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Abstract 

Diseases caused by pathogenic agents such as bacteria and viruses result in 
devastating costs on personal and societal levels. However, it is not just the 
emergence of new diseases that is problematic. Antibiotic resistance among 
bacteria makes uncomplicated infections difficult and lethal. Resilient disease-
causing spores spread in hospitals, the food industry, and water supplies 
requiring effective detection and disinfection methods. Further, we face complex 
neurological diseases where no effective treatment or diagnostic methods exist. 
Thus, we must increase our fundamental understanding of these diseases to 
develop effective diagnostic, detection, disinfection, and treatment methods. 

Classically, the methods used for detecting and studying the underlying 
mechanics of pathogenic agents work on a large scale, measuring the average 
macroscopic behavior and properties of these pathogens. However, just as with 
humans, the average behavior is not always representative of individual behavior. 
Therefore, it is also essential to investigate the characteristics of these pathogens 
on a single cell or particle level.  

This thesis develops and applies optical techniques to characterize pathogenic 
biomaterial on a single cell or particle level. At the heart of all these studies is our 
Optical Tweezers (OT) instrument. OT are a tool that allows us to reach into the 
microscopic world and interact with it. Finally, by combining OT with other 
experimental techniques, we can chemically characterize biomaterials and 
develop assays that mimic different biological settings. Using these tools, we 
investigate bacterial adhesion, disinfection, and detection of pathogenic spores 
and proteins. 

Hopefully, the insights of these studies can lessen the burden on society caused 
by diseases by helping others develop effective treatment, diagnostic, detection, 
and disinfection methods in the future.  
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Enkel sammanfattning på svenska 

Sjukdomar orsakade av patogena agenter som bakterier och virus resulterar i 
förödande kostnader både på en personlig och samhällelig nivå. Det är dock inte 
bara uppkomsten av nya sjukdomar som är problematisk. Antibiotikaresistens 
bland bakterier gör tidigare enkla infektioner svåra och dödliga. Tåliga 
sjukdomsframkallande sporer sprids på sjukhus, inom livsmedelsindustrin och 
vattenkällor som kräver effektiva detektions- och desinfektionsmetoder. Vidare 
står vi inför komplexa neurologiska sjukdomar där det inte ännu finns några 
effektiva behandlings eller diagnostiska metoder. Därför måste vi öka vår 
grundläggande förståelse kring dessa sjukdomar för att utveckla effektiva 
metoder för diagnostik, detektion, desinfektion och behandling. 

Många klassiska metoder som används för att detektera och studera den 
underliggande mekaniken hos patogena agenters arbetar i stor skala och mäter 
det genomsnittliga beteendet och egenskaperna hos dessa patogener. Men precis 
som med människor är det genomsnittliga beteendet inte alltid representativt för 
det individuella beteendet. Därför är det också viktigt att undersöka 
egenskaperna hos dessa patogener på individuell cell eller partikelnivå. 

Denna avhandling utvecklar och tillämpar optiska tekniker för att karakterisera 
patogent biomaterial på en enskild cell eller partikelnivå. Kärnan i alla dessa 
studier är vår optiska pincett (OT). OT är ett verktyg som låter oss nå in i den 
mikroskopiska världen och interagera med den. Slutligen, genom att kombinera 
OT med andra experimentella tekniker, kan vi genomföra kemisk karakterisering 
och utveckla analyser som efterliknar olika biologiska miljöer. Med hjälp av dessa 
verktyg undersöker vi bakteriell vidhäftning, desinfektion och detektion av 
patogena sporer och proteiner. 

Förhoppningsvis kan insikterna i dessa studier minska den börda på samhället 
som orsakas av sjukdomar genom att hjälpa andra att utveckla effektivare 
metoder för behandling, diagnostik, detektion och desinfektion i framtiden.
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1 Introduction 

Diseases caused by pathogenic agents such as bacteria and viruses result in 
devastating costs on personal and societal levels. For example, the ongoing virus-
driven COVID-19 pandemic has claimed millions of lives and cost society a vast 
amount of money in healthcare and economic damages [1]. However, it is not just 
the emergence of new diseases that is problematic. For example, diarrheal 
diseases still kill hundreds of thousands of children every year [2]. Another 
looming threat is the rapid spread of antibiotic-resistant bacteria. The antibiotic 
resistance among bacterial strains causing urinary tract infections or hospital-
acquired infections rapidly increases, making relatively simple infections 
problematic and lethal [3]. Beyond this, we face an increase in neurological 
diseases such as Alzheimer's and Parkinson's due to an aged population. These 
debilitating diseases lack treatment and simple diagnostics methods, and their 
cause is still debated [4]–[6]. Thus it is crucial to deepen our fundamental 
understanding of these diseases to add momentum in developing new effective 
diagnostic methods and drugs. 

Antibiotics are common drugs helpful in treating bacterial infections. However, 
the overuse of classical antibiotics drives the emergence of antibiotic resistance 
[7]. Each time a population of bacteria is subjected to antibiotics, it kills all 
susceptible bacteria while leaving the naturally resistant ones alive to multiply. 
To avoid this, we need to develop alternate ways of combatting bacterial 
infections that do not rely on classical antibiotics. One such way is to disable the 
bacteria using non-lethal methods, such as targeting their ability to attach to host 
cells [8]. Attaching to the host is a critical step in infection that allows the bacteria 
to hold on to the host while colonizing it [9]. By disrupting this process, the 
bacteria would be flushed out of the host without causing infection. This would 
also leave the susceptible bacteria alive, preventing the development of resistance 
to this method. However, resistance to treatment methods is not the only 
problematic trait a pathogen can have. Some pathogens are naturally resistant to 
strong disinfection chemicals that kill even the toughest bacteria. One such 
example is spore-forming pathogens. 

Spores, such as bacterial endospores or coccidian oocysts, are cells that have 
entered a dormant state where they are highly resistant to environmental threats. 
For example, bacterial endospores can resist extreme temperatures, disinfection 
chemicals, and high energy radiation [10]. Being extremely rugged, bacterial 
spores can remain dormant for millennia before becoming active living cells again 
when conditions are suitable. These traits make some bacterial spores highly 
problematic, particularly those of Bacillus anthracis. B. anthracis, commonly 
known as anthrax, can cause deadly diseases in humans and animals [11]. Being 
deadly and hard to kill has led these spores to be used as bioweapons by terrorists 
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[12] while also causing natural outbreaks worldwide. Similarly, outbreaks of 
parasitic Cryptosporidium spores can contaminate drinking water [13], cause 
severe disease [14], and are resilient to decontamination [15]. Therefore, we need 
to have efficient disinfection and detection methods for these types of spores to 
rapidly and correctly identify and disarm these threats.  

Detection methods are not only relevant for bacterial spores. As mentioned 
before, no simple diagnostic method exists for neurological diseases such as 
Alzheimer's and Parkinson's. Also, there are several research gaps in the 
underlying cause of these diseases. However, it is known that small proteins, 
amyloids for Alzheimer's and alpha-synuclein for Parkinson's, are found in the 
brains of those afflicted. These proteins aggregate in the brain and cause cell 
death, leading to impaired brain function [16]. Early detection and diagnosis of 
this process are essential. A swift diagnosis will lead to faster treatment that can 
slow the disease progression and improve the patient's life quality [17]–[19]. 
Thus, we need to develop rapid and accurate detection methods for these proteins 
and aggregates. 

All of the pathogens and pathogenesis-related proteins discussed have something 
in common. They are all complex microscopic systems that require a fundamental 
understanding of how they work and how to detect them. Classically, methods 
used to investigate systems like these work on a large scale. For example, studies 
on bacterial mobility are often done by measuring the growth of bacterial colonies 
[20]. Methods like this measure the average macroscopic behavior of these cells, 
which is not always representative of how the individual bacteria behave. For 
example, if you throw dice many times and count the average amount of dots, you 
will get an average of 3.5 dots. However, it is impossible to get 3.5 dots on any 
single dice throw, and the results misrepresent how the individual die throws 
behave. Due to this reason, it is desirable to complement average population 
studies with those done on single individuals.  

In this thesis, we have developed and applied optical techniques to characterize 
pathogenic biomaterial on a single cell or particle level. We apply these 
techniques to study the biophysics of bacterial adhesion and the physicochemical 
role of disinfection chemicals on spores. Further, we structurally characterize 
pathogenic proteins and their aggregates and apply and evaluate spectroscopic 
methods to detect pathogens. At the heart of all these studies are our Optical 
Tweezers (OT). OT are a tool that allows us to reach into the microscopic world 
and interact with it. It accomplishes this by using only focused light, making it 
relatively non-intrusive and non-destructive. With OT, we can trap single cells 
and particles, move them around, and apply precise forces to them. Finally, by 
combining OT with microfluidics, we can develop assays to mimic different 
biological settings. However, to reach there in this thesis, we first need to explain 
what OT are and how they allow us to interact with the microscopic world. 
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2 Interacting with the Microscopic World 

OT are fantastic tools that allow us to reach into and interact with the microscopic 
and submicroscopic world using only light. After the invention of this tool in the 
'80s by Arthur Ashkin [21], OT have been widely adopted and used to study many 
different microscopic and nanoscopic phenomena. For example, they have been 
used to pull on and measure the mechanics of DNA strands [22], [23], the 
stepping of molecular motors [24], protein folding [25], and much more [26]. But 
how do they work?  

2.1 Optical Tweezers 

In their simplest form, OT are composed of nothing more than a laser and a lens. 
The lens focuses the laser, and when it focuses, a potential well forms, which 
attracts particles and traps them in the focal point [21]. To explain how this is 
possible, we need to consider that light, though massless, carries momentum. 
Thus, when you change the direction of light, you need to exert a force on it, and 
in turn, it exerts a force on you. We see a schematic of a trapped micron-sized 
particle in the center of the focused beam in Figure 1A.  

 

Figure 1 A When a particle is in the center of a focused beam, the direction of travel of light is not 

changed, and it exerts no force on the particle. B When the particle displaces to the left, the light 

also gets redirected to the left. This redirection exerts a force on the particle �� that points to the 

right. C When the particle is displaced downwards, the light fans out. This is equivalent to 

redirecting the light downwards. Redirecting the light downwards exerts a force on the particle �� 

that points upwards. 
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In this case, the light propagates in the same direction before and after the 
particle. As the light does not change direction, it does not exert any force on the 
particle. However, if we displace the particle to the left in the trap, it also redirects 
the light in this direction. As the light gets turned to the left, it must exert a force, 
�� on the particle that points to the right, as shown in Figure 1B. Something 
similar happens if we displace the particle downwards from the center of the 
focus. The downward displacement causes the light to fan out. As the light fans 
out equally on both sides, this causes a downward net redirection, exerting a force 
on the particle that points upwards, see Figure 1C. As we can see from these 
examples, if the particle displaces from the center of the focus, a force is created 
that pulls it back to the center, trapping it there.  

When OT traps particles, the force relative to their displacement from the trap 
center is roughly linear. Due to this linear force versus displacement relationship, 
we can view the trapped particle as attached to an ordinary spring. The stiffness 
of this spring is an essential parameter of an optical trap, usually called the trap 
stiffness, ��. Suppose we know �� and can measure the displacement of the 
trapped particle, then we can use this property to measure forces. But, to do that, 
we need to measure the position of the trapped particle. 
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2.2 Measuring Displacements and Forces 

Measuring the displacements of the trapped particle can be done in different 
ways. Some popular methods are using a camera and image analysis to track the 
particle’s position [27] or back focal plane interferometry, BFPI [28]. In BFPI, 
you usually collect the forward scattered light from the trapped particle and the 
unscattered transmitted light. Then you let these two light components interfere 
in the back focal plane (BFP) of the collection lens, see Figure 2A. As the scattered 
light, black lines in Figure 2A, originates from the trapped particle and the 
transmitted light depends on the trap’s position, their interference pattern will 
change with displacements of the particle, ���. The effect of a particle 
displacement on the interference pattern is shown in Figure 2B. The interference 
pattern is symmetric when the particle is centered on the trap, Figure 2B(i). If the 
particle displaces by ��� in the trap, the interference pattern shifts by ���, Figure 
2B(ii). This shift results in a movement of the centroid of the pattern, which can 
be measured using photodetectors. The detectors used for this are often 2D 
position sensors, such as position-sensitive detectors (PSD) or quadrant 
photodetectors (QPD). PSDs and QPDs allow us to detect these centroid 
movements with high bandwidth and sensitivity. 

 

Figure 2 A BFPI works by collecting the light scattered from the trapped particle (black lines) and 

the light transmitted through the sample (red) using a lens. The two collected light components 

interfere in the lens's back focal plane, BFP. The resulting interference pattern will then change due 

to displacements of the trapped particle ��� wich influence the scattered component. B i) The 

interference pattern is symmetric when the particle is in the trap's center. ii) However, when the 

particle shifts by ��� in the trap the center of the interference pattern moves by ���. This movement 

of the center can then be measured.  
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Using this method, you can track particles with sub-nm and pN resolution and a 
bandwidth of ~1 MHz. However, to use this technique to measure forces and 
displacements, we need to know the stiffness of the trap, 	�, and the conversion 
factor between particle displacement and signal response from the detector, 
. 
Thus, we need to estimate these parameters to get exact measurements with our 
system. In other words, we need to calibrate our system. 

