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Abstract 

Light is the primary source of energy on our planet and has been a significant driver 

in the evolution of human society and technology. Light finds applications in two-

dimensional (2D) photolithography and three-dimensional (3D) printing, where a pattern 

is transferred to a material of interest by ultraviolet (UV) light exposure, and in laser 

scribing and cutting, where high power lasers are used to pattern the surface of objects or 

cut through the bulk of the material of interest. However, conventional light-based 

processing has three main constraints: a) the wavelength of visible light limits resolution, 

b) only materials that absorb the wavelength in use can be efficiently processed, and c) 

intense laser light burns its target, degrading the material surrounding the exposed areas 

and further limiting material compatibility. Overcoming these limitations is the core of 

this thesis. 

The first part of this thesis describes three different patterning methods enabled by 

intelligent design and non-linear light-matter interaction. The first work reports the use 

of light at 365 nm to generate sub-20 nm wide nanowires (NWs) exploiting crack 

lithography, exceeding the possible resolution given by diffraction limit by 10-fold. The 

second work describes how the non-linear interaction of femtosecond laser pulses with 

otherwise transparent glass enables nanostructuring of borosilicate coverslips. Positively 

charging the nanostructured glass surfaces grants a “attract and destroy” bactericidal 

functionality and maintains the transparency of the substrate, creating a microscopy 

compatible platform to study bacteria-surface interactions and providing strategies to 

fight antibiotic-resistant bacteria. The third and fourth works show how femtosecond 

lasers can directly pattern carbon nanotube films and 2D materials (graphene, 

molybdenum disulfide, and platinum diselenide) without damaging the substrate or the 

material surrounding the exposed area. Non-linear interaction with high-energy laser 

pulses allows sub-300 nm resolution, circumventing the limit given by light diffraction in 

the linear regime. The combination of high resolution, femtosecond exposure, and ultrafast 

scanning speed provides a valid alternative to resist-based photolithography while 

eliminating the related contamination issues for these sensitive materials. 

The second part of this thesis describes two different 3D micromachining approaches 

enabled by high-intensity laser light. The fifth work presents a collagen patterning method 

based on laser-induced cavitation, called cavitation molding. This method represents a 

new biomanufacturing mode that is neither additive nor subtractive. In this study, 

cavitation molding enables the generation of a micro vascularized cancer-on-chip model, 

consisting of an in-vivo-like spheroidal mass of cancer cells surrounded by artificial blood 

vessels. In the sixth and final work, we used two-photon polymerization to generate 3D 

platforms in a biocompatible resin. This platform enables the study of the physiology of 

neurons and their interaction with astrocyte cells. The low autofluorescence of the printed 

resins allows optical readout of the neuronal activity by calcium imaging. 

 

Keywords: Micro-electromechanical systems (MEMS), nanotechnology, nanowires, 

microfabrication, tissue engineering, crack-lithography, direct writing, femtosecond lasers, 

two-photon polymerization, 3D micromachining, cavitation molding, scalable optical 

patterning, 2D materials, surface structuring, bacterial-surface interaction.  
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Sammanfattning 

Ljus är den primära energikällan på vår planet och har varit en viktig motivation i 

utvecklingen av det mänskliga samhället och teknologin. Inom mikrotillverkning finner 

ljus tillämpningar inom fotolitografi och 3D-printing, där ett 2D- eller 3D-mönster överförs 

till ett material av intresse genom exponering för UV-ljus, och i laserritning och skärning, 

där högeffektlasrar används för att skapa mönster på föremålets yta eller skära igenom 

huvuddelen av materialet av intresse. Likväl, har dock konventionell ljusbaserad 

bearbetning tre huvudbegränsningar: a) våglängden för synligt ljus begränsar 

upplösningen, b) endast material som absorberar våglängden vid användning kan 

bearbetas effektivt, och c) intensivt laserljus bränner upp sitt målobjekt, vilket försämrar 

materialet som omger de exponerade områdena och ytterligare begränsar 

materialkompatibiliteten. Att övervinna dessa begränsningar är kärnan i denna 

avhandling. 

Den första delen av denna avhandling beskriver tre olika tvådimensionella 

mönstringsmetoder som möjliggörs av intelligent design och icke-linjär ljus-materia 

interaktion. Det första arbetet rapporterar användningen av ljus vid 365 nm för att 

generera sub-20 nm breda nanotrådar (NW) genom att utnyttja cracklitografi, vilket 

överskrider den möjliga upplösningen som ges av diffraktionsgränsen tiofaldigt. Det andra 

verket beskriver användningen av femtosekundlaserpulser för att strukturera ytan på 

glasskivor, som vanligtvis skulle vara transparenta för mindre intensivt synligt ljus. 

Positiv laddning av de nanostrukturerade glasytorna ger en "sök och förstör" 

bakteriedödande funktionalitet, vilket möjliggör nya grundläggande studier av 

interaktioner mellan bakterier och yta och tillhandahåller strategier för att bekämpa 

antibiotikaresistenta bakterier. Det tredje och fjärde verket visar hur ultrasnabba lasrar 

selektivt kan mönstra 2D-material – grafen, molybdendisulfid och platinadiselenid – och 

tunna filmer – kolnanorörsfilm – utan att skada substratet eller materialet som omger det 

exponerade området. Direkt mönstring med ultrasnabb skanningshastighet ger 

processskalbarhet och upplösning under 300 nm, vilket ger ett giltigt alternativ till 

resistbaserad fotolitografi och relaterade kontamineringsproblem för dessa känsliga 

material. 

Den andra delen av denna avhandling beskriver två olika 3D-

mikrobearbetningsmetoder som möjliggörs av högintensivt laserljus. Det femte arbetet 

presenterar en biotillverkningsmetod för att strukturera kollagen baserat på 

laserinducerad kavitation. Denna metod, kallad kavitationsgjutning, representerar ett 

nytt biotillverkningsläge som varken är additivt eller subtraktivt. I denna studie möjliggör 

kavitationsformning genereringen av en mikrovaskulariserad cancer-on-chip-modell, 

bestående av en in-vivo-liknande sfäroidal massa av cancerceller omgivna av konstgjorda 

blodkärl. I det sjätte och sista arbetet använde vi två-fotonpolymerisation för att generera 

icke-cytotoxiska 3D-strukturer för att studera neuronernas fysiologi och deras interaktion 

med astrocytceller. Den låga autofluorescensen hos de tryckta hartserna tillåter optisk 

avläsning av den neuronala aktiviteten genom kalciumavbildning. 
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Prologue 
 

This prologue describes the underlying theme of this thesis. The thesis content and 

structure are presented at the end of this Section. 

