile 

force, under the steady-state and dynamic conditions were analyzed using 

the force measuring optical tweezers. The resulting data were compared in 

details to those of CFA/I and CS20 fimbriae.  

In this work I carried out the force spectroscopy experiments, 

dynamic force measurements, length quantification, characterizing the 

properties of homology modeled subunit as well as data interpretation. In 

addition, I made the majority of the figures and contributed in writing the 

paper. 
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Paper IV 

Antibody-mediated disruption of the mechanics of CS20 fimbriae of 

enterotoxigenic Escherichia coli 

The biomechanical and structural properties of CS20 fimbriae were 

extensively investigated in Paper II. Following our previous findings, in 

this paper we challenged flexibility of CS20 fimbriae by anti-fimbrial 

antibodies. The morphology of fimbriae was investigated with AFM and 

TEM imaging. The mechanical behavior of fimbriae, in the presence and 

absence of antibodies were studied with optical tweezers. As was 

anticipated, the antibodies significantly influenced the mechanical 

properties of fimbriae. To confirm that these changes are originated from 

the bivalent binding of antibodies, the force measurements were performed 

in the presence of fractions of antibodies (Fab fragments), which indicated 

minor influence. To further verify interaction of antibodies with target 

protein, we performed western blot analysis. Our findings, thus, revealed 

that anti-CS20 antibodies interfere with unwinding properties of fimbria 

thereby alter its flexibility.  

My contribution in this work is dedicated to the force spectroscopy 

measurements as well as data analysis. In addition, I contributed to parts of 

the writing correlated with these sections as well as making the figures. 

Paper V 

Antibodies damage ETEC fimbrial resilience: make them stiff and 

tangle 

Our investigations on P and CS20 fimbriae in the presence of intact 

bivalent anti-fimbrial antibodies revealed that these antibodies alter 

flexibility of fimbriae. To draw a thorough conclusion of the influence of 

antibodies on flexibility of fimbriae we broaden our investigations on two 

other ETEC-expressed fimbriae. In this paper, using optical tweezers, we 

investigated the force-extension responses of CS2 and CFA/I fimbriae in 

the presence and absence of anti-fimbrial antibodies. The force 

measurements were also carried out in the presence of Fab fragments of 

these antibodies. To verify the antibody-fimbriae interactions we 

performed western blot analysis. In addition, we performed force 
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measurements in the presence of anti-adhesin antibodies that indicated 

intact force-extension responses. Thus, from these findings we concluded 

that anti-fimbrial antibodies can impact the fimbrial resilience of the low-

unwinding-force fimbriae via their bivalent bindings. 

In this study I carried out the force spectroscopy measurements 

including the data analysis. Moreover, I contributed in making the figures 

as well as contributions in parts of writing.  
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