2.3 Calibration 

There are many ways to calibrate the 	� and 
, of OT, with different advantages 
and disadvantages. The simplest way of estimating 
 is to move the trap at a 
constant speed through a fixed particle and measure the detection system 
response versus trap position. Another calibration method that estimates both 
 
and 	� simultaneously is to look at the Brownian motion of a trapped particle [29]. 
It has been shown that the power spectral density � of a particle trapped in a 
harmonic potential versus frequency � is given by 

 
 
 

��� =
�

�� + ��
��
, ( 1 ) 

 

where �� is the point where the power spectral density amplitude has decreased 
by 3 dB, called the corner frequency, � is a factor given by 

 
� =

�

2��
�
, ( 2 ) 

 
and � is the diffusion coefficient given by 

 
� =

���

�
, ( 3 ) 

 
where �� is Boltzmann’s constant, � is the temperature in Kelvin, and the drag 
coefficient for the particle, �, is given by  

 � = 6���, ( 4 ) 
 

where � is the particle's radius and � the viscosity of the liquid. Finally, we can 
relate 	� to �� using 

 	� = 2����. ( 5 ) 
 

Thus, we can calibrate our system by trapping a particle, measuring the power 
spectral density of its movements, and fitting it to Equation ( 1 ). We show an 
example power spectral density and fit in Figure 3.  
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Figure 3 Example power spectral density of a trapped particle showing the typical Lorentzian 

shape. The Lorentzian shape predicts that the power spectral density should be constant, followed 

by a sharp bend towards a linear decline above the corner frequency ��. The sharp spike at 32 Hz 

comes from the oscillations used to calibrate the trap. 

This calibration method works well for finding both 
 and 	�. But, it requires 
accurate values for sample temperature, viscosity, and the trapped particle’s 
radius. All these parameters have to be guessed, introducing uncertainty into 
 
and 	�.  To overcome this limitation that introduces errors in the trap stiffness, 
we instead use an active power spectrum method to calibrate our tweezers.  

The procedure for the active calibration is much the same as in the earlier case. 
Except that we oscillate the trapped particle simultaneously as we measure its 
power spectral density. The oscillation gives rise to a sharp spike in the power 
spectral density, which we can use to estimate 
 directly as described in [30]. This 
method allows us to circumvent the need to know the bead's diameter and the 
sample's viscosity. 

Now we have gone through the basics of how OT works, how it measures forces 
and displacements, and how to calibrate it. But we still need to know how to 
realize a setup like this in practice. 
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2.4 The Optical Tweezers Setup 

As mentioned before, OT are often used to study microscopic systems. Thus, 
building one around a microscope is beneficial as it allows us to see our samples. 
Therefore, we built our system around a commercial inverted microscope (IX 71, 
Olympus). See Figure 4 for a system schematic.  

 

Figure 4 Schematic of the OT system where TL is the trapping laser, λ/2 a half-wave plate, PBS a 

polarizing beam splitter,  BD beam dump,  S a shutter, BE a beam expander, DM is a dichroic mirror, 

OBJ the microscope objective, PZT piezo translation stage, PSD position-sensitive detector. 

We equipped the microscope for high-resolution imaging with a high numerical 
aperture objective, either oil or water immersion. This objective allows us to see 
our samples and serves as the lens that focuses our trapping laser. Our trapping 
laser is a 1064 nm diode-pumped solid-state laser (Cobolt Rumba, Cobolt) with a 
max continuous-wave output power of 2 W. Before introducing the laser beam 
into the microscope, we expand it using a beam expander. We expand the beam 
to slightly underfill the objective's back aperture to make an efficient and stiff trap 
[31], [32]. To regulate the stiffness of the trap, we attenuate the laser beam. We 
attenuate the laser using a variable attenuator made out of a half waveplate 
combined with a polarizing beam splitter (PBS). This combination allows us to 
rotate the beam's polarization and change the amount of light that passes through 
the PBS to form the trap. Using a periscope, we introduce the expanded and 
attenuated beam into the microscope through its side port. After the side port, 
the beam is reflected into the objective using a 650 nm short pass dichroic mirror. 
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This mirror also separates the near-infrared light used for trapping and visible 
light used for imaging. We image the sample using an Orca flash 2.8 (C11440, 
Hamamatsu) CMOS camera with a 530 nm LED and a 1.4 NA oil immersion 
condenser for illumination. Before the camera, we have an optional hot mirror 
installed on a slide mount to allow us to choose if we want to image the laser beam 
or not. 

To track a trapped particle using BFPI, we collect the scattered and transmitted 
laser light from our sample using the condenser. We have a dichroic mirror on 
the condenser that separates the laser beam and directs it into a 30 mm cage 
system. In the cage system, we have a lens that relays an image of the condenser's 
BFP onto a 2D PSD. To collect the signal from the PSD, we first send it through a 
custom-made tunable anti-aliasing low pass filter and then acquire the signal 
using a DAQ. 

We have two choices to position our sample in the microscope: a stepper motor 
stage with a custom-made controller for coarse long-range positioning. For short-
range precision control, we use a 3D piezo stage with sub-nm resolution.  

These components form the basics of how our OT setup is constructed. However, 
to build OT capable of sensitive and low noise measurements, care must be put 
into the design of these components. Thus, I will now go through some design 
elements of our setup in more detail and consider parts we optimized during my 
Ph.D. studies. 

2.4.1 Design Considerations 

To build a basic OT is quite simple. All you need is a decent laser, a beam 
expander, and a good lens for focusing. Even so, building good OT requires care 
and attention to create a stable, reliable, easy-to-use system with sub-pN force 
and sub-nm spatial resolution.  

2.4.1.1 Beam Expander 

Forming a strong and efficient trap is essential. High efficiency allows us to use 
the lowest laser power to create a stable trap. Using the lowest amount of power 
for trapping is good, as it minimizes damage to the trapped object. To create a 
strong trap, expanding the laser beam to fit the objective back aperture diameter 
is critical [31], [32]. Commonly, the beam is expanded using dual-lens beam 
expanders of either Keplerian or Galilean designs [32]–[34]. However, these 
designs are usually long, distort the beam with aberrations, and have a fixed beam 
expansion. Thus, if you want to change the objective, which changes back 
aperture diameter, you need to build another telescope. 
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We instead use a triple-lens beam expander to solve these issues in our setup. As 
described in Paper 1, we can build a short expander with minor aberrations and 
variable beam expansion with three lenses. We based our design on a classical 
lens system known as the Cooke triplet [35]. In a Cooke triplet, you use a positive 
lens, followed by a negative lens, and another positive lens, see Figure 5A. This 
design allows us to adjust the beam expansion by changing the position of the 
negative lens, see Figure 5B. This variable beam expansion enables us to fine-tune 
it to optimize the trap stiffness for a given objective. We can also adjust the beam's 
divergence if we shift the last lens, see Figure 5C. The main drawback of this 
design is that lens choice and placement is not trivial to calculate. We used the 
software OpticStudio to optimize the lens shapes and their placement. We 
optimized the system to minimize aberrations and allow the range of 
magnification we needed.  

 

Figure 5 A The Cooke triplet beam expander consists of three lenses. B By adjusting the position of 

the negative lens, we can adjust how much the beam gets expanded. C We can adjust the divergence 

of the expanded beam by changing the position of the last lens. 
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2.4.1.2 Laser Power Control 

When using OT, it is crucial to be able to adjust the trap stiffness. Adjusting the 
trap stiffness is generally done by changing the laser power used to form the trap. 
Yet, directly changing the output power of the laser by changing the pump diode 
current has adverse effects. Partly it changes the amount of heat generated in the 
laser head and thus puts it out of thermal equilibrium, causing drift. 
Furthermore, our trapping laser produces its most stable and symmetric laser 
beam at maximum power output. Thus, it is desirable to run our laser at full 
power and attenuate it in other ways. We attenuate our laser using a half-wave 
plate and PBS combination. The half-wave plate rotates the beam's polarization, 
which we then send into the PBS. The PBS separates the light by polarization 
directions, reflecting one and transmitting the other. Therefore, we can adjust 
how much light gets transmitted through the system by rotating the wave plate. 
However, manually turning a component to adjust the laser power is much less 
repeatable and controllable than doing it electronically.  

Therefore, we developed a low-cost 3D printed motorized rotation mount using 
Arduino-based hobby-grade electronics. See paper 2 for details. The rotation 
mount we designed for laser power control uses a 3D printed frame. We mounted 
a stepper motor on the frame that rotates an off-the-shelf manual optics rotation 
mount via a belt and pulley system. In total, our design cost around 2000 SEK to 
build, including drive electronics, and performs like commercial systems costing 
around 20 000 SEK. These results show that 3D printing combined with simple 
DIY electronics can be a competitive alternative to buying lab equipment. 
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2.4.1.3 Detection System 

As mentioned before, we do our particle tracking using BFPI. BFPI can measure 
minuscule displacements of the trapped particle and is central to the operation of 
OT. Thus, it is vital to have a stable, dependable, and easy-to-use BFPI detection 
system. As our old detection system did not fulfill these criteria, we designed a 
new, improved detection system for our OT. The new system collects the scattered 
and transmitted light from the sample using our microscope condenser, see 
Figure 6A.   

 

Figure 6 A A schematic of the detection system showing how light from the trap is collected and used 

for detection. Here, D is the detector, BFP is the back focal plane or its image, L is a lens, F is a 650 

nm long-pass filter, RP is a rotatable polarizer, P is a fixed polarizer, ND is an absorbing neutral 

density filter, and HM is a hot mirror. B The typical detector response versus bead displacement of 

a BFPI detection system. The black line shows the response of a setup with high sensitivity with its 

linear region shown by the dark shaded region. The red line shows the corresponding response for 

a less sensitive setup with its linear region shown by the light-shaded region. We can see that the 

more sensitive system has a shorter linear region. 

On the top of the condenser, we have a 3D printed mount that holds a 45° 30 mm 
cage system mirror holder. We have mounted a hot mirror in the mirror holder 
that directs the laser beam into a cage system. In the cage system, the beam first 
gets attenuated using an absorbing neutral density (ND) filter. We attenuate the 
beam so it does not overwhelm the detector. The reason that we use an absorbing 
ND filter is that it does not create back reflections. These reflections could 
otherwise travel back through the system into the sample and destabilize the trap. 
After the ND filter, we have two polarizers, one fixed and one rotatable. By 
rotating one of the polarizers, we can variably attenuate the laser. This second 
attenuation stage gives us the freedom to finely adjust the amount of light that 
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reaches our detector for optimal signal quality. After the attenuation stages, an 
optical low pass filter stops any unwanted light from reaching the detector. After 
the filter, a lens mounted on a 2D translation mount, for positional adjustment, 
images the condenser BFP on the detector. The detector is a 2D PSD mounted on 
a custom PCB placed in a 3D printed holder on a 30 mm cage plate. As light strikes 
the detector, it gives out a series of voltages that depend on the intensity and 
position of the light on the detector. We then send this signal through a custom-
built tunable low pass filter, after which we sample it using a DAQ. 

Compared to our old detection system, the new system has several advantages. 
One advantage is that it has more degrees of freedom for alignment through the 
translatable lens and tiltable hot mirror. These extra degrees of freedom make 
alignment easier. Further, having all components mounted in a cage system 
makes it easy to change and service them without affecting their alignment. Also, 
as the detection system is mounted directly on the condenser, the placement of 
the condenser’s BFP is constant relative to it. Having a constant relation between 
the two makes the system robust to changes in condenser position, something 
that often happens when changing samples. If we compare the new detection 
system to the old one, which was harder to align, bulky, and unreliable, the new 
one is a clear upgrade. Even so, having a detection system that is easy to use and 
reliable is not all that matters. A linear and sensitive response to particle 
displacements is also essential.    

Typically, the displacement response of a BFPI system is linear for small 
displacement, see Figure 6B. It would be ideal to have a sensitive and linear 
response for a wide range of displacements. However, in practice, having both is 
hard. A sensitive system usually has a smaller linear region than a less sensitive 
system, as shown in Figure 6B. Two main parameters affect the sensitivity. The 
first is the spot size of the laser used for detection. For Gaussian beams, the 
sensitivity increases with a smaller spot size, and the linearity of the response 
decreases [36]. The second is the numerical aperture of the lens used to collect 
the light for detection, where a higher numerical aperture leads to increased 
lateral detection sensitivity and linearity [37]. Thus, it is beneficial to have a small 
spot size for sensitive measurements. For experiments needing a large linear 
range, we want a large spot size. 

Further, as the strength of the optical trap strongly depends on the spot size, it is 
not advisable to increase the linear range by changing the spot size of the trapping 
beam if using that beam for detection. Therefore, we designed our system to use 
the trapping laser for sensitive measurements and a second beam with a large 
spot size when we prioritize a linear response. As it is beneficial to use a high 
numerical aperture condenser for both linearity and sensitivity [38], we use an 
oil immersion condenser with an NA of 1.4 for most experiments. Now that we 
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have designed an OT with a sensitive and robust detection system capable of 
detecting sub-nm movements, we will inadvertently run into a new problem. A 
sensitive detection system will not only pick up the desired signal but also 
unwanted signals from noise and drift in the system.  