 

a. The thesis work in chronological order 

The PhD work started with a follow-up project to the nanogap manufacturing 

technique developed within the Division of Micro and Nanosystems (historically 

known as MST). The project aimed at reinventing the “crack junction” platform, 

using the suspended cracked beams as stencils for shadow mask lithography to 

generate 1D nanostructures, called nanowires (NW), with control over position and 

geometry through a scalable approach. After 2.5 years of coping with cleanroom 

tools oscillating between the in- and out-of-order states, we had developed a 

technology to generate single nanowire devices, presented in the first journal 

publication of the PhD work (Paper I) and during an oral presentation at IEEE 

MEMS 2019 conference in South Korea.  

In the meantime, my main focus became the “Next Generation Laser 3D 

Micromachining” research project, financed by Swedish Foundation for 

Strategic Research. The overarching aim of this project was to explore light-based 

approaches complementary to cleanroom microfabrication and develop high-

resolution, high-speed processing of unconventional materials and high-aspect-

ratio 3D structures. The first concept related to this research area in 2017 was the 

idea to use the properties of ultrashort pulsed lasers to tackle one of the open 

challenges in tissue engineering: micro vascularization. The publication describing 

the concept of laser-based cavitation molding (Paper V) was the fruit of a long 

buildup of scientific insight and contributions of the students and colleagues I had 

the pleasure to work with for almost five years. To tackle other open biological 

questions, we started collaborating with the Division of Fiber Technology in 2017 

to investigate bacteria-surface interaction by laser nano-structuring. During the 

study, we pivoted from cellulose to glass as substrate material and developed a 

bactericidal surface functionalization (described in Paper II) based on the 

interaction of bacteria with the nanostructured, positively-charged surface. The 

access to the 3D structuring provided by two-photon polymerization (TPP) also 

inspired us to start working to develop a platform to study the interaction of 

different cell types when arranged into a specific 3D geometry in 2020 (Paper VI). 

We also looked at the opportunity to perform 2D patterning using lasers. 

Specifically, I worked on direct writing of 2D bundles of carbon nanotubes (CNT) 

in 2019 as a minor contribution to Paper III and then refined the technique and 

concept targeting high-speed, high-resolution patterning of 2D materials in 

2021/2022 (Paper IV). 
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b. Quest for a silver lining 

As explained before, the main focus of the PhD has been on femtosecond laser 

processing. However, the initial works on single NW devices did take a substantial 

part of the PhD research and have been instrumental for my education and growth 

as a PhD candidate and researcher. For this reason, I always wanted to include 

them in my thesis, but the question was about the silver lining: “What title could 

bring these two halves of the PhD thesis together?” 

 

c. Bright Light 

The Eureka moment came in January 2022. After five years of planning, I finally 

visited the northern part of Sweden to witness the real winter and the Northern 

Lights with many colleagues and friends from MST. On January 30th, we spent a 

night at -25 ºC looking up in the sky, ready with our cameras, knowing the science 

behind what we were supposed to observe that night.  

That was a familiar sensation after five years of PhD in Stockholm. During the 

winters in the Nordic countries, days get short and you often leave the lab after 

the Sun has set while still waiting for your results. If the idea is good, you know it 

is just a matter of time. After several iterations and solving many technical 

challenges, you get the long-awaited result. Seeing the puzzle pieces coming 

together is thrilling and rewarding for the time and effort put into research. In the 

same way, patience rewarded us by painting the sky of that January night with a 

beautiful flare of bright lights dancing with green and pink colors, the results of 

the solar wind interacting with the gases in the atmosphere (Figure 1).  

“That is it! The “Bright Lights” are the silver lining I was looking for!” In all the 

work composing this thesis, we used light and the interaction with the exposed 

materials to generate innovative methods to structure materials and tackle 

problems that go beyond what is possible with conventional light-based methods. 

 

 

Figure 1 - Northern Lights in Abisko, Sweden. January 30th, 2022. When the solar wind with 

its high-speed charged particles reaches Earth, it interacts with our planetary magnetic field and 

atmosphere. If the magnetic interaction attracts the particles into our atmosphere, these particles 

can excite the gases in the atmosphere, which then relax, emitting different colors depending on the 

relative element and altitude of the interaction. The typical green lights are produced mainly by 

oxygen atoms, while pink is produced mainly by nitrogen. Photo credit: Saumey Jain. 
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d. The content of the thesis 

This work explores innovative uses of visible and near infrared (NIR) light for 

micro and nanofabrication to overcome the limitations of conventional optical 

patterning approaches and enable new applications in terms of throughput and 

material palette. Pure cleanroom-based fabrication allows high resolution and 

throughput for a limited set of semiconductor and metallic materials. However, 

technological progress requires increasingly higher resolution, complex 3D 

structures, and the use of a wide variety of materials. Photopolymerization and 3D 

printing have been adapted to work with most materials, but conventional printing 

approaches are limited in throughput and micrometric resolution. In this work, we 

developed processes that exploit the optical, mechanical, and chemical properties 

of the material of interest in the interaction with visible and NIR light. This way, 

we could obtain resolution beyond the diffraction limit, direct optical patterning of 

otherwise transparent materials, and 3D structuring of biological tissue and non-

fluorescent resins using two-photon polymerization (TPP).  

 

e. The thesis structure 

The thesis consists of nine chapters.  

Chapter 1: States the objective of the thesis work and the correspondence to the 

respective journal publications and manuscripts. 

Chapter 2: Provides a high-level description of the light-based processes to 

structure surfaces and materials in the micro and nanoscale. This Chapter also 

compares these methods with non-light-based alternatives in terms of pros and 

cons.  

Chapters 3, 4, and 5:  Describe the 2D applications of crack-generated 

nanostencils and the “bright” laser radiation for nanostructuring nanowires, glass 

surfaces, CNT films, and 2D materials for sensing and fundamental studies. 

Chapters 6 and 7: Focus on the 3D applications of high-energy laser pulses in 

tissue engineering to tackle the open challenges of artificial micro vascularization 

and study the interaction of multiple cell types in a spatially-tailored artificial 

environment. 

Chapter 8: Draws high-level conclusions and an outlook for the future use of the 

platform and technologies developed in the thesis.  
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Chapter 1 

 

Thesis objectives 
 

The objective of this thesis was to explore new ways to use light in micro and 

nanofabrication, capitalizing on the advantages of optical lithography and laser 

processing while circumventing their conventional limitations by intelligent design 

and non-linear light-matter interaction. This thesis presents a series of micro and 

nano machining technologies addressing open questions and challenges in a broad 

spectrum of applications. 

The specific objectives of this thesis were to: 

1. Circumvent the resolution limit of conventional optical lithography.   

We demonstrated the scalable fabrication of single NW devices with sub-20 

nm NW diameter by crack-defined stencil lithography (Paper I). 

2. Expand the compatible material palette of conventional laser processing. 

Using ultrashort laser pulses, we demonstrated surface nanostructuring of 

transparent glass substrates (Paper II). We also demonstrated the 

feasibility of 3D laser structuring biological tissues with negligible adverse 

effects on the embedded living cells (Paper V). 