2.4.1.4 Noise and stability 

Using OT, you need a stable setup with low noise to measure displacements with 
sub-nanometer precision. Thus, we have put a lot of effort into removing sources 
of drift and noise in the setup.  

One cause of drift in OT is thermal drift. That is, when thermal expansion and 
contraction of components in the system create unwanted movements. To 
combat these movements, we have placed our setup in an air-conditioned, 
temperature-controlled room with a stability of ~0.1 K. A temperature-controlled 
room is a good foundation for creating a stable setup. However, air temperature 
is not the only important factor. In a lab, you typically have many electronic 
devices, each of which is a heat source. To minimize thermal drift induced by our 
electronics, we either placed them away from the optical table that houses our 
setup or allowed them long times to equilibrate fully.  

However, we cannot remove all sources of heat in the setup. For example, the 
microscope objective heats up significantly when focusing the trapping beam due 
to losses in the optics. This heating causes significant drift each time we turn the 
trapping beam on and off, something we often do during regular operation. As we 
could not avoid this problem, we installed a temperature regulation system to our 
objective and microscope body to lessen it. The temperature regulator system is 
a home-built Arduino-based PID regulator. It has four thermistor channels with 
a temperature resolution of 0.1 mK. Each thermistor channel has a corresponding 
16-bit PWM output for driving heating foils. This combination of high-
temperature resolution, low noise, and large heater output range gives a sensitive 
and fast responding temperature control system. With this system, we can 
compensate for the variation in temperature in the objective and microscope, 
helping with long-term stability. To further stabilize the temperature of the 
microscope, we wrapped it in a layer of insulation. This insulation helps to 
minimize temperature changes due to air fluctuations and radiative sources. 

Beyond thermal stability, we also need to consider electrical noise. Electrical 
noise is often caused by low-quality power supplies, electrical motors, and poor 
grounding. To minimize these noise sources in the lab, these elements were either 
relocated to an adjacent room or exchanged for low noise alternatives. For 
example, the stepper motor stage used for rough positioning of the sample 
generated large amounts of noise. However, as the coarse positioning is vital for 
the operation of the OT, we could not get rid of it. Thus, we built a custom 
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Arduino-based controller using hobby-grade TMC2130 drivers for the stepper 
motor stage. Having a custom-built controller allows us to fine-tune its behavior 
to suit our application. To this end, we designed the controller to use the lowest 
amount of voltage and current to drive its stepper motors. Another source of 
electrical noise was the old tunable low pass anti-aliasing filters (SR640, Stanford 
Research Systems) that we used for the BFPI signal. These filters were large, 
electrically, and acoustically noisy units. Thus, we also replaced these filters with 
a home-built Arduino-based solution. These home-built filters are designed 
around tunable LT1064-2 8th order Butterworth low pass filter ICs (LT1064-2, 
Analog Devices). These filter ICs are of the switched capacitor filter types. 
Switched capacitor filters are semi-digital and take up little space. Both the new 
filters and the stepper motor controller introduce less electrical noise in our setup 
and are more customizable due to being Arduino-based. 

Another significant source of noise is vibrations caused by acoustic or mechanical 
sources. These vibrations are transported into the setup through sound, air 
fluctuations, and the building itself. To isolate the setup from vibrations in the 
building, we constructed our setup on a floating optical table. We also added 
vibration damping feet under the microscope frame to decouple it from the 
optical table. However, this does not protect from vibrations carried through the 
air. To solve this, we enclosed our setup in foamboard, foam, heavy fabric, and 
sound deadening panels were installed in the lab. We have not only taken actions 
to dampen acoustic noise in the setup, but we also looked to eliminate it. 
Therefore, we removed all equipment using cooling fans and transformers when 
possible. Yet, crucial equipment like the trapping laser requires good cooling for 
the best stability. Therefore, we exchanged the stock fan-cooled heatsink with a 
Peltier cooled baseplate that dumps the heat in the optical table.  Inclosing the 
setup also protects it from air currents. Air currents can not only excite 
mechanical vibrations in the setup they can also affect the pointing stability of the 
trapping laser. As the air moves, local pressure changes affect the refractive index 
of the air. When the local refractive index changes, it deflects the laser beam 
causing the optical trap to move.  

We used two approaches to evaluate the impact of all these improvements on the 
system. We measured the power spectral density to detect noise in the 1 to 50 kHz 
range and Allan deviation analysis for noise in the <1 Hz range. We measured the 
BFPI power spectral density of the laser passing through a bead fixed to a sample 
chamber. As the bead is fixed to the sample chamber, it acts as a transducer for 
vibrations in the setup. Simultaneously, the measurement picks up any laser-
related or electronic noise.  We compare this type of power spectral density for 
the new, improved system and the old in Figure 7. 
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Figure 7 Comparison of the power spectral density of a fixed particle in the new (red) and old setup 

(black). We can see that the new system has a lowered noise spectrum throughout the measurement 

span. 

As we can see new system improves the noise level over the whole frequency span. 
This higher noise level in the old setup partly comes from an increased level of 
vibrational noise in the setup. However, much of it originates from wideband 
electronic noise in the old low pass filters. We can also see this higher electronic 
noise floor in the span 1-50 kHz. In both power spectral densities, we have a 
plateau in this region. As the noise floor is lower in the new power spectral 
density, we can see sharp spikes from high-frequency electrical noise that are 
masked in the old power spectral density. In the span of 10-1000 Hz, we have a 
series of peaks in both power spectral densities. These peaks originate from 
acoustic and mechanical noise caused by the ventilation system, electrical system, 
and cooling fans. We can see that these peaks are lower in the new setup than in 
the old, showing an improved acoustic environment and better vibration 
damping. 
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The same type of experiments can also quantify the long-term stability of our 
setup by calculating the Allan deviation [39], [40]. The Allan deviation shows how 
a measurement's standard deviation changes with the averaging time. For an 
ideal measurement, the deviation should decrease with increasing averaging 
time. However, in an actual experiment, the deviation only decreases until a 
certain point due to long-term drifts. Thus, we can estimate the amount of long-
term drift in the setup by measuring the Allan deviation. The Allan deviation of 
the position of a fixed bead shows that the new system outperforms the old on all 
times scales and that we can maintain a sub-nm error up to ~100 s, see Figure 8. 
Finally, it is worth noting that these comparisons of system stability were not 
made on the actual old setup. Instead, they were done on the new system partially 
reverted to the old configuration. We only did a partial reversion, as some 
improvements to the systems could not be reverted without significant 
remodeling of the system. Thus the comparisons only show a lower limit of how 
all improvements have changed the system performance. 

 

Figure 8 The Allan deviation of the old (black) and new (red) system. 

With a stable and reliable OT, we can do precise and sensitive experiments to 
apply forces and measure displacements of biomolecules and materials. 
However, OT are not limited to measuring forces and displacements accurately. 
We can also combine it with other optical techniques such as Raman spectroscopy 
to probe the chemical composition of trapped objects. 
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2.5 Chemical Characterization of Biomaterials using Raman 

spectroscopy 

Raman spectroscopy allows us to probe the chemical compositions of 
biomaterials by looking at how they scatter light. When light scatters off 
materials, it can interact with molecular vibrations in them. When the light 
interacts with these vibrations, it sometimes gains or loses energy. This type of 
scattering is known as Raman scattering.  

2.5.1 Raman Scattering 

Raman scattering, an effect discovered in 1928 [41], is a light scattering type 
different from ordinary elastic scattering. In elastic scattering, the scattered light 
has the same energy before scattering, EI, and after, E, thus E=EI, as shown in 
Figure 9. However, in Raman scattering, this energy changes. This change in 
energy can either be positive, E>EI, or negative, E<EI, and originates from 
photons interacting with molecular vibrational modes in the material when 
scattering. When interacting with the vibrational modes, the light can take some 
energy or give some energy away.  

 

Figure 9 When incoming photons of energy EI scatter with energy E of a molecule, they either scatter 

elastically, keeping their energy, E = EI, or exchange energy with vibrational modes of the molecules 

scattering inelastically. This inelastic scattering can either increase the energy of the scattered 

photon, E>EI, or decrease it, E<EI. 
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The amount of energy gained or lost is specifically related to the types of 
molecular vibrations present in the scatterer. Thus, we can glean information 
about the scatterers' molecular vibrations and chemical composition by 
measuring the energy shift of the scattered light. This energy shift shows up as a 
wavelength or color shift in the light. 

In practice, we measure Raman scattering by illuminating a material using light 
with a known wavelength. Then we measure if the wavelength changed after 
scattering. To measure these wavelength changes, we collect the scattered light, 
use a monochromator to split it into different wavelengths, and image the 
resulting wavelength distribution or spectrum. Traditionally, this spectrum 
shows the wavelength shift in units of �� ! relative to the original wavelength, 
and the relative amount of light found at each wavelength. We show an example 
spectrum of E. coli bacterial cells in Figure 10.  

 

Figure 10 Averaged Raman spectrum of 10 individual E. coli cells. We can see that the spectrum of 

a bacterial cell is complex and rich in information, with many small peaks littered throughout it. 

All the peaks in this spectrum correspond to different molecular bonds present in 
the cell. For example, we have peaks related to amino acids, proteins, 
carbohydrates, and nucleic acids, all the basic building blocks of a cell [42]. We 
can see that Raman spectroscopy is a powerful tool to characterize biomaterials. 
But, how do we incorporate this technique in OT?  
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2.5.2 Integrating Raman with Optical Tweezers 

We built our Raman system parallel to the OT setups, a combination known as 
Laser Tweezers Raman Spectroscopy (LTRS). Many components are shared 
between the OT and Raman parts in the LTRS system, see Figure 11.  

 

Figure 11 Schematic of Raman OT system where CP is a confocal pinhole, RL is the Raman excitation 

laser, S a shutter, BE a beam expander, DM a dichroic mirror, PZT a piezo translation stage, and 

OBJ the microscope objective. 

However, the Raman system uses a separate laser, a 785 nm diode laser (Cobolt 
08-NLD 785, Cobolt ) with a maximum power output of 120 mW. This laser is 
expanded and reflected on a notch filter and combined with the 1064 nm laser 
using a 1000 nm short pass dichroic mirror. Combining the lasers allows us to 
simultaneously use the 1064 nm for strong trapping and the 785 nm laser for 
weak trapping and Raman spectroscopy. We then focus the laser using a water 
immersion objective to create a trap and excite the Raman scattering. We mainly 
use a water immersion objective for Raman. A water immersion objective gives 
us great positioning freedom in the sample, and we avoid any background signal 
that can arise from immersion oil. Further, our water immersion objective offers 
a high numerical aperture of 1.2, which is crucial for both OT and Raman 
spectroscopy. The numerical aperture decides how much signal we can collect 
and how strong the trap is. The same objective collects the backscattered light 
used to measure the Raman scattering. We use a notch filter to isolate the Raman 
scattering from the elastically scattered light. The notch filter reflects only light 
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with the same wavelength as the laser and lets other light pass through. We then 
send the Raman scattered light through a spatial filter. This spatial filter removes 
stray scattered light from outside the focal point of the laser, filtering unwanted 
light. Next, the filtered light goes through a polarization scrambler and an added 
notch filter. This extra filtering and scrambling remove any remaining elastically 
scattered light and evens out any polarization dependency in the following 
components. We then couple the light into a spectrometer (Model 207, 
Mcpherson), where we disperse it using a 600 l/mm grating and image it using a 
Peltier cooled CCD (Newton 920, Andor, Oxford Instruments). The resulting 
spectral image is acquired using Andor Solis or LabVIEW 2017.  

Raman scattering is an inherently weak effect, with only 1 in ~10 million 
scattering photons taking part. Thus, it is crucial to have an efficient system to get 
a strong signal. Therefore, we have selected all optical components interacting 
with the Raman scattered light for high efficiency. All mirrors are dielectric 
mirrors with a reflectance of >99 % in our operating wavelength range. Likewise, 
lenses and the objective are AR coated for the operating range to achieve a 
transmittance of >99 % for the lenses and >80 % for the objective. However, using 
high-efficiency components is not all we can do to ensure a strong signal. 

A simple method to increase the Raman signal intensity is to collect more of it. 
We show how to realize this with minimal modification to an existing LTRS setup 
in paper 3. In this paper, we show how both the forward and backward scattered 
light can be collected and combined to double the signal intensity or make it 
possible to create a system with expanded experimental flexibility. LTRS setups 
generally collect either the forward or backward scattered Raman light [43]–[45]. 
Yet, these systems usually have both a high NA objective and a condenser 
available. This means that often the collection optics is already available and must 
simply be used. Using a 60x, 1.2 NA, water immersion objective for trapping and 
Raman excitation and a 60x, 1.4 NA oil immersion objective as a condenser, we 
could realize this doubling of signal intensity. See Figure 12 for a system 
schematic. To prove this, we measured the spectrum of a single bacterial spore, 
see Figure 13. We can see that the forward and backward scattered light has about 
the same Raman signal. However, the forward scattered light has more 
background. This background comes from the walls of the sample chamber and 
the immersion oil used for the condenser objective. 
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Figure 12 Simplified schematic of dual Raman tweezers system where BC is a beam combiner, RL 

is the Raman laser, BE a beam expander, DM a dichroic mirror, OBJ the microscope objective. 