3. Overcome the material degradation and sterility issues limiting 

conventional lithographic and sacrificial molding approaches. We 

demonstrated that ultrashort pulses have a negligible heat-affected volume, 

ideal for structuring sensitive substrates such as 2D materials and CNT 

bundles (Paper III and IV). We also demonstrate that femtosecond laser 

irradiation can be used as a non-contact method to structure collagen 

hydrogel while maintaining sterility and without affecting the overall cell 

viability (Paper V). 

4. Tackle the scalability issue of conventional laser processing. We 

demonstrated ultrafast patterning of 2D materials by direct writing and 

high-speed structuring of 3D tissue models by laser-induced cavitation 

molding (Paper IV and V). 

5. Augment the fabrication and characterization possibilities in biological 

applications. We implemented a platform for studying bacteria-surface 

interactions based on transparent glass, ideal for fluorescence-based 

inspection methods (Paper II). We presented laser-based cavitation molding 

into 3D structure conventional collagen hydrogels, avoiding additive 

particles and photo-initiators that would otherwise limit the relevance of the 

resulting 3D tissue model (Paper V). We further demonstrated a TPP 3D 

platform that allows arranging different cell types in a customizable 3D 

layout (Paper VI). The transparent and non-autofluorescence resin allows 

the use of inverted microscope and low-signal fluorescent assays, such as 

calcium imaging, normally incompatible with photopolymerized structures.  
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Chapter 2 

 

Light in micro and nanofabrication  
 

This Chapter describes the use of light in micro- and nano-machining. The 

historical background gives an overview of the evolution of micro and 

nanofabrication and presents the type of lithographic approaches to process a 

material locally. 

2.1 Light in cleanroom processing 

2.1.1 Three milestones in photolithography for manufacturing 

Light has been undoubtedly a critical factor in the evolution of human society and 

technology.  During most of human history, light was studied to understand how 

it works in the context of vision and develop ways to illuminate environments: from 

fires to candles, from candles to torches and lamps, until the advent of electric 

lighting. Only recently, though, light has become a manufacturing tool. The 

discovery of light-sensitive chemicals is generally attributed to the German 

physicist Johann Schultze around the 1720s.[1] While accidentally leaving a slurry 

of chalk, nitric acid, and silver exposed to the Sun, he noticed that the compound 

darkened. While he initially thought the darkening was due to a heat-caused 

chemical reaction, exposure to heat with no light did not produce the same effect. 

It had to be light!  

A century later, the French inventor Nicéphore Niépce placed in a camera obscura 

(Figure 2a) a plate covered by a layer of bitumen of Judea, a naturally occurring 

asphalt that hardens upon light exposure.[2,3] After several hours of exposure, the 

image projected through the pinhole of the camera obscura became permanently 

impressed in the hardened bitumen layer, producing the oldest surviving and, 

arguably, the first photograph (Figure 2b). It was proof that a permanent 

impression could be created by simply exposing the photosensitive material to light. 

The term “photolithography” describing the type of approach appeared in 1856, a 

year after the French chemist Alphonse Louis Poitevin filed the first documented 

patent related to lithographic processes (Figure 2c).[4] 

However, it took another century before the use of light could innovate 

manufacturing processes. After the Second World War, the invention of transistors 

at Bell Lab (US) prompted the adaptation of the lithographic process for 

manufacturing small components. Jay W. Lathrop and James R. Nall, who worked 

for the US National Bureau of Standards to reduce the size of electronic circuits, 

were the first to use the term "photolithography" to describe light-based 

approaches in patterning semiconductor devices (Figure 2d).[5] The 

miniaturization of electronic components quickly reached the average size of dust 

particles, and it became clear that a special manufacturing environment was 
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necessary for micromachining without dust interference. Since then, the so-called 

“cleanrooms” have hosted most semiconductor research and production.[6] The 

highest class of cleanrooms, allowing the smallest size and number of particles in 

the air, is always devoted to photolithographic processes. 

 

 

 

Figure 2 – Origin of photolithography. a) Schematic illustration of the working principle of a 

camera obscura. A pinhole in the dark environment, the camera obscura, allows light to enter the 

environment and form a reversed image (B) of the view in front of the camera (A). b) “View from the 

Window at Le Gras,” heliograph on a pewter plate taken by Nicéphore Niépce in his estate, Le Gras, 

in Saint-Loup-de-Varennes, France (1827). c) Starting section of the first patent regarding 

photolithography by Alphonse Poitevin (1855). Photograph reproduced with permission from the 

History of Photography Archive, owned by archivist Patrick Montgomery. d) First patent covering 

photolithography for integrated circuit fabrication, by Jay W. Lathrop and James R. Nall (1959). 

Image adapted from the US2890395A patent document. 

2.1.2 Photolithography enables selective micromachining 

Cleanroom microfabrication starts from a substrate, typically a semiconductor 

wafer, and relies on three classes of processes: material addition by chemical or 

physical deposition, material subtraction by wet or dry etching, and material 

transformation, such as oxidation processes and doping by ion implantation. 

Photolithography provides the means to make these processes selective, limiting 

their effects to the substrate areas that are unprotected by the photoresist. Before 

performing photolithography, an adhesion layer is typically deposited on the 

cleaned substrate to improve the adhesion of the photoresist on the substrate. The 

photoresist is typically deposited on the substrate by spin coating. The photoresist-

coated substrate is then “soft-baked” to evaporate the solvents present in the liquid 

resist. At the core of photolithography, there is pattern transfer. A photomask, 

typically consisting of an opaque chrome layer on a quartz substrate, is interposed 
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between collimated UV light and the photoresist layer (Figure 3a). Upon reaching 

a threshold dose, the photoresist changes its properties depending on the polarity 

of the resist. Positive photoresists are ordinarily insoluble in developer solution but 

become soluble upon light exposure.[7] Negative photoresists behave oppositely, 

becoming insoluble to developers when irradiated (Figure 3b).[8] After the 

development, the remaining photoresist is structured and can be used to protect 

selected areas of the substrate. 