 

Figure 13 Raman spectrum of single Bacillus thuringiensis spore acquired with dual Raman system. 

We can see that we can double the signal by adding up the forward and backward scattered light. 
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Further, we show how this approach can create greater flexibility in the spatial 
sampling of the Raman measurements. We did this by including or excluding 
confocal pinholes from the forward and backward detection light paths. Thus, we 
can get one detection path to be spatially selective and measure mostly on our 
trapped object. At the same time, the other has a bigger collection volume, mostly 
sampling the medium in which we conduct the experiment. By also introducing a 
half-wave plate into one of the detection paths and using a PBS to combine the 
two arms, we could measure the polarization dependence of Raman scattering in 
a single-shot measurement. This design makes for a more flexible and sensitive 
LTRS setup. Still, no matter how sensitive an experimental setup is, it is not useful 
if uncalibrated. 

2.5.3 Calibration 

To calibrate our system, we use polystyrene beads. These beads are easy to see in 
the microscope, easy to trap, and have a strong Raman spectrum with many sharp 
peaks. These peaks are easily identifiable and have well-known spectral locations 
[46]. Thus, they are perfect reference points for calibration. See Figure 14 for an 
example spectrum. 

 

Figure 14 Example Raman spectrum of a polystyrene bead. We can see a series of well-defined peaks 

that we can use as reference points for spectral calibration. 

When we calibrate the system, we trap one of these beads, record a spectrum, 
move the measurement range, and repeat this process until we have recorded 
spectra for our entire calibration range. Then the spectra are loaded into 
MATLAB. In MATLAB, we find the measured locations of the peaks and compare 
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them to their expected values from the literature using the procedure in [47]. 
Then we use a non-linear optimization process to find calibration parameters that 
minimize the error of the measured spectra. This method calibrates our system 
to an error of about ±3 cm-1. Further, by measuring our excitation laser's spectral 
FWHM at 0 cm-1, we can estimate our wavenumber resolution to 2.5 cm-1. 

Now when we have developed a sensitive and powerful tool to interact with and 
measure the physical and chemical properties of microscopic objects, it would be 
useful to do so in varying environments. For example, biological objects often 
reside in different environments where they are exposed to different chemicals, 
electric fields, and flows. To replicate this in an experimental setting, we need a 
microfluidic system.  

2.6 Microfluidics 

Microfluidics refers to the precise control of fluids on the µl scale. Generally, this 
means that you make a small reaction chamber with inlets and outlets to pump 
in small volumes of liquids at precise flow rates. These miniature reaction 
chambers can also incorporate other experimental tools such as heaters and 
electrodes [48]. Using these tools and pumping in different chemicals, we can 
create varying environments to study microscopic systems. However, classical 
microfluidic devices are often produced using complex processes that require a 
cleanroom and extensive training [49], [50]. Therefore, we developed a simple 
method to make microfluidics using a consumer-grade 3D printer to minimize 
production complexity in paper 4. 3D printing microfluidics is nothing new and 
has been done in several ways [51]–[53]. Still, microfluidics printed using the 
most common type of printer, fused deposition modeling (FDM) printers, have 
issues. Maybe the biggest problem with FDM 3D printed microfluidics is their 
uneven surface [52], [54]. This rough surface leads to microfluidic devices with 
poor optical quality making it impossible to do high-resolution imaging or optical 
trapping in them.  

To create microfluidic devices with better optical qualities, we developed a way of 
heat smoothing them. We started by printing a water-soluble polyvinyl alcohol 
(PVA) scaffold directly on a glass coverslip. We then put the glass coverslip on a 
hot plate to remelt the scaffold. Remelting the scaffold smooths out most surface 
imperfections while keeping its overall planar geometry. However, the remelting 
drastically changes the out-of-plane geometry. When the plastic melts, surface 
tension pulls the originally rectangular cross-sectional shape of the scaffold, 
Figure 15A, into a semi-elliptic shape, see Figure 15B. Finally, we molded the 
melted scaffold in PDMS. As we printed the scaffold out of PVA, we could then 
dissolve it. This left us with a microfluidic device with a well-defined glass bottom 
and a smooth surface for improved image quality. Compare the image quality for 
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the unsmoothed channel in Figure 15C to smoothed channels in Figure 15D. 
However, having good optical quality is not always a critical factor. Fort example, 
if you want to create high-velocity flow microfluidics, you need them to withstand 
high pressures. In high-pressure devices, the glass PDMS interface makes a weak 
link in the device that can easily leak. 

 

Figure 15 A The cross-section of a rectangular 3D printed microchannel shows the irregular shape 

due to the layer-by-layer printing. B  The cross-section of a rectangular 3D printed channel that we 

have remelted. We can see that the remelting smoothes out the channel into a semi-ellipse. C A 

micrograph showing the image quality inside the 3D printed channel in optical microscopy. We can 

see image distortions due to the irregularities in the channel. D A micrograph showing the image 

quality inside the 3D printed channel in optical microscopy. We can see that the remelting removes 

most image distortions, vastly improving image quality. 

To create leak-resistant high-pressure devices, we created an alternate method. 
In the alternate method, we printed out a scaffold, placed it on a layer of cured 
PDMS, and molded more PDMS on top. After curing the PDMS, we removed the 
scaffold by dissolving it. With the scaffold dissolved, it left a hollow imprint in a 
solid puck of PDMS. This method produces sturdy microfluidic devices entirely 
made from PDMS that can withstand high pressures.  

With these approaches, we could produce microfluidic devices with varying cross-
sectional geometries as small as 40x350 µm. We plan to use these, or similar, 
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devices in combinations with pumps and integrated electronics to perform a 
variety of experiments. For example, we want to study bacterial adhesion and 
movements in different hydrodynamic and chemical environments. However, to 
track and quantify the movements of the bacteria, we need a high-quality, high-
speed imaging system. Thus, to follow bacterial movements in high-velocity 
flows, we set out to build a system capable of this. 

2.7 High-Speed Imaging  

Several techniques can be used to track microscopic particles such as bacteria in 
3D. One well-known technique is Digital Holographic Microscopy (DHM). In 
DHM, you do not image the microparticles in the classical sense. Instead, you 
illuminate your sample with monochromatic and partially coherent light. The 
light then scatters off the microparticles and creates strong diffraction patterns. 
These diffraction patterns can then be imaged and used to back-calculate the 
position of the diffractive particle in 3D [55], [56]. This 3D position measurement 
can reach the sub-micrometer level with good image quality. To get a good quality 
DHM image, the quality of the light source is critical. One critical property of the 
light is that it needs to be more or less monochromatic. Thus, quasi-
monochromatic LEDs are often used for illumination. 

Further, to enable high-speed imaging, high light intensities are also needed. 
However, high-intensity LEDs, like superluminescent diodes, are not too 
common. Luckily, we can find both properties in a laser. Thus, a laser would be 
perfect for high-quality DHM illumination. But using lasers brings a new problem 
to the table: their long coherence length. 

The long coherence length of lasers allows them to easily cause random 
interference patterns, called speckle patterns, to arise in the image. These speckle 
patterns originate from the interference of stray light in the system [57]. We show 
an example image from the laser-based DHM system in Figure 16A. As we can 
see, the speckle pattern dominates the image. To reduce the speckle pattern, we 
need to lower the spatial coherence of the laser. Reducing the spatial coherence 
of a laser can be done by scrambling its wavefront using a long or oscillating 
optical fiber [58], [59], transmitting it through an oscillating ground glass [60], 
or a rotating ground glass (RGG) [61], [62]. An RGG is, as the name suggests, a 
piece of glass with a ground surface that rotates. Passing the laser through the 
RGG’s rough surface introduces random phase delays in the beam.  These phase 
delays create a strong speckle pattern. This pattern is unique for different points 
on the RGG due to its random surface structure. Thus, if we rotate the RGG, the 
illuminated surface structure constantly changes, generating a randomly 
changing speckle pattern. If we image this changing speckle pattern with a 
camera and finite integration time, these patterns effectively average out, making 
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them disappear.  We show an example image of our DHM system with the RGG 
activated in Figure 16B. We can see that activating the RGG improves the image 
drastically.  

 

Figure 16 A Laser illuminated DHM image with RGG inactivated. We can see a clear speckle pattern. 

B Laser illuminated DHM image with RGG activated. We can see that the RGG successfully removes 

the speckle pattern. Adapted with permission from paper 5 © Optica Publishing Group. 

Although this technique is widely used, there were few details on constructing 
such a setup. Thus, we created a step-by-step guide on making a cheap, simple, 
and efficient RGG setup, as described in detail in paper 5. In short, we built the 
setup using a stepper motor to which we glued a ground glass. To control the 
stepper motor, we used an Arduino and a low-cost stepper motor driver. Then a 
laser was focused on the ground glass using a lens and then collected by a 
microscope objective before being coupled into a multimode fiber. We then used 
the output of the multimode fiber to illuminate our sample in the DHM setup. 
Using this setup, we could perform speckle-free imaging at high framerates up to 
10 kHz. With this high-speed imaging, we could successfully track microparticles 
in 3D in our 3D printed microfluidics. We used this tracking to investigate the 
flow velocity profile in our microfluidic channels, see Figure 17. We found that the 
theoretical and experimental flow profile coincided with only 5-10 % relative 
error in the maximum velocity. This agreement indicates that our 3D printed 
microfluidics can create predictable flows and that our high-speed image tracking 
works well. Together this shows that we can use these approaches in future 
studies. 
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Figure 17 Cross-sectional fluid velocity profile in 3D printed microchannel estimated using DHM. 

2.8 Future Improvements 

Despite all the improvements made to our current OT setup, there are still many 
things that we can improve. We could improve it by redesigning it for greater 
stability or adding more capabilities. One capability we are planning on adding in 
the future is the implementation of a spatial light modulator (SLM). An SLM is a 
tool that allows precise shaping and modulating of light. The type of SLM that we 
plan to integrate does this modulation by spatially tuning the phase of light. By 
spatially changing the phase of light, we can, for example, shape a plane 
wavefront into an arbitrary one. By mimicking the wavefront of an arbitrary 
object, we can also recreate an image, or intensity distribution, of an arbitrary 
object. As the SLM is an electronic device, we can rapidly and precisely modulate 
wavefronts and create arbitrary intensity distributions. In OT, and LTRS, this can 
be applied to, for example, correct for optical aberration [63], create multiple 
traps in OT [64], rotating traps [65], or custom excitation beam shapes for Raman 
[66]. Thus, adding such a device would significantly increase our setup's 
capabilities and experimental flexibility. However, before implementing the SLM 
in our setup, we wanted some experience using it.  

To get some experience using the SLM, we created a setup used for maskless 
patterning. When creating semiconductor devices, the intricate patterns needed 
to form, for example, the transistor in a CPU, are often made using a mask. These 
masks are, in essence, a plate with holes in the shape of the wanted geometry. 
These holes allow light through to a light-sensitive surface, which transfers the 
pattern to it. This way of patterning is incredibly precise, allowing for atomic 
resolution. However, the masks are expensive and hard to make. Thus, we built a 
setup capable of creating arbitrary 2D patterning of fullerene films using our 
SLM, see paper 6. The setup consisted of a laser which we expanded and 
reflected off an SLM, see Figure 18. 
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We then put the reflected light through a so-called 4f lens system. In this system, 
the light reflected off the SLM is collected by one lens, allowed to interfere in an 
intermediate plane. The interference in the intermediate plane contains the light 
patterns that we want to pattern on the fullerene film. With the pattern in the 
intermediate plane, we can spatially filter out some unwanted artifacts. One of 
these artifacts is the zero-order reflection, which arises from stray reflections 
from the SLM. When the light reflects off the SLM, not all light gets modulated 
but instead reflects unchanged. This unchanged light shows up as a bright dot in 
the center of the intermediate plane, which we can filter out by blocking it with a 
physical obstruction. After being filtered, the light gets relayed to a microscope 
objective that demagnifies it and creates another image plane where we can place 
the object we want to pattern.  

 

Figure 18 Simplified schematic of the SLM setup used for maskless patterning. Here SLM is the 

spatial light modulator, while L1 and L2 are lenses. 

This setup allowed us to pattern a fullerene-coated substrate. We could realize a 
pattern of microdots with a center-to-center distance of 1-5 µm, covering an area 
of 500 µm2. With successive patterning, we could stitch multiple exposure areas 
together to cover larger areas. All in all, this shows that an SLM is a powerful tool 
for the precise modulation of light. Further, this project has given our group some 
experience building and applying an SLM-based setup. In the future, we hope 
that we can use this experience and incorporate it into our OT setup. 
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Currently, we are working on an improved OT setup that will be our next 
generation OT. This OT will be custom-built using off-the-shelf optics and 
optomechanics and not based on a commercial microscope, unlike our current 
setup. Building OT around a commercial microscope offers some ease of assembly 
as all the essential functions for high magnification imaging are already in place. 
However, this fixed structure also limits the system, making it challenging to 
integrate custom optics and multiple beam paths. Further, though a commercial 
microscope is made for long-term stability for optical imaging, it is not as stable 
as a custom-made microscope designed with OT in mind. Therefore, we are 
currently working on this improved setup which hopefully will allow us greater 
flexibility and stability for future experiments [67]. In this setup, we are, for 
example, planning on adding our SLM so we can do precise beam shaping for 
Raman, holographic OT, and fluorescence microscopy.  Still, even without these 
future improvements, there is much we can do using our setup to get to know the 
microscopic world better. 
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3 Getting to Know the Microscopic World 

As mentioned before, OT allows us to reach into the microscopic world and 
interact with it. This ability to interact with microscopic particles, such as 
bacteria, has been extensively used by our group through the years to study 
bacterial adhesion.   

Adhesion is a crucial step in the bacterial infection of a host [68]. The importance 
of adhesion is especially true in turbulent environments such as the intestinal or 
urinary tract. The reason behind this is quite simple. Without firm adhesion to 
the host, the bacteria flush away before colonizing the host [69]. To prevent being 
flushed away, bacteria have evolved some clever solutions. One of these solutions 
is called fimbria, adhesion pili, or simply pili. These pili come in the form of tiny 
hairs that cover the outer surface of the bacterial cells [70], where they can act as 
anchors and chock dampers [71]. Beyond adhesion, pili can serve many functions, 
such as aiding in biofilm formation [72], gene transfer [73], and movement [74]. 
However, in this thesis, the focus is on pili related to adhesion. 

3.1 Bacterial Adhesion 

One widely studied family of pili is the classical chaperone usher pathway (CUP) 
pili expressed by many pathogenic bacteria, such as E. coli.  CUP pili are rigid 
filaments attached to the outer membrane of bacterial cells, see Figure 19A. They 
are built from basic building blocks, or subunits, called pilins [75]. The subunits 
are linked together through a process known as donor strand exchange (DSE) 
[76]. In this process, a subunit can connect its donor strand, a thin protein strand, 
to a neighboring subunit via hydrophobic interactions, see Figure 19B. By linking 
to their neighbor, the subunits can form long chain-like structures consisting of 
~1000 subunits.  

These structures can be divided into two parts, the rod, and the tip fibrillum, as 
shown in Figure 19C. The tip fibrillum of classical CUP pili acts as the “anchor” 
with a specialized adhesive protein at the tip called the adhesin [77]. The adhesin 
is a protein that can bind specifically to target molecules. The specific binding 
helps the bacteria attach to the host and do it in the right place. For example, in 
type 1 pili, a pilus often found on E. coli residing in the urinary tract, the adhesin 
specifically binds to mannose-containing proteins on host cells [78]. The rest of 
the tip fibrillum, which consists of ~10 subunits arranged in a linear chain, serves 
as a flexible buffer zone. This buffer zone helps the adhesin find its target by 
allowing it to move freely from the stiff pilus rod [79].  
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The pilus rod has a rigid helical structure. The subunits are connected end to end 
through DSE and then stacked on top of each in staggered layers to form a coil, 
see Figure 19D. For P pili, this coil has a diameter of ~7 nm and 3.28 subunits per 
turn of the coil [75]. The layer-to-layer interactions that hold this coil together are 
weak compared to the donor strand interactions holding the subunits together. 
Therefore, these layer-to-layer interactions are the first to break when exposed to 
force, making the pilus rod uncoil [80]. This ability to uncoil gives CUP pili their 
unique shock-absorbing properties. It is this property that our group has focused 
on studying. 

 

Figure 19 A Bacterial cell covered in hair-like pili. B A schematic of how the individual subunits in 

the pilus connect. i) Each subunit has a hydrophobic groove and a hydrophobic protein strand 

sticking out, shown in red. ii) These protein strands can connect themselves to the hydrophobic 

groove in a neighboring subunit, thus linking them together. C Zoomed in side-view of the structure 

of a pilus. Shows the adhesin (orange) that sits on the tip fibrillum (light grey), connected to the rod 

(dark grey), which is anchored in the outer membrane (black) of the cell via the usher. D A top-down 

view of the rod's coiled structure shows that it is made out of many stacked staggered layers of 

subunits. Links between the subunits are shown in red.  
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3.1.1 Uncoiling Single Pili 

To study the uncoiling of individual pili on living bacterial cells, we use OT. Our 
basic measurements protocol involves first making sample substrates. We make 
these substrates from 60x25 mm coverslips. Then we drop a suspension of 10 µm 
CML Latex beads and MQ water on them. The beads are then baked onto the glass 
to fixate them. The fixated bead acts as anchor points for the piliated bacteria to 
immobilize them while applying force to their pili using the OT.  We can then use 
the substrates to make a sample chamber. To make a sample chamber, we take 
one of the beads coated coverslips and add two strips of double-sided adhesive 
tape, with a spacing of ~5 mm between them. On top of these tape strips, we add 
a 20x20 mm coverslip and firmly press it in place. By placing the top coverslip, 
we create a 20x5 mm space between the two coverslips, with the tape acting as a 
spacer between them. Then, we fill this space by allowing capillary forces to draw 
in a dilute solution of microbeads, typically 1-3 µm in diameter. After the beads, 
we add a diluted suspension containing the piliated bacteria we want to study. 
Finally, we seal the open edges of the sample to prevent the sample from 
evaporating. We show an example of what one of these samples looks like in 
Figure 20A.  With the sample completed, we mount it on the sample holder of the 
OT system.  

 

Figure 20 A Side-view of our typical OT sample, a sandwich of two coverslips spaced by two tape 

strips. We fill the space between the coverslips with our sample. B Zoomed-in view of the typical 

experimental procedure inside the sample. i) We trap a piliated bacterium and mount it on a big 

anchor bead. ii) We attach a smaller microbead to a pilus on the mounted bacterium. iii) We extend 

the pilus, apply force, and measure its biophysical properties. 
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With the sample mounted, we proceed with the actual measurements. A typical 
measurement session begins by trapping individual bacterial cells using the OT. 
We then adhere the cells to the anchor beads, Figure 20B(i). After attaching the 
cells, we trap one of the smaller microbeads, which serves as a force transducer 
to apply forces to the pili. Before attaching the bead to the pili, we run it through 
our calibration procedure. This calibrates our BFPI detection system to the 
specific bead and sample used. We then bring the calibrated bead close to the 
piliated bacteria, where it sticks to the pili, see Figure 20B(ii). With the bead 
attached to the pili, we move the sample using the piezo stage to increase the 
separation of the trap and the cell, putting force on the pili causing it to uncoil, 
Figure 20B(iii). By simultaneously tracking the bead’s position in the trap, we can 
calculate the resulting applied force. This procedure allows us to measure the 
force response of the pili directly on the bacteria. 

3.1.2 Different Stages of Uncoiling 

The results from one of these experiments are a force versus extension curve. That 
is a curve showing the force applied versus the pilus extension. We show a 
representative force versus extension response of a P pilus in Figure 21. As we can 
see, this force response is far from that of a classical spring, and we can divide it 
into different regions. These regions, called regions I, II, and III, originate from 
different modes of elongation of the pilus [81]. Region I is characterized by a 
linear increase with force as it extends, like a classical spring. However, things 
change as the force approaches a threshold value, about 28 pN for P pili [80]. 
Then we enter Region II. In region II, the force stops increasing and stays 
constant. At the same time, the pilus extends many times its original length, 
creating a plateau. This constant force plateau comes from the sequential 
breaking of the layer-to-layer interaction of the pilus rod [80]. As these layers 
break apart, the rod uncoils, and the structure becomes longer, keeping the force 
from increasing. Finally, with the whole pilus rod uncoiled, we enter region III. 
This region shows an initial linear increase in force that changes slope after a 
certain threshold. This slope change arises from a non-sequential structural 
change in the pilus subunits, giving extra extension [82]. When all subunits have 
undergone this change, the force rises more rapidly.  

It is important to note that this behavior does not only apply to uncoiling but also 
recoiling. After a full uncoiling, these pili can recoil themselves back to their initial 
state when the applied force decreases. We show a recoiling curve in Figure 21. 
This recoiling and uncoiling can be repeated indefinitely without the pili showing 
any sign of being affected [83]. We can also note that the uncoiling curve differs 
from the recoiling curve. When transitioning back from region III to region II, the 
force dips before jumping back up to the plateau force, indicated by an arrow in 
Figure 21. This dip is speculated to come from that after the pilus has become 
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fully uncoiled and turned into a linear structure, it needs some slack to reform the 
first coiled layer [84]. Then, as soon as this first layer forms, the later subunits 
will have an easier time finding their way back to the coiled state, bringing us back 
to a constant force response. 

 

Figure 21 Representative uncoiling (black) and recoiling (red) force-extension relationship of a P 

pilus with regions I, II, and III marked. 

This type of force response is typical for both pili associated with the urinary tract 
and intestinal infection [80], [85]–[87]. However, there are some key differences. 
Partly, the plateau force varies between different kinds of pili. Also, some pili, 
especially those related to the intestinal tract, lack region III in their force 
response, such as CS2 and CFA/I [85], [88]. Further, we must consider the 
dynamic response of the extension versus force relationship, its speed 
dependence. The speed of extension shifts the level of the plateau force, making 
it increase with increasing speed. This speed dependence is why early studies on 
Type 1 pili reported a plateau fore of ~60 pN when it is closer to 30 pN in reality 
[87], [89]. This dynamic behavior varies widely between pili, with some having 
unaffected plateau force for speed up to 1 µm/s [88]. In comparison, others are 
already affected at 0.01 µm/s [87].  

All these properties of the pili are speculated to be tuned to their respective 
natural niche and arise from subtle differences in the construction of the subunits 
and how the layer-to-layer interactions are formed. Nonetheless, we can describe 
the complex behavior of pili using a simplified theoretical model.  
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3.1.3 Dynamics of Uncoiling 

To describe pili's dynamical behavior, we need to consider their Brownian nature 
as described in detail in [81]. Being just a few nanometers long, the individual 
subunits bound in the pilus rod are constantly undergoing Brownian motion. 
Brownian motion is a random motion due to collision from surrounding particles. 
These collisions cause the subunits to vibrate in their bound state, which can be 
seen as a localized potential well that confines the subunit to this state, state B in 
Figure 22. This figure shows a so-called energy landscape: a diagram of subunit 
energy, E, versus pilus extension, x. 

 

Figure 22 A representative energy landscape for a pilus subunit (black) with energy E on the y-axis 

and pilus extension x on the x-axis. The lowest energy state is the bound state (B).  To leave the bound 

state, the subunit has to cross an energy barrier at the transition state (T) to reach the unbound state 

(U). When exposed to a force, F, the energy landscape tilts (red) by a factor – �#. This tilting of the 

energy landscape lowers the height of the transition barrier and unbound state, making them more 

likely to be populated  

However, this potential has a finite extent, representing the limited reach and 
strength of the layer-to-layer interactions. Thus, if a subunit strays too far from 
the energy minimum of the bound state, it can jump out of the potential well and 
enter its unbound state, U in Figure 22. Between the bound and unbound state, 
an unstable equilibrium point exists, the transition state, T in Figure 22. In the 
transition state, the subunit has an equal probability of going to the bound or 
unbound state. The overall probabilities of the subunit to move between different 
states depend on the external force applied. 
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When we apply zero force to the pilus, the subunits rarely, if ever, leave the bound 
state. However, when an external force, F, is applied, the energy landscape 
changes and gets tilted by a factor – �#, red line in Figure 22. This tilting 
effectively lowers the energy height of the transition state, making it more likely 
for the subunit to cross it and unbind. Thus, we expect unbinding to become more 
likely the higher the applied force is. Using Bell’s model [90], the mean number 
of unbindings per second of a subunit, �$, the unbinding rate, can be expressed 
as 
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where #�,  is the distance from the bound state to the transition state, �$
�% is the 

unbinding rate at zero force, �� is Boltzmann’s constant, and � is the temperature. 
Applying the same reasoning to transitions back to the bound state from the 
unbound state, we get an equation for the binding rate, ��, given by  
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where 12 is the energy difference between bound and unbound state, and #,3 is 
the distance from the transition state to the unbound state. If we plot these rate 
equations versus force, we will get a plot like Figure 23.  

 

Figure 23 Binding and unbinding rate versus force diagram. We can see that the unbinding rate 

(red) is equal to the binding rate (black) at a force �45. 
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In this plot, the red line indicates the unbinding rate, and the black line the 
binding rate. We can see that at a force �45 the two rates are equal. The 

equilibrium point is the same as the plateau force mentioned previously, the point 
where pilus is, on average, neither coiling nor uncoiling. As the rate of uncoiling 
dictates the pilus elongation rate, we can see that if we want to elongate a pilus at 
high speed, we also need to increase the force. In simple terms, we can say that 
the layer-to-layer interaction in the rod has a velocity where they are comfortable 
to unbind, called the corner velocity. Thus, if we try to exceed this corner velocity, 
we must put in more effort to convince them to unbind.  