A specific photoresist polarity can be beneficial depending on the micromachining 

process. Positive resists typically allow higher resolution than negative 

photoresists. They are often combined with an additional protective layer, i.e. a 

hard mask, to ensure substrate protection for harsh etching or doping steps. In this 

case, the pattern of interest is first transferred from the photoresist to the 

unprotected hard mask layer by etching. Then, the resist is stripped away using 

solvents or plasma cleaning, and the substrate material is processed using a second 

etching or doping step using the hard mask layer for protecting the substrate 

(Figure 3c). Alternatively, the structured photoresist can behave as a sacrificial 

template in lift-off deposition.[9] In this case, a negative resist is preferred due to 

the presence of undercuts (recesses in the photoresist sidewalls that are not in the  

 

 

Figure 3 – Photolithography for micromachining. a) Transfer of the lithographic pattern by 

light exposure. Collimated radiation, typically in the UV spectrum, is shone through a partially 

transparent photomask, resulting in the exposure of a selected area of the photoresist layer deposited 

on the substrate. b) Development process. The light exposure can have different results depending on 

the polarity of the photoresist. The illuminated area of a positive photoresist is weakened and gets 

dissolved during the development step, leading to a reproduction of the same pattern present on the 

photomask. Instead, exposed negative resists are strengthened, and the development step produces 

an opposite and complementary (a negative) pattern to the one on the photomask. c) Selective 

processing enabled by photolithography. d) Lift-off deposition process. 

line of sight for a top-view observer). When a material is deposited anisotropically 

on the substrate, and the thickness ratio between the photoresist and the deposited 

material is large enough, the undercuts prevent bridging between the material 
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deposited on the substrate and the one deposited on the photoresist. When the 

resist is stripped away, the above laying material is lifted-off with the resist, 

resulting in a selective coating of the substrate with the deposited material 

(Figure 3d).  

 

2.1.3 Limitation of conventional optical photolithography  

Micromachining by optical photolithography enables parallel and selective 

micromachining with sub-micrometer resolution. However, the resolution is 

fundamentally limited by the wave nature of light. Light transmitting through the 

photomask apertures experiences diffraction. This interaction produces diffraction 

patterns called Airy disks, limiting the minimum distance at which two nearby 

features on a photomask can result in two different images on the resist surface. 

The minimum resolution R is limited by the wavelength in use, as presented in 

Equation 1 for projection optical lithography: 

 

𝑅 =
𝑘𝜆

𝑁𝐴
 Eq. 1 

 

where k is a constant related to the resist absorption properties at the specific 

illumination wavelength λ and NA is the Numerical Aperture of the lens in use.  

Historically, the selection of visible light for micromachining was guided at first by 

the presence of readily available sources in the visible spectrum, especially 

mercury-xenon lamps with spectral lines at 436, 405, and 365 nm wavelengths. 

However, the immense potential offered by the electronic circuits triggered 

enormous interest in downscaling the electronic components to increase portability 

and functionality. In 1965, Gordon Moore, while working as director of research 

and development (R&D) at Fairchild Semiconductor, observed that the number of 

transistors in a dense integrated circuit (IC) doubled about every two years thanks 

to the downscaling advances. He also projected that a similar trend would hold for 

the next decades. The constant need for downscaling quickly hit the limit of optical 

lithography, leading researchers to consider the rest of the electromagnetic 

radiation spectrum, of which visible light is only a tiny portion (Figure 4). With 

the development of excimer lasers in the 1970s, intense and reliable radiation 

sources below 300 nm became available and started replacing visible light in the 

IC industry in the 1980s.[10,11]  

Shifting to even shorter wavelengths in the extreme UV range (EUV, 10 - 180 nm) 

presented several challenges. First, it is necessary to work in vacuum conditions 

for wavelengths shorter than 185 nm to avoid significant light absorption in air.[12] 

Second, powerful and reliable radiation sources have not been available in the 80s 

and 90s. Third, the combination of mask defects and behavior of the available resist 

has practically limited the use of EUV lithography. To cope with this limitation in 

the past 40 years, several technical solutions, such as immersion lithography and 
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Figure 4 - Electromagnetic spectrum. The visible spectrum corresponds to wavelengths between 

380 nm and 750 nm.  

 

multiple patterning techniques, have increased the de facto resolution achievable 

with 185 nm excimer lasers.[13] Only recently, technological progress has made 

commercially viable EUV for high-volume production, which is now replacing 

excimer lasers to tackle sub-10 nm nodes. Excimer laser and EUV lithography offer 

resolution in the sub-100 nm range, but they are highly complex and expensive. 

However, the resolution range is typically an overkill for the resolution 

requirements of micro-electromechanical systems (MEMS), which are still 

primarily produced using conventional optical lithography due to its simplicity and 

low cost.[14] 

 

2.1.4 Alternatives to light-based lithography in the cleanroom  

As described in Section 2.1.2, the most common lithographic approach is still based 

on exposing a resist as an intermediate step to transfer a pattern onto the target 

material. In parallel to the evolution of photolithography, other lithographic 

methods have been investigated. The scientific and technical advances in vacuum 

technology and electron optics laid the foundation for developing two other forms 

of lithography: focused ion beam (FIB) and electron beam lithography (EBL). In 

1931, the German scientists Max Knoll and Ernst Ruska demonstrated the 

possibility of focusing and stirring a beam of charged particles in a high vacuum, 

designing the first electron microscope.[15,16] Thirty years later, using electrons 

instead of photons in EBL allowed for reaching significantly higher resolution (now 

in the single nm digits) than optical lithography since the wavelengths of an 

electron can be orders of magnitude smaller than the ones of photons (Figure 5a). 

In the following decades, the idea of using ions instead of electrons gained traction, 

inspired by the possibility of direct writing with a collimated particle beam. In the 

1970s, liquid metal ion sources (LMIS) were used to develop the first efficient FIB 
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systems. Since then, FIBs have found uses in imaging and high-resolution 

patterning (Figure 5b).[17,18]  

These beam lithography methods complement optical photolithography. Beam 

lithographies do not need a photomask and can achieve higher resolution, which is 

especially useful for nano-electromechanical system (NEMS) applications. Not only 

focused electron beams can expose custom-made resists similarly to 

photolithography, but they can also modify or etch very tiny amounts of materials, 

allowing direct machining of 2D materials (Figures 5c and 5d). Switching from 

electrons to ions allows the transfer of significantly higher energies, enabling 

selective etching and milling (Figure 5e). 

Both FIBs and electron beams can also decompose gas precursors, resulting in the 

deposition of the non-volatile fragment in correspondence with the focused beam, 

thus allowing selective deposition (Figure 5f). FIB machining and EBL are 

superior to conventional optical lithography in resolution and process simplicity. 

However, the size of these beams in the focal plane is very small, and each feature 

needs to be exposed serially. The resulting exposure is orders of magnitude longer 

than the photolithography, which is instead parallel and has exposure times 

independent of the size or number of features. Therefore, conventional beam  

 

 

Figure 5 – Beam-based micro and nano machining. a) Electron beam lithography setup. b) 

Focused ion beam lithography column. c) Schematic representation of electron beam lithography, 

showing serial exposure of the resist. d) Direct writing of 2D materials by electron beam lithography. 

e) Substrate etching by focused ion beam milling. f) Selective deposition by FIB-assisted chemical 

vapor deposition. Figure a and b are reproduced from [19] and [20] with permission. 
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lithographies are very limited in throughput. Moreover, they typically require a 

skilled operator to optimize the beam shape and focus, in contrast with the 

photolithographic approaches that are easily automated. 

 

2.1.5 Stencil and nanoimprinting lithographies 

To obtain high-resolution features without suffering from the scalability issue of 

beam lithography, hybrid approaches have been developed in the past decades, 

such as stencil and nanoimprinting lithography. Both techniques rely on the above-

mentioned high-resolution patterning techniques to fabricate a hard and reusable 

layer, defined as a stencil membrane or master mold, depending on the technique. 

Stencil lithography uses a structured membrane as a suspended hard mask for 

selective deposition, etching, or ion implantation of the target substrate (Figures 

6a and 6b).[21,22] Nanoimprinting lithography is a replication technique in which a 

mold structure with high-resolution features is used to generate replicas by 

physical compression of the replica material (Figure 6c).[23,24] In nanoimprinting 

lithography, the fabricated master is then used to fabricate many replicas by a fast 

molding approach or by using it as a suspended hard mask for selective deposition, 

etching or ion implantation (doping). Since the high-resolution features are 

transferred to a reusable element, these hybrid approaches are more scalable than 

conventional beam lithographies and can achieve higher resolution than 

conventional optical photolithography. 

However, stencil and nanoimprinting lithographies have additional process-

specific challenges. In stencil lithography, selective micromachining is achieved 

through small openings in thin membranes that are suspended over the target 

substrate. This configuration leads to three issues: membrane instability, blurring 

of the transferred geometries, and opening clogging.[22] First, while stencil 

materials are mechanically strong and chemically inert, the limited thickness 

makes them prone to stress-induced deformation and damage. Second, the stencil-

substrate gap determines a substrate area effectively exposed to the 

micromachining step that is larger than the nominal feature size in the stencil 

membrane. This blurring effect can become significant for nanometric features. 

Third, when stencils are used for a shadow mask deposition, the aperture can be 

partially or entirely clogged if the thickness of deposited material is comparable to 

or higher than the stencil thickness, limiting the reproducibility of the deposition 

and the reusability of the stencil. In nanoimprinting lithography, the main 

limitation is constituted by the palette of compatible materials that can be 

“compression-molded” without damaging the master.[25] Another problem is the 

presence of residual polymer layers and other mold contaminations that results in 

replica defectivity. Two common challenges in stencil and nanoimprinting 

lithography are the alignment to pre-existing structures and the complex 

fabrication of stencils or masters, which results in a significant chance of defects 

and deviation from the intended design. Finally, while the reusability of stencil 

membranes and master molds allows for higher throughput, relying on a very slow 

high-resolution patterning to produce the stencil and mold is still a significant 

bottleneck for prototyping and large-volume production. 
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Figure 6 - Other forms of lithography. a) Process flow for preparing a lithographic stencil in 

silicon nitride (SiN). A SiN layer is patterned using high-resolution lithographies, such as EBL or 

FIB nano machining, and then the substrate is etched to suspend the structured SiN membrane. b) 

Stencil lithography. The stencil is placed and used for shadow mask evaporation of metal. In the 

specific case represented in b), the metal is then used as mask for selective etching of the silicon to 

obtain a mold for nanoimprinting lithography. c) Example of roll-to-roll nanoimprinting 

lithography. The resin sprayed on the flexible substrate and deformed by the mold compression is 

polymerized by UV exposure. The resulting replica is then coated with gold using angled deposition 

to obtain a nanograting. Figure a) and b) are reproduced from [26]. Figure c) is reproduced from [27] 

with permission. 
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2.2 Light-based micromachining outside the cleanroom 

In parallel to the evolution of light-based fabrication inside the cleanroom 

environment, two other manufacturing revolutions happened in the past century: 

the invention of the laser systems and the rise of additive manufacturing and 3D 

printing. 

 

2.2.1 The invention of laser: power to the light 

At the beginning of the 20th century, charged particles such as electrons and ions 

could be accelerated using electromagnetic fields, providing enough energy for 

direct material processing, as described in Section 2.1.4. However, there was no 

equivalent technology to increase light intensity. Until the German physicist 

Albert Einstein in 1917 introduced the concept of “stimulated emission”, 

absorption and spontaneous photon emission were the only types of energy transfer 

between light and matter. Absorption refers to the annihilation of a photon in favor 

of promoting an electron to a higher energy state (Figure 7a). Stimulated emission 

is the opposite event that occurs when an excited electron returns to a lower or the 

fundamental energy state by releasing the excess energy as thermal energy or 

lattice vibration (non-radiative decay). However, it is also possible for the electron 

to relax by producing a photon (radiative decay, Figure 7b). The concept of 

“stimulated emission” proposed by the German physicist Albert Einstein in 1917 

introduced a third type of interaction that would pave the way to tackle the absence 

of a light “amplification” technology. In stimulated emission, a photon with the 

correct energy interacts with an excited electron or molecular state. The 

interaction causes the relaxation of the excited system and the emission of a new 

photon (Figure 7c). The new photon shares the same frequency, direction,

 

 

Figure 7 – Light-matter interaction and LASER. a) Absorption event. The energy of an incoming 

photon is consumed to excite an energy transition of an electron. b) Spontaneous emission. The 

relaxation of an excited electron can sometimes lead to the emission of a photon. c) Stimulated 

emission. The interaction between a photon with the correct energy and an excited electron leads to 

a radiative decay that produces a coherent photon with the incoming one. d) Schematic of ruby laser. 

e) Schematic representation of laser applications. Figures d and e are adapted from [28] and [29], 

respectively. 
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and phase as the incident photon, which can interact constructively with the latter, 

resulting in a net optical gain of 2 (output of two photons starting from one). In 

1960, the first system to produce a radiation using “light amplification by 

stimulated emission”, in short laser, was operated by the American physicist 

Theodore Maiman.[30] While many different types of lasers have been 

demonstrated since then, the basic principle is still the same. Electrical energy is 

used to excite the optical gain medium, which is a material prone to re-emit the 

absorbed energy as photons. The reflective mirrors keep the photon traveling in 

the gain medium and result in further amplification. By making one of the mirrors 

slightly transparent, a part of the coherent radiation can escape the cavity in the 

form of a laser beam (Figure 7d). Laser systems have many applications in 

different fields, including manufacturing and micromachining. By converting 

electrical energy into optical photon fluence, laser sources could finally provide 

light with the necessary power for direct manipulation and patterning of materials 

(Figure 7e). Laser beams have been used as a non-contact method to scribe and 

mark surfaces, to achieve fast polymerization, to mill and cut hard materials, as 

well as in the field of medicine for a vast number of procedures, the most famous 

of which is the corneal surgery called “laser-assisted in situ keratomileusis” 

(LASIK). Lasers and light have also found applications in 3D printing processes, 

such as stereolithography. 