The parameters that dictate this dynamic behavior, such as transition state 
distance and energy barrier height, all correspond to the structural properties of 
the pilus. In a real pilus, the parameters represent the length scale of the layer-
to-layer interactions, their strength, and their complexity. These properties 
originate from molecular interactions between and in the pilus subunits. Thus, 
studying the pili on a molecular level is essential to understand how they work.  

3.1.4 Uncoiling on the Molecular Level 

On the molecular level, CUP pili are built up from subunits. These subunits are 
large molecules themselves constructed from chains of smaller molecules. To 
study the uncoiling of pili on a molecular scale, we used a combination of 
molecular dynamics (MD) simulations and our improved OT setup. As the 
improved OT setup offers a higher sensitivity, lower noise floor, and better long-
term stability, we set out to investigate the coiling and uncoiling of pili on the 
single subunit level. We used our standard protocol to interrogate bacterial 
surface structures described previously to see these single subunit events. In 
short, we made a sample having fixed anchor beads, probe beads, and bacteria 
expressing pili. We start by attaching a bacterium to an anchor bead and attaching 
a pilus to a probe bead. Then, we move the probe bead, apply force to the pilus, 
and make it uncoil. Usually, we would continue to uncoil the pilus at a constant 
speed and measure its force versus extension response.  

Instead, we uncoiled the pilus by around 150 nm and held the trap position still. 
In this case, if the previously described theoretical model is correct, with the pilus 
partially uncoiling, the force constant, and the trap stationary, we would expect 
to see random binding and unbinding events of single subunits. These events 
should show up as random discrete length changes of the pilus, see Figure 24.  
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Figure 24 i) Schematic illustration of a fully coiled pilus of length R. ii) When a subunit unbinds 

from the rod, the length of the pilus increases by 6�. 

As we connect the pilus to the trapped bead, these changes in length would appear 
as jumps in the position of our trapped bead. We show an example of one of these 
measurements in Figure 25A. There we have converted the bead displacement to 
pilus extension. See paper 7 for details.  

 

Figure 25 A Example of the random discrete displacement steps caused by subunits binding and 

unbinding from the rod. B A histogram of the displacements caused by the binding and unbinding 

events. We can see that the pilus visits multiple evenly spaced discrete states, with those in the center 

getting visited more often.  
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We can clearly see the expected discrete jumps in length, supporting the 
theoretical description of pilus uncoiling. By taking a histogram of one such data 
series, we can see that the pilus visits, on average, 6 different equally spaced states 
during the measurement, see Figure 25B. By measuring the distance between the 
state peaks in the histogram, we can estimate the average length change of the 
pilus when a subunit goes from being bound to unbound. We found this value to 
be around 4.3 nm. Interestingly, this value is larger than previous estimates that 
found a value of just 3.5 nm. Using that this value should correspond to the length 
contribution difference between the bound and unbound state, we can infer 
information about the orientation of the subunits after unbinding. From the 
molecular structure, we can find the length contribution of a bound subunit to be 
0.75 nm [91]. Thus, the length of an unbound subunit should be 4.3+0.75 = 5.1 
nm. As a single P pilus subunit is around 5 nm long, this indicates that the subunit 
stands up straight upon unbinding. This means that the uncoiled part of the pilus 
is fully linearized and not a zig-zag filament as it has often been depicted [82]. 
These results give us a deeper insight into the mechanics of pilus uncoiling on a 
subunit level.  

However, we want to go deeper than the subunit level and look at the individual 
molecular interactions that form the subunit-subunit interactions. 
Unfortunately, we cannot follow these small, fast interactions due to our 
measurement system's limited spatial and temporal resolution. Thus, the binding 
and unbinding of subunits look instantaneous. We know that the web of 
interactions between the subunits is intricate and spread over a large area  [92]. 
From this complex nature, we would expect the breaking of these interactions to 
be like pulling off a piece of Velcro rather than being instantaneous. However, to 
gain the temporal and spatial resolution to follow this process, we used steered 
molecular dynamics (sMD) simulations. In sMD simulations, we can simulate a 
pilus atom by atom, apply forces to it and observe it uncoiling. These uncoiling 
simulations showed that a pilus gains around 3.5-4.5 nm in length for each 
subunit that unbinds from the rod, in good agreement with the experimental data. 
We also found that the interactions between the subunits break over 0.5-1 nm. 

Another way we can use sMD simulations to investigate the structural properties 
of pili is to remove parts of it. In one series of simulations, we removed a region 
of the pilus called the staple. The staple region is a protein strand that nestles 
between the ends of the bound subunits forming contact with multiple 
neighboring subunits. This wide contact network has led people to theorize that 
this region provides extra mechanical stability to the pilus [92]. That is also the 
effect that we observed from our simulations. We saw that removing the staple 
lowered the effort needed to uncoil the pilus. The lowered effort indicates that the 
staple helps to bind the subunits firmly to the pilus rod without adding more 
contact between the subunits. If we compare P with Type 1 pili, we see that both 
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have the same plateau force. However, Type 1 pili have a much larger contact area 
between the subunits and lack a staple. Interestingly, we know that while Type 1 
and P pili share a similar plateau force, they have vastly different kinetics. 
Kinetically P pili are much faster with a corner velocity of 0.4 µm/s compared to 
0.005 µm/s for Type 1 pili. These findings could indicate the staple stabilizes the 
structure without lowering its kinetics by making the process of binding and 
unbinding subunits more complicated.  

Beyond using sMD simulations to investigate the layer-to-layer interaction in the 
pilus rod, we can also use it to compare the behavior from different pilus families. 
For example, we know that some pili can undergo an additional structural change 
under load. This additional change appears as region III in the force-extension 
behavior. However, the exact nature of this change has never been explored. OT 
experiments show that this extra extension often appears for pili of the class 1 
family, such as P, Type 1, and F1C pili. However, it has not been seen in the class 
5 family, such as CS2 pili. We show a comparison of the force response of P and 
CS2 pili in Figure 26. 

 

Figure 26 Comparison between the force vs. extension response of P pili, panel A, and CS2, panel B.  

Note the much lower plateau force of CS2 pili combined with the lack of region III. 

To investigate the origin of this extra extension, we compared the molecular 
structures of these pili in paper 8. By comparing the molecular structures, we 
noted some specific differences between the pili that exhibit this additional 
extension and those that do not. We could see that class 1 pili had an alpha-helix, 
a small helix-like protein chain close to the base of the donor strand. Further, we 
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noticed that the class 1 subunits also had a disulfide bond, a strong covalent bond, 
stabilizing the area around this alpha helix, see Figure 27. 

 

Figure 27 Simplified view of the folded protein structure of class 1 and class 5 subunits with some 

differences pointed out. 

To investigate these two structural differences in more detail, we turned to sMD 
simulations. In these simulations, we took one representative structure from class 
1, P pili, and one from class 5, CFA/1 pili. We created a filament of 3 connected 
subunits for both structures and extended them. These extension simulations 
showed that the P pili subunits could withstand a higher force than the CFA/1 pili 
subunits before rupturing. Further, we saw that the previously mentioned alpha-
helix in the P pili subunits could extend before rupturing. This extension gave rise 
to an additional length change of ~0.6 nm and could not be seen in the CFA/1 
subunits. 

Further, we could see that the CFA/1 subunits ruptured not only at a significantly 
lower force than those of P pili. This rupture was also different in nature between 
the two. For P pili, the rupture often came from the slipping of the donor strand. 
In the CFA/1 simulation, it instead came from the whole subunit structure 
unraveling. These rupture process differences show that the CFA/1 subunits are 
structurally weaker. Partly, we attribute this difference in strength to the disulfide 
bond in the P pilus subunits. This extra stabilizing bond and extension indicate 
that P pili and other pili with these features have evolved to withstand larger 
forces. 

These results highlight how evolution has adapted these pili to fit into different 
environmental niches. Further, they give us a deeper understanding of the 
unfolding of CUP pili on a single subunit and molecular level. Having a deep 
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knowledge of how these pili work and how they have evolved can hopefully aid in 
future efforts in developing treatment methods that target these structures. 

3.1.5 Archaic Chaperone Usher Pili 

Up until now, we have only discussed the well-studied class 1 and class 5 CUP pili. 
However, these are not the only families of adhesion pili. One other example is 
the archaic CUP pili. Archaic CUP pili are, as the name suggests, thought to be 
evolutionarily older than their classical counterparts [93]. These pili are found in 
many different disease-causing bacteria. One example of this is in Acinetobacter 

baumannii, which causes, for example, pneumonia in humans [94]. Infection 
from this bacterium is troublesome as many  A. baumannii strains are multidrug-
resistant [95]. To help with attachment to surfaces, A. baumannii expresses the 
archaic chaperone usher pili, CSU. To shed light on these CSU pili, their structure, 
and biomechanical properties, we collaborated in a study where we did OT force 
measurements on these pili. A model of their molecular structure was also 
developed, see paper 9 for details. The cryo-EM structure revealed that the CSU 
pili are ~2 µm long and thin, around 2 nm in diameter, folded filaments. 
However, unlike the classical CUP pili, like P pili, the CSU is not folded in a tightly 
packed hollow helical tube. Instead, they are a lightly packed zig-zag structure, 
see Figure 28A. 

 

Figure 28 A Structure of a CSU pilus with a zig-zag folded rod (dark grey) stabilized by a clinch 

contact between neighboring subunits. B Top-down view of the rod of a CSU pilus showing how the 

subunits are stacked layer by layer. 
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This zig-zag structure is held together via DSE just like their classical 
counterparts. However, there is a significant difference in their layer-to-layer 
interactions. In classical CUP pili, the primary interaction holding the helical 
superstructure together is the interaction between subunit N and subunits N+3 
and N-3. In CSU, it is instead interaction between subunit N and N+1 and N-1. 
These interactions are located at the hinge between the subunits, and we refer to 
them as the clinch contact. The clinch contact binds the N and N±1 subunits 
stacking them less compactly than in classical CUP pili, see Figure 28B. The clinch 
contact forms the zig-zag superstructure, but it also supplies rigidity to side-to-
side movements between them, making the pilus more rigid. To probe these pili's 
rigidity and other biomechanical properties, we used our standard OT protocol to 
extend the bacterial pili described previously. These OT measurements revealed 
a force versus extension response that is remarkably like that of classical CUP pili.  

 

 

Figure 29 A representative force vs. extension response of a CSU pilus. We see regions I, II, and III 

like in classical CUP pili, such as P pili on extension (black) and retraction (red). However, region 

III is much longer in relation to region II than classical CUP pili, and there is no “dip” when 

transitioning between region III and II on retraction.  

The CSU pili share the same extension regions I, II, and III and a similar force 
plateau level to P pili, around 23 pN, see Figure 29. This result baffled us as we 
did not expect these two so different structures to behave similarly. However, this 
is not to say that there are no differences between the two in terms of force-
extension response. For example, we see an about 3 times shorter force plateau 
in the CSU pili. The shorter plateau is related to the much less dense packing of 
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the subunits in the pilus rod. The simpler and less dense packing also has some 
other effects on their biomechanical properties. As we have shown previously, 
many classical CUP pili show dynamic behavior. Their force plateau level starts 
to increase with increasing extension speeds. For P pili, this happens at speeds 
above 0.4 µm/s. However, we could not see any increase in force for CSU pili for 
speeds up to 20 µm/s. Further, we could not detect the typical dip in force seen 
on refolding of classical CUP pili. The lack of a dip and fast kinetics could indicate 
that the clinch contact and stacking of the subunits are much simpler to break 
and reform than those of classical CUP pili.  

Further, we can note that region III is much longer relative to region II in CSU 
than, for example, P pili. A longer region III shows that the CSU subunits undergo 
a more substantial conformational change than those seen in classical CUP pili. 
However, though we see these differences, the classical CUP pili and CSU are still 
remarkably similar. It is interesting to see how nature can evolve two quite 
different molecular structures to still converge on the same force versus extension 
response. We are also surprised to find the constant force response seen in region 
II. Region II  has been thought of as a byproduct of the complex contact network 
in classical CUP pili, and it enforcing a sequential uncoiling of the pili [82]. 
However, we still see this sequential uncoiling in CSU, which shows that this 
explanation is not entirely correct.  

We also investigate the growth mechanism of CSU pili. By creating mutants with 
impaired clinch contacts, we saw shorter pili. These shorter pili also exhibited a 
lower plateau force. A lowered plateau force and the shortened pili could suggest 
that the clinch contact strength is essential for pilus stability and expression of 
long pili. Thus, the clinch contact could be crucial for CSU pili's expression and 
function. As the expression and function of these pili are central to the 
pathogenicity of A. baumannii, this study paves the way for the possibility of 
developing clinch inhibiting chemicals as an alternative to classical antibiotics. 

Until now, we have only discussed how OT can characterize the mechanics of 
bacterial cells on a single-cell level. However, as our OT can also do single-cell 
Raman spectroscopy, we did chemical characterization of pathogens to 
chemically fingerprint and detect chemical changes in the presence of chemicals. 
For example, we used it in spore-forming pathogens such as bacterial spores. 
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3.2 Bacterial Spores 

Bacteria are resilient and can survive in harsh conditions. However, when faced 
with conditions that they cannot handle, some bacteria can enter a dormant state 
in a process called sporulation. During sporulation, a living bacterial cell packs 
away its DNA and all the machinery and energy needed to become a cell again 
into something called a spore [96]. These spores are rugged, can survive extreme 
temperatures, chemical exposure, dehydration, and remain intact for millennia 
[97]. What gives the spores their incredible resilience is their structure, see Figure 
30. In the spore, the DNA is dehydrated and packed away along with a protective 
chemical called calcium dipicolinic acid (CaDPA), which for example, gives the 
DNA resistance to heat and radiation into the spore core [98], [99]. The core is 
then wrapped in several protective layers that act as a permeation barrier against 
chemicals. These barrier layers also have sensors that detect when a spore is in 
favorable conditions and trigger the conversion, called germination, into a 
bacterial cell again. During germination, the spore dumps out its CaDPA, 
hydrates the DNA, and resumes metabolic activity [100]. 

 

Figure 30 Illustration showing how a bacterial cell (left) can turn into a spore (right) when exposed 

to unfavorable conditions. Then, when exposed to favorable conditions, the spore can transform 

back into a living cell. 

This ability of bacteria to become durable spores is problematic from a 
decontamination standpoint. Decontamination, or inactivation of bacterial 
spores, is crucial as many of them are known to infect humans. An example is 
spores of Bacillus anthracis, also known as anthrax. For example, inhaled 
anthrax spores can cause severe and often deadly pneumonia. The combined 
durability and harmfulness to humans have allowed these spores to, for example, 
be used by terrorists as weapons [101]. Thus, we must have robust, rapid, and 
precise methods of detecting and decontaminating these spores.  
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3.2.1 Detection of Spores 
There are many proposed methods to detect bacterial spores, such as detecting 
RNA sequences or using immunoassays, fluorescence, and SERS [102]–[107]. 
Many methods rely on detecting CaDPA as a biomarker, an indicator of spore 
contamination. For example, CaDPA has a clear Raman signature, making it 
simple to detect, see Figure 31. However, we found differences in the reported 
spectra when reviewing published fluorescence and Raman spectra of CaDPA. 
These differences originate from how the CaDPA samples were prepared, 
specifically their pH. 

 

Figure 31 Example Raman spectrum of a Bt spore showing several distinct peaks from CaDPA 

marked with *. 

To address this issue, we measured the changes in the Raman and fluorescence 
spectrum of CaDPA in different pH solutions. See paper 10 for details. As peaks 
related to DPA are promising for rapid detection, information about possible 
variations in its spectrum is essential. Further, as the changes are pH-dependent, 
it is extra vital in applications when detecting spores that have, for example, been 
exposed to chemical disinfectants, which can change the pH substantially.  
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3.2.2 Chemical Inactivation of Spores 

Chemical disinfection is one of the most widely used inactivation methods for 
spores. Some effective chemicals are chlorine dioxide, sodium hypochlorite, and 
peracetic acid [108]. However, these chemicals are not only harmful to spores but 
also to humans and the environment. Thus, they should be used with care. To 
avoid overusing these chemicals, it is essential to evaluate the mechanism behind 
their action and at which concentrations they are effective. One proposed way of 
investigating the mechanics of spore inactivation methods is Raman spectroscopy 
[109], [110]. Raman spectroscopy is an attractive way to study spore inactivation 
due to its simple sample preparation, usability with low concentration samples, 
and the relative speed of the analysis process compared to viability studies. 
However, we do not know if Raman spectroscopy is sensitive and reliable enough 
to pick up the minute differences induced in a spore when it is inactivated. Thus, 
we studied the effects of some chemical disinfection agents on the Raman 
spectrum of Bacillus thuringiensis (Bt) spores in papers 11 and 12. We use Bt 
spores as a surrogate for B. anthracis as these are structurally similar, but Bt 
spores are non-pathogenic. Further, we also used electron microscopy to image 
the chemical-treated spores for further insight into how they were affected by the 
treatment. 

To track the effects of the disinfection chemicals using Raman spectroscopy, we 
tracked two peaks. These two peaks were related to CaDPA at 1016 cm-1 and one 
thought to be related to DNA at 785 cm-1 [111]. We followed the intensity of these 
peaks over time for single Bt spores in a solution of either chlorine dioxide, 
sodium hypochlorite, or peracetic acid. From this, we found that peracetic acid 
and sodium hypochlorite led to a loss of both tracked peaks, Figure 32A, and B. 
The loss of these two peaks often occurred rapidly and simultaneously, after a lag 
time of around 2-20 minutes. 
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Figure 32 Intensity versus time for the CaDPA and DNA-related peaks of spores treated in 

Peracetic acid, A, Sodium hypochlorite, B, and Chlorine Dioxide, C.  

This rapid loss of the CaDPA peak after a lag time has been observed in previous 
studies and used as either a marker for spore inactivation [109], [110], or 
germination [112]. As these two processes seemingly have a similar effect in the 
spores Raman spectrum, it is hard to tell if this CaDPA and DNA loss is due to the 
spore’s content leaking out due to damage or the built-in DPA dumping channels 
are opened.  

Further, it is essential to note that the lag time for this peak loss is often much 
longer than the inactivation time of these chemicals. For example, peracetic acid 
and chlorine dioxide have a >90 % inactivation rate after just 1-minute of 
exposure at the concentration we used. Further, we see that chlorine dioxide has 
no apparent change in the intensity of these peaks for the duration of our 
measurements, Figure 32C. These results indicate that we can see that some of 
these chemicals influence the Raman spectra of Bt spores. However, the changes 
seen happen long after the spores inactivate.  

From the electron microscopy, we observed that spores treated with Sodium 
hypochlorite and peracetic acid showed visible damage. However, chlorine 
dioxide treated spores showed no visible damage at all. This difference could 
indicate that peracetic acid and sodium hypochlorite inactivate the spores due to 
widespread damage to their overall structure. At the same time, chlorine dioxide 
works more subtly. These findings align with our Raman observations, where we 
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saw that chlorine dioxide does not dramatically affect the spores as the other two 
chemicals.  

In summary, this study shows that while a powerful method, it is not trivial to 
differentiate active and inactive spores using Raman spectroscopy. However, it 
can give some insight into the mechanism behind spore inactivation. We also 
noted that the laser power used affected the loss of tracked peaks. This finding 
motivated us to study the effects that optical trapping has on bacterial spores. 

3.2.3 Effects of Laser Light on Spores 

That optical trapping causes damage to living cells has been known for a long time 
[113]. This damage is often thought to originate from photochemical effects due 
to the extreme light intensities generated in the focus of an optical trap, often 
above 1 MW/cm2 [114]. These intensities can interact with molecules within the 
trapped cells or in the sample medium. The sample medium is often ordinary 
water and thus contains a fair amount of dissolved oxygen. The focused light can 
then split this oxygen into singlet oxygen. This potent oxidant can then damage 
the trapped cell. While well studied for living cells, the effects of optical trapping 
on spores are not well studied. This lack of knowledge drove us to investigate this 
in paper 13. 

To investigate the trapping laser's effect on the spores, we trapped individual Bt 
spores, subjected them to different doses of laser light, and measured the time 
until DPA release. We found that spores trapped with 5 mW of laser power could 
last longer than 90 minutes without DPA release, orange line in Figure 33. 
However, when increasing the power to 20 mW, some spores start losing their 
DPA after just 5 minutes of exposure, with 50% of the spores losing it after ~40 
minutes, green line in Figure 33. Further increasing the power to 40 mW resulted 
in 50% of spores releasing DPA after ~20 min, effectively halving their lifetime, 
blue line in Figure 33. When viewed with SEM, we saw that laser exposed spores 
appeared damaged, Figure 34B, compared to unexposed spores in Figure 34A. 
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Figure 33 Probability of survival vs. time for spores trapped in our LTRS system at different laser 

powers. 

 

Figure 34 A SEM of a spore that we did not expose to our laser and B Spore exposed to 40 mW of 

laser power until it lost its CaDPA Raman peak. We can see that the laser exposed spore appears 

crumpled.  
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These results indicate that bacterial spores are sensitive to optical trapping even 
though hardy. Further, even when using techniques that are often referred to as 
non-invasive and non-destructive, such as Raman or OT, care must be taken 
when designing experiments not to introduce unwanted side effects.  

Accounting for these side effects, Raman spectroscopy is still a powerful 
technique to study bacterial spores. However, bacterial spores are not the only 
spores we can study with Raman. For example, spores of parasitic unicellular 
organisms are also resilient, cause serious diseases, and are a concern for public 
health. Thus we also studied spores of Cryptosporidium. 

3.3 Cryptosporidium 

Cryptosporidium is a microscopic spore-forming parasite that can infect humans 
and animals. Cryptosporidium most often causes diarrhea in a disease called 
cryptosporidiosis [115]. This disease spreads easily, often contaminating 
municipal water sources, and ingestion of only ~10 of these spores can cause 
symptoms [115]. In comparison, infection of Vibrio cholerae requires the 
ingestion of ~10 million bacterial cells [116]. These parasites are not only highly 
infectious but also resilient to decontamination. This resilience comes from their 
ability to form spores, also called oocysts. These oocysts are ~5 µm in diameter, 
contain four parasite cells, and can withstand many common chemical 
disinfectants [15]. As with bacterial spores, the combined infectiousness and 
resilience of Cryptosporidium makes it necessary to rapidly and specifically 
detect them, both for patient diagnosis and contamination assessment. There are 
currently a few methods to detect Cryptosporidium [117]. However, these 
techniques are complex, costly, and time-consuming. Thus, we propose that 
Raman spectroscopy could be an attractive alternative for detection.  

To investigate the possibility of using Raman to detect Cryptosporidium, we 
measured the Raman spectrum of Cryptosporidium parvum oocysts. See paper 

14 for details. We found that the spectrum C. parvum is dissimilar from other 
gastrointestinal pathogens, see Figure 35A. We can see that C. parvum has much 
more prominent peaks, especially in the range 1000-1400 cm-1. 
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Figure 35 A Raman spectra of V. cholerae, B. cereus, and C. parvum. B Brightfield image of a 

C.parvum oocyst. C Raman map of 1005 cm-1 peak. D Raman map of 1443 cm-1 peak. 

Further, we noticed that trapping oocysts and measuring their spectra gave more 
varying results than the other pathogens we investigated. We speculated that 
these varying results could originate from chemical inhomogeneities in the 
oocysts. To verify this, we performed Raman mapping on individual oocysts. See 
Figure 35B for a microscopy image of an oocyst. In Raman mapping, you measure 
the Raman spectrum of spatially separated points and then plot the spatial 
distribution of the spectral components. We saw that the oocyst had an 
inhomogeneous chemical content from these Raman maps.  For example, we can 
see that the 1005 cm-1 peak, related to phenylalanine [118], is evenly distributed 
throughout the oocyst, Figure 35C. The 1443 cm-1 peak, possibly associated with 
phospholipids [119], is less so, Figure 35D. We speculate that this inhomogeneity 
arises due to the 4 parasites' placement in the oocyst. We also investigated if it is 
possible to differentiate living from dead oocysts using Raman. To do this, we 
measured the Raman spectrum of living and dead oocysts. However, just as with 
the Bt spores, we could not identify any immediate differences between the two. 
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To our knowledge, these results show the first high-resolution Raman spectrum 
of a Cryptosporidium oocyst. The results are promising as they show that the 
oocyst Raman spectrum is distinct from other gastrointestinal pathogens. This 
finding opens up the possibility of coming studies to see if we can accurately 
detect and differentiate oocysts in more complex samples. Further, even though 
we could not spot any immediate differences between living and dead oocysts, it 
does not mean that it is impossible. It could still be possible to use more 
sophisticated techniques such as machine learning to detect these differences. 

Until now, we have only used Raman for qualitative chemical composition 
analysis. That is, we only use the intensity of a given peak to track if something is 
changing. However, we can also use Raman spectroscopy quantitatively. Using 
Raman quantitatively, we can determine chemical species' relative or absolute 
concentration within a sample. For example, we can estimate the relative amount 
of different secondary structures within a protein [120]. We used this ability to 
retrieve detailed information about proteins to characterize pathogenic proteins 
called alpha-synuclein. 