 

2.2.2 Photopolymerization and additive manufacturing 

The use of light and lasers in manufacturing has been initially confined to 

generating patterns in 2D and 2.5D, the limited projection of a planar feature in 

the third dimension. It took until the 1980s for the Japanese inventor Hideo 

Kodama and the American engineer Chuck Hull to pave the way for additive 

manufacturing or 3D printing (Figure 8). Currently, the best additive 

manufacturing methods in terms of resolution and speed are based on lasers to 

either photopolymerize a resin or locally sinter or melt a target material. 
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Figure 8 – Classification of additive manufacturing approaches in the current state of 

the art. Vat polymerization, powder jet fusion, and direct energy deposition are the three classes 

that rely on photopolymerization or lasers for sintering or fusion of the printing particles. Image 

reproduced from [31].  

2.2.3 Limitation of conventional laser micromachining 

The main limitation when using continuous-wave (CW) lasers for additive 

manufacturing is the diffraction-limited resolution described in Section 2.1.3. 

However, when focused lasers are used for direct writing and machining, there are 

three additional drawbacks to consider. The first limitation relates to the 

scalability of these processes. As for the other beam lithography approaches, the 

use of focused laser beam also suffers from the serial nature of pixel-by-pixel 

exposure. Especially for bulk micromachining, the necessary dose or exposure time 

per unit volume can become substantial, decreasing the process throughput further. 

The second limitation is related to the light absorption properties of the target 

material. If the material is transparent to the laser wavelength, the patterning 

efficiency drops considerably. Therefore, laser micromachining is unsuitable for 

transparent materials in the absence of expensive laser sources with really high 

power (kW or higher). The third limitation arises from the side-effects of thermal 

ablation, making thermal sensitive material mostly incompatible with 

conventional CW and long-pulsed lasers. Even for more compliant materials, laser 

thermal ablation typically causes contamination of the workpiece due to a large 

plume of ablating materials redepositing on the rest of the workpiece. Laser 

ablation also results in a heat-affected zone (HAZ), where the material melts with 

potential chemical and crystalline structure changes (Figure 9a). Moreover, the 

stress induced by the sudden change in temperature can cause the mechanical 

failure of the illuminated material with the formation of cracks. Therefore, the 

minimum resolution for convention laser processing is always worse than the 

geometrical size of the beam and the theoretical diffraction limit.  
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Figure 9 – Light-matter interaction depending on the energy distribution. a) Continuous 

wave (CW) or long-pulsed lasers create a considerably large heat-affected zone (HAZ) which strongly 

limits the patterning resolution and creates considerable damage and contaminations on the target 

substrate. b) Ultrashort laser pulses minimize the thermal interaction with the material allowing 

the highest possible resolution. Moreover, ultrashort laser pulses can achieve 3D micromachining of 

transparent materials to the laser wavelength. Figure 9 is reproduced from [32]. 

2.2.4 Ultrashort pulsed laser micromachining 

However, a specific class of lasers can overcome most of these limitations. At the 

same time as the invention of the first laser systems in the 60s, two Q-switching 

and mode-locking allowed the “compression” of the energy of an otherwise 

continuous source into ultrashort pulses, resulting in extremely high peak power 

ranges. By pushing the duration of the pulses down to the pico and femtosecond 

range (10-12 – 10-15 s) and allowing a relatively long time interval between 

successive pulses (10-8 s or higher), the efficiency of the ablation in the illuminated 

area is maximized while the HAZ is minimized (Figure 9b). The reduced HAZ is 

due to several effects, going from the thermal relaxation of the illuminated 

material between successive pulses, to a shallow interaction of the laser radiation 

in the material, and to a shift from purely thermal ablation to the electrical 

destabilization of the ionized exposed material (referred to as cold ablation or 

Coulomb explosion). Minimizing the HAZ allows resolution to reach the beam 

diameter size for collimated beams and the beam waist for optically focused beams. 

Moreover, when extremely high optical fluence is used, non-linear interaction 

processes between light and matter become statistically relevant. Typically, only 

the photons whose energy matches the energy levels of the material have 

statistically significant one-to-one (linear) interaction. While multiple photons can 

interact with the same electron and match specific energy levels, these more-than-

two-bodies quantum interactions (non-linear) have a very low probability of 

occurring. However, ultrashort laser pulses bring extraordinary photon density, 

making non-linear interactions matter. The combination of minimized HAZ and 
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non-linear absorption unlocks the full potential of laser processing, whose 

applications are described in Chapters 4, 5, 6, and 7. 
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Chapter 3 

 

Fabrication of single NW devices by optical 

lithography 
 

Optical lithography allows simple processing and high throughput. However, 

diffraction-limited resolution restricts its use in nanostructure processing. This 

Chapter explains how we circumvented this limitation and obtained individual 

NWs with widths below 20 nm defined by a single optical lithography step using 

365 nm wavelength. The nanogap fabrication process earlier developed in our 

Division was reinvented to allow a scalable and material-flexible method to general 

single NW devices. 

3.1 The gold mine at the nanoscale 

As explained in Chapter 2, the ever-growing demand for denser electronic circuits 

has been the main driver for the miniaturization of IC technology. What brought 

smaller devices and lower costs to IC products also enabled a “new physics” in the 

world of MEMS and NEMS with seemingly endless applications. In the 

macroscopic world, the bulk properties of solids and liquids determine their 

behavior. Surface effects are often negligible since the surface-to-volume ratio is 

extremely low. However, the downscaling tilts this balance. Shrinking a cube of 

material by a factor “k” results in a k2 reduction in surface area and a k3 reduction 

in volume (Figure 10a). The surface-to-volume ratio increases by downscaling the 

size, changing the relative contributions that bulk and surface effects have on the 

properties of small objects or confined liquids.  

In addition to the considerable change in surface-to-volume ratio when 

downscaling objects, when a material reaches the size of the electron wavelengths, 

energy levels become discrete, affecting most of the nanomaterial properties 

(Figure 10b).[33–36] Low-dimensional structures, such as 2D materials, nanowires, 

and quantum dots, are therefore interesting for fundamental science and enable a 

wide range of new possible applications.  

 

3.2 Nanowires: mature fabrication, challenging integration  

The great potential of nanostructures has driven the development of several 

synthesis and fabrication methods, especially for nanowires (NWs). In 1964, Dr. 

Wagner (Bell Laboratories) developed the “vapor−liquid−solid” (VLS) method to 

grow monocrystalline NWs in a parallel fashion.[37] This facile method resulted in 

NWs being the first type of low-dimensional structure to be investigated. Since  
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Figure 10 - New physics at the nanoscale. a) Effects of downscaling on surface-to-volume (S/V) 

ratio. Shrinking a cube of edge L by a factor k determines a larger decrease in the volume (V) than 

in the surface (S), increasing the S/V ratio by a factor of k. b) Quantization of energy levels due to 

quantum confinement. When the size of a material approaches the de Broglie wavelength of the 

electrons in one or more dimensions, the density of energy states is affected, and the optical and 

electrical properties change substantially from those of bulk materials. 

then, several methods for producing NWs have been developed, and are classified 

either as bottom-up or top-down approaches.[38] Bottom-up approaches are additive 

approaches that rely on the growth of the structures piece-by-piece, such as VLS. 

In addition to the VLS method, this type of approach includes solution-phase 

synthesis, noncatalytic growth, and template synthesis.[39–43] The physics or 

chemistry of the synthesis process governs the size, distribution, and position of 

the NWs, which are formed in a massively parallel fashion. Alternatively, top-down 

approaches are subtractive, i.e., obtaining nanowires from an existing layer or 

volume of material.[44–47] In this case, position, size, and geometry are designed and 

implemented through manufacturing approaches. NWs find different practical use 

in a multitude of fields.[48–60] We can distinguish four uses of NWs in technology: a) 

NWs as additives to improve the performance of the 3D matrices they are 

embedded in, b) randomly distributed NWs meshwork as transparent conductive 

substrates, c) vertically aligned NWs (referred to as NW forests) for optical and 

energy applications, and d) individual NWs assembled in a specific position and 

geometry as the device core.  

While NWs synthesis and fabrication methods are mature and substantially 

scalable, creating devices around individual NWs is limited in throughput. Single 

NW devices are well suited for fundamental studies and sensing applications 

because an individual NW with defined properties and geometry is selected for the 

application. However, generating such devices in a parallel fashion is not trivial. 

On the one hand, bottom-up synthesis can generate millions of potentially mm-

long and highly-crystalline NWs, but serial and mostly manual steps are required 

for building a single NW device.[47] This step consists of either “picking-and-placing” 

the NW on the device area for integration or building the rest of the device around 

the specific NW position and geometry. On the other hand, top-down approaches 
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determine the position and geometry of each NW, facilitating the integration of 

NWs into functional devices.[61,62] However, as described in Chapter 2, conventional 

nanofabrication approaches are serial and require an experienced operator and 

time-intensive exposure and are therefore non-scalable. Excimer laser and EUV 

lithography can resolve features below 100 nm in a scalable way, but such systems 

are not available to the general research community due to their high cost. 

Moreover, process customization is necessary when deviating from the standard 

cleanroom materials, such as silicon and most other III-V semiconductors, 

especially for hard-to-etch noble metals and temperature- or chemically-sensitive 

materials. 

3.3 Scalable nanowire fabrication using crack-defined stencil 

features 

An elegant solution to the scalability issue of high-resolution patterning methods 

are is stencil and nanoimprinting lithography methods (described in Section 2.1.5), 

where an interposing layer with the pattern of interest is used to deposit or grow 

nanostructures with defined geometries and positions.[63] However, the high-

resolution patterning problem shifts from the material of interest to the stencil 

layer. Patterning a stencil layer instead of the NW materials constitutes a 

significant advantage since a single process optimized for a suitable stencil 

material (SiN and TiN) can be used to structure virtually any material by shadow 

mask deposition or selective etching through the stencil apertures.[63–65] The serial 

patterning approaches still limit the production of masters or stencils with 

heterogeneous, non-periodic patterns. A solution to this problem lies in exploiting 

the mechanical properties of brittle materials. When a material is under 

mechanical stress, it can develop cracks splitting the material in two. While this is 

conventionally considered a failure mode to avoid, researchers have found a way 

to capitalize on prone-to-crack structures.[66–70] However, none of these methods 

can control the position and shape of the individual cracks and offer nanometer 

accuracy. In the context of nanogap fabrication for nanoelectronics, there are 

methods other non-mask-based fabrication methods for nanogap fabrication by 

electromigrated breakdown or parallel cracking by substrate bending that offer 

high resolution and somewhat parallel processing.[71–73] However, these methods 

are still limited in terms of throughput and in a narrow range of geometries (length 

and width) of the nanogap that can be formed. 

Instead, the controlled and scalable method for crack formation developed at KTH 

provides nanometric control of nanogap dimensions, flexibility of the nanogap 

geometry, and process scalability.[74–76] A layer of brittle material, such as titanium 

nitride (TiN), is first deposited on top of a sacrificial layer (for instance, Al2O3) and 

then patterned with stress focusing features, such as notches in double clamped 

beams (Figure 11a). Using a high temperature deposition method of the TiN  layer 

on a substrate with a mismatch in the expansion coefficient results in significant 

tensile stress in the deposited layer.[77,78] Once the sacrificial layer is etched away, 

the tensile stress in the TiN layer builds up at the notches, and a  
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Figure 11. Concept and realization of single NW devices. a) Deposition of a brittle material 

(dark blue) on top of a sacrificial layer (light-blue) and patterning of the brittle layer by optical 

photolithography and subsequent RIE. b) Cracking of the brittle layer whose position is defined by 

the notch patterns and whose dimension is determined by the value of tensile stress and the geometry 

of the lithographically patterned structure. c) Generation of single NW devices using the cracked 

structure as stencil in a shadow mask deposition process d) Wafer-scale fabrication of single NW 

devices with sub-20-nm NW width by optical stepper lithography.  Adapted from Figure 1 from Paper 

I. 

crack is initiated if the stress exceeds the critical value of the material (Figure 

11b).[74,79] In contrast to the other crack formation methods, the amount of stress 

of the material and suspended geometry with the stress focusing features 

determine the gap size with single-digit nanometer accuracy starting from a 

notched bridge pattern obtained by standard optical lithography.[76] In Paper I, 

these cracked structures were used in a shadow mask lithographic process using 

physical vapor deposition (PVD) to obtain individual NWs with controlled 

geometries and positions in a scalable fashion (Figure 11c and 11d). Due to the 

thermal and chemical stability of TiN, we could demonstrate the formation of NW 

out of several evaporable materials such as gold, platinum, palladium, tungsten, 

tin, and metal oxides.    
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3.4 Advantages and future directions 

Since the crack-defined nanogap structure is free-standing and aligned with the 

formed NW, this platform allows for further interactions in the processing of the 

individual NW. In addition to the possibility of forming heterostructures in a 

nanowire form, we demonstrated nanogap closure to protect the NW while 

fabricating electrical contacting pads or passivation layers without the need for an 

additional lithography step. Moreover, we showed that angled evaporation could 

be used for the same purpose even without nanogap closure, further increasing the 

flexibility of the methods. Therefore, this method allows the massively parallel 

fabrication of single NW devices using a single lithographic step. In addition, the 

sacrificial layer could be fully etched, releasing the shadow mask layer, which 

allows for further fabrication steps and integration. 

This method constitutes an excellent scalable alternative to conventional bottom-

up and top-down approaches. However, NWs obtained by chemical synthesis 

typically feature a better crystallinity than evaporated NW, making bottom-up 

approaches more suitable for studying quantum effects relying on a definite 

crystallinity of the NWs.[62,80,81] Moreover, it is difficult to obtain long controlled 

cracks to match the lengths of bottom-up produced NWs (tens of µm to several mm). 

Compared to the additive (FIB deposition) and subtractive approach (EBL), this 

method is limited in resolution by the 3D roughness of the crack feature in the 

mask layer, resulting in gaps in the deposition for average crack width below 10 

nm.  
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Chapter 4 

 

Transparent interactions: laser structured glass 

for bacteria-surface interaction studies 
 

This Chapter presents how ultrashort pulses can generate micro and nanostructure 

on virtually any material. The synergy between physical structure and chemical 

functionalization granted the surface an enhanced “attract-and-destroy” feature 

against bacteria that was not present for surfaces missing one of the two 

characteristics. This functionalization addresses the problem of drug-resistant 

bacteria. 

4.1 The long war against bacteria 

Microbes are ubiquitous and present inside the human body, where they 

outnumber our cells. However, bacterial infection is still a leading cause of death 

in humans and other animals.[82] Since the advent of natural sciences, we have 

developed chemical treatments around the biology of a specific bacterial strain to 

win the battle against bacterial infections.[83,84] However, the frequent use of the 

same antibiotics determines a solid evolutionary pressure and induces antibiotic 

resistance.[85] Drug-resistant bacteria can share their immunity trait with other 

bugs of the same or different species via plasmid exchange, potentially spreading 

the resistance to more dangerous strains, creating superbugs.[86,87] Many bacteria 

can also colonize the surface of wounds, implants, microdevices, and filtering 

membranes by forming biofilms.[88,89] Biofilms are clusters of bacteria embedded in 

their own ECM. These “barricades” offer protection against the immune system 

and antibiotics, making the eradication of the infection harder, the success rate of 

implant lower, and potentially jamming microfluidic systems.[90,91] 

 

4.2 Antibiofouling and bactericidal approaches 

Drug resistance and biofilm formation demand alternatives to the conventional 

antibiotics-release approach to bacterial infection. Besides antibiotic-release 

strategies, there are two other approaches to avoid bacterial contamination and 

biofilm formation. The first approach, anti-biofouling, is to repel bacteria and 

impede stable adhesion and growth on the surface of interest by either modifying 

its wettability or using biochemical hindrances to the protein-based adhesion 

machinery of bacterial cells.[92–94] However, this type of functionalization does not 

kill bacteria, limiting the number of compatible applications.[95]  

The alternative approach is to develop a method for killing bacteria when they 

adhere to the functionalized surfaces called contact-active.[96] In most cases, 
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antibiotic compounds are immobilized on the functionalized surfaces. Avoiding the 

release of antibiotics and bactericidal compounds in the environment surrounding 

the site of interest is helpful in minimizing the development of exposure-driven 

antibiotic resistance. However, contact active surfaces based on antibiotics only 

mitigate the problem since drug-resistant bacteria will not be affected.[96,97] 

 

4.3 Rough edges: a bioinspired approach against drug 

resistance 

Natural evolution displays a different type of weapon against bacterial 

contamination. Cicada and dragonflies' wings feature nanostructured surfaces 

that can mechanically interfere with bacterial cells, deforming and penetrating the 

bacterial cell envelope.[98,99] This mechanical interaction is harder to escape for 

bacteria than antibiotics-based strategies.[100] It is, therefore, interesting to learn 

more about the interaction of bacteria with structured surfaces. As explained in 

Chapter 2, packing the energy of laser radiation of a conventional laser in very 

short pulses provides ultrafast lasers with some exceptional properties in terms of 

micromachining. One of these properties is the possibility of using non-linear 

interaction and producing efficient absorption and material manipulation of 

virtually any material. The possibility to structure virtually any solid material 

provides a powerful tool to understand how micro and nanostructures affect the 

chemical and biological phenomena at the solid-liquid interface.[101–103] This type 

of understanding is especially important to win the fight against pathogens. 

 

4.4 “Attract and destroy” functionalization 

Bacteria are not adherent cells, so they do not necessarily assemble on surfaces, 

complicating the study of bacteria-surface interaction.[104] Therefore, several 

approaches have been developed to promote bacterial adhesion on surfaces. One of 

these methods relies on surface charging by assembling positively charged 

polymers. This positive charge attracts the negatively-charged envelope of 

bacterial cells, collecting them on the functionalized surface.[105,106] Further studies 

also demonstrated that the viability of bacteria decreases considerably if a 

threshold value of the surface charge is exceeded.[107–109] However, highly charged 

surfaces are as unstable in real applications as superhydrophobic surfaces, 

experiencing a quick degradation of the antifouling/bactericidal effects due to 

interference of the components in the liquid matrix.[95] 

To address these issues, we designed a platform where the effect of charge and 

surface structure could be assessed both separately and in combination (Figure 

12a). We chose glass as substrate material since its transparency makes it ideal 

for all forms of microscopy investigations to study bacterial-surface interaction. 

The surface charging was essential to ensure bacteria would adhere and stay on 

the glass surface. We observed a strong bactericidal effect against Gram-positive 

and Gram-negative bacteria in the nanostructured areas (Figure 12b). In terms 

of surface potential and wettability, the nanostructured areas look very similar to 
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the unstructured ones, suggesting an active role of the nanostructures in the 

bactericidal effect. The surface charge weakens the cell envelope by counter-ion 

exchange, leaving bacteria even more vulnerable to the later interaction with the 

sharp features of the nanostructure area.[110,111] In that area, the surface 

nanostructure and the surface charge work synergistically in deforming and 

penetrating the cell envelope, resulting in cell lysis (Paper II) or disruption of cell 

metabolism.  

Moreover, we also showed that surfaces functionalized with this method could be 

re-used and maintain their efficacy. In addition to reusability, the 

functionalization is compatible with mammalian cell adhesion and growth, 

enabling the use of this method in fundamental studies and implant technology to 

fight biofilm formation and bacterial infections.[112–114] 

 

 

Figure 12 – “Attract and destroy” bactericidal functionalized. a) The glass surfaced positively 

charged using layer-by-layer functionalization attracts the negatively charged bacterial membrane. 

Once in close contact, the high surface charge chemically weakens the bacterial membrane. The 

combination of electrostatic pulling and the sharp nanofeatures results in membrane rupture. c) 

Bacterial live-dead assay, showing a drastic decrease in viability for the bacteria adhering on the 

laser patterned surface. c) and d) show the laser patterning and the subsequent layer-by-layer 

chemical functionalization approach. Reprinted Figure 1 from Paper II. 

4.5 Advantages and future directions 

This platform was