3.4 Pathogenic Proteins 

Pathogenic proteins are proteins that, through different processes, cause 
diseases. A common pathogenic protein is alpha-synuclein, related to dementia 
and Parkinson’s diseases [121]. These are relatively common diseases with 
devastating effects for the diseased and the people around them. Thus, it is vital 
that we learn more about these proteins, how they work, and how to detect them. 
Having methods for easy and rapid detection of these proteins would make for 
better diagnostics and care for afflicted patients. However, not all proteins like 
this are pathogenic. For example, we can also find alpha-synuclein in the brains 
of healthy individuals [122]. However, these proteins do not usually aggregate. In 
some individuals, these proteins can assemble and form fiber-like structures 
called fibrils. These fibrils can then aggregate into clusters that can cause cell 
death in the brain [123]. What differentiates pathogenic varieties of alpha-
synuclein from normal ones is their structure. However, developing techniques 
for detecting these structures using wild-type proteins retrieved from patients is 
tricky as they are hard to get and not pure. Thus, in paper 15, we tried to 
synthesize alpha-synuclein fibrils with a structure like those found in wild-type 
pathogenic proteins that could potentially be used as targets to develop diagnostic 
techniques.  

Using molecular dynamics (MD) simulations as a basis, we developed two 
different types of proteins. Then, we allowed these proteins to assemble into 
fibrils, which aggregated into micrometer-sized clusters. We then analyzed these 
clusters using a variety of techniques. We used the transmission electron 
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microscopy (TEM) technique, which allowed us to image the individual fibrils. 
We found that the two fibrils types prepared, P2-L(G,G)-CT and P2-L(G,G), 
displayed a twisted and rod-like structure similar to those observed in disease-
causing fibrils [121], [124]. 

Further, we analyzed the fibrils using time-correlated single-photon counting 
(TSCP). TSCP allowed us to investigate fibril maturity by measuring how well a 
specific dye binds to the fibrils. When the dye binds to the fibrils, its fluorescence 
lifetime increases which can then be measured and used to quantify the maturity 
of the fibrils. We found that our synthesized fibrils had a long fluorescence 
lifetime, possibly indicating long mature fibrils. The fibrils and their resulting 
aggregates were also analyzed using our LTRS setup. The LTRS setup allowed us 
to trap individual aggregates in the size range 1-10 µm and measure their Raman 
spectra. We could then estimate the relative amounts of different secondary 
structures in the fibrils from the Raman spectra by looking at the Amide I band. 
The Amide I band is a collection of Raman peaks located around 1670 cm-1. The 
area of the individual peaks making up this region can then be used to measure 
the fibril aggregates' structural content [125]. However, to get the area of the 
peaks of the Amide I band, it must be deconvoluted. In a deconvolution, we use 
our experimental data to figure out the size and shape of the individual peaks in 
the band. We did this by fitting the Amide I band using 3 Lorentzian peaks. To fit 
the data, we used constrained non-linear optimization to find the optimal width, 
height, and placement of these peaks to describe our experimental data. We show 
a simplified example of a fit in Figure 36.  

 

Figure 36 Simplified example fitting of the Amide I band of our synthesized Alpha-synuclein 

aggregates. 
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From the fitting, we can integrate the peaks, get their area, and normalize it to 
the total area to measure the relative abundance of the secondary structure 
elements that give rise to the peaks. The two most interesting peaks are those 
located at ~1650 cm-1 and 1670 cm-1, which are thought to be related to the fibrils' 
alpha-helix and beta-sheet content [126]. We found that the fibrils had around 
40-60 % beta-sheet content and a 15-20 % alpha-helix content. This low alpha 
helix content and high beta-sheet content indicate that the produced fibrils are 
mature. During maturation, the alpha helices are thought to convert into beta-
sheets [127]. The other peak in the fit is of unclear origin and is included in the 
fitting to increase the stability and quality of the fitting procedure.     

Overall, these results show that this type of synthetic fibrils is promising as targets 
for fibril detection systems since they are similar to those found in nature. 
Further, it also shows that an LTRS system is useful when qualitatively and 
quantitatively characterizing biomaterials. 

We have seen how OT, in combination with other techniques, is a versatile and 
powerful tool to study pathogenic biomaterials. We can use it to study the 
nanoscopic mechanics of adhesion pili and for quantitative and qualitative 
chemical characterization. Further, we have shown how invaluable 3D printing 
and DIY electronics can be in creating both microscopic and macroscopic tools. 
However, there is still much left to do. We still have many pili to study, spores to 
characterize, improvements and techniques to implement and apply. But these 
things will be a topic for another story, and hopefully, the discoveries and insights 
in this thesis will help in future endeavors. 
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4 Summary of Appended Papers and my 

Contributions 

Paper 1: Cooke-Triplet-Tweezers: More compact, robust and 

efficient optical tweezers 

We show how a triplet beam expander design can lower the aberrations in OT 
systems. This design takes up less space while allowing for a stronger trap to be 
formed by a given laser output power.  

I assisted in the building and design of the experimental setup and the 
interpretation of the data. I carried out the ray-tracing simulations of the different 
beam expander designs. I also helped with editing the manuscript. 

Paper 2: Step-by-step guide to 3D print motorized rotation 

mounts for optical applications 
We show a method of manufacturing motorized optical rotation mounts for either 
transmissive or reflective optics, using either 3D printed or cheap and readily 
available components. We evaluated and compared the performance of our 
mount with commercially available solutions. Further, we demonstrated how the 
rotation mount could be used to, for example, regulate the output power of a laser. 

I helped with ideas regarding the design, implementation, and evaluation of the 
3D-printed mounts. I helped with editing the final manuscript. 

Paper 3: Optical design for laser tweezers Raman spectroscopy 

setups for increased sensitivity and flexible spatial detection 
This paper shows how simultaneously collecting both the forward and 
backscattered Raman light in an LTRS setup increases sensitivity and 
experimental flexibility. We demonstrate how this approach doubles the collected 
signal intensity allowing for minimized photodamage by using low excitation 
laser power. Further, we show how this setup can be used to add polarization 
sensitivity and to vary the spatial sensitivity of the Raman measurements.  

I did all the experimental work, designed the setup, and constructed it.  Further, 
I analyzed the data and interpreted it, wrote the first draft of the manuscript, 
edited it, and made all the figures.  
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Paper 4: 3D printed water-soluble scaffolds for rapid 

production of PDMS micro-fluidic flow chambers 
This paper shows how PDMS microfluidics can be fabricated using water-soluble 
plastic printed in an ordinary 3D Printer. Further, we show how the printed 
structures can be pretreated with heat to increase surface quality. We evaluated 
the microchannels' accuracy and optical quality using image analysis and surface 
probing techniques while also investigating their hydrodynamic properties using 
digital holographic microscopy. 

I did the experimental work involving 3D printing and method development. I 
also did the optical and AFM characterization of the produced microfluidics. I 
also did the experimental work related to the DHM measurements. Further, I 
analyzed the data and interpreted it, wrote the first draft of the manuscript, edited 
it, and made all the figures.  

Paper 5: Step-by-step guide to reduce spatial coherence of 

laser light using a rotating ground glass diffuser 
In this paper, we show a simple and cheap method of constructing a setup to 
reduce the spatial coherence of laser light for holographic imaging. The setup was 
based on a stepper motor-driven rotating ground glass that allowed us to acquire 
high framerate video with good contrast. We validated the setup's performance 
by tracking the Brownian motion of microparticles at 2 kHz. 

I helped with the construction and programming of the experimental setup and 
edited the manuscript. 

Paper 6: Tunable two-dimensional patterning of a 

semiconducting C60 fullerene film using a spatial light 

modulator 
In this paper, we show how a spatial light modulator can create a mask-less setup 
for photopatterning a photosensitive C60 film. With this technique, we created a 
microdot pattern with a center-to-center distance of 1-5 um. To characterize the 
quality of the pattern, we used a combination of AFM measurements and optical 
microscopy. Finally, we demonstrated the practical usability of the patterned 
surface by including it in light-emitting electrochemical cell design. 

I helped with the experimental setup's design, construction, and optimization and 
edited the final manuscript. 
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Paper 7: Unveiling molecular interactions that stabilize the 

chaperone-usher pili rod and their role for mechanical and 

kinetic properties 
In this paper, we used high-resolution OT to study the uncoiling of P pili. We also 
carried out sMD simulations to investigate pilus uncoiling on the molecular level. 

I did the experimental work involving the OT and analyzed and interpreted all the 
collected data. Further, I compiled the theory needed to describe the pilus 
stiffness and helped with interpreting the MD simulations. I wrote the first draft 
of the manuscript section and method related to the OT measurements. I also 
wrote the supplementary section about the methods and theory of pilus stiffness 
and helped with the editing and overall story of the paper. 

Paper 8: Impact of an alpha helix and a cysteine-cysteine 

disulfide bond on the resistance of bacterial adhesion pili to 

stress 
This paper compares the experimentally observed biomechanical properties of 
ETEC and UPEC pili and relates them to their molecular structure through 
molecular dynamics simulations. Doing this, we found a possible explanation for 
the extra extension observed in UPEC pili and some ETEC pili, which can be 
linked to the extension of an alpha helix in the respective pilin. This extra 
extension usually goes together with a disulfide bond in the pilin, suggesting that 
pili with these features are evolved to withstand greater forces.  

I did the experimental work involving the OT, wrote the corresponding method 
section, and edited the manuscript. 

Paper 9: Archaic chaperone-usher pilus self-secretes into a 

superelastic zigzag spring architecture 
This paper presents the molecular structure of the archaic chaperone usher pilus 
CSU from cryo-EM data. We also measured their biomechanical properties and 
found that although they differ in structure from classical chaperone usher pili, 
they share the same force vs. extension response. Further, we investigated the 
secretion mechanism of the pili. 

I did the experimental work involving the OT and analyzed and interpreted all the 
collected data. I helped in editing the manuscript section related to the OT 
measurements. 
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Paper 10: pH induced changes in Raman, UV-Vis absorbance, 

and fluorescence spectra of dipicolinic acid (DPA) 
In this paper, we measured pH's effect on the fluorescence, UV absorption, and 
Raman spectrum of DPA.  

I constructed and calibrated the Raman setup used. I assisted in measurement 
optimizations, discussion about data analysis, and minor editing of the 
manuscript. 

Paper 11: Biophysical Fingerprinting of Single Bacterial Spores 

using Laser Raman Optical Tweezers  

In this conference proceeding, we present our LTRS system and evaluate it by 
measuring different spore and disinfection-related chemicals. We also measured 
the Raman spectrum and took SEM images of spores treated with disinfection 
chemicals to evaluate if any spectral or structural changes could be noticed. 

I constructed the LTRS system used and assisted in designing the LTRS 
experiments and acquiring and analysis of data. I made the first draft of the figure 
describing the setup. I also wrote the Raman-related method sections and 
assisted in editing the manuscript. 

Paper 12: Disinfection chemicals mode of action on the 

bacterial spore structure and their Raman spectra 
This paper investigates the effects of some common disinfection agents on 
Bacillus thuringiensis spores. We quantified the damage to the spores using a 
combination of LTRS and electron microscopy. We found that the spores treated 
with chlorine dioxide did not affect the spore structure from the electron 
microscopy. Still, those treated with sodium hypochlorite and peracetic acid 
showed extensive structural damage. Further, we found that the disinfection 
agents generally do not cause a noticeable change in the spore’s Raman spectra 
on the time scale of their inactivation.   

I constructed the LTRS system used and assisted in designing the LTRS 
experiments and analyzing the resulting data. I also wrote the Raman-related 
method sections and assisted in editing the manuscript. 
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Paper 13: Laser induced degradation of bacterial spores during 

micro-Raman spectroscopy 
This paper investigates the effects of the excitation laser used in LTRS 
experiments on bacterial spores. We use the CaDPA release, often used as an 
indication of death or germination, of Bacillus spores to indicate the time scale of 
the laser-induced damage. Further, we investigate the possibility of the LTRS 
laser to catalyze reactions with chemicals. 

I constructed the LTRS system used, assisted in designing the LTRS experiments, 
and interpreting and analyzing the resulting data. I also assisted in editing the 
manuscript. 

Paper 14: Reference Raman Spectrum and Mapping of 

Cryptosporidium parvum Oocysts 
In this paper, we measured the Raman spectrum and Raman maps of 
Cryptosporidium parvum oocysts to evaluate Raman as a possible detection 
method. We also compared the Raman spectra of dead and living oocysts to see 
if we could differentiate them. 

I constructed the LTRS system used, and assisted in designing and carrying out 
the Raman mapping experiment. I also analyzed the resulting Raman map data 
and created the corresponding figures. I also wrote the Raman mapping 
experimental section and assisted in editing the manuscript. 

Paper 15: Synthetic NAC 71-82 Peptides Designed to Produce 

Fibrils with Different Protofilament Interface Contacts 
In this paper, we designed alpha-synuclein peptides to understand how disease-
related alpha-synuclein peptides are formed. We designed the peptides using 
molecular dynamics simulation and synthesized them. The synthesized peptides 
were then allowed to form fibrils, and these were analyzed using electron 
microscopy, Raman spectroscopy, and time-correlated single-photon counting. 
This showed that we could potentially synthesize peptide fibrils with 
characteristics of disease-causing fibrils, which can then be used as a model 
system. 

I did the experimental work involving the Raman tweezers and analyzed and 
interpreted the resulting data. Further, I wrote the method section related to the 
Raman measurements and part of the related results section. I also edited the 
final manuscript. 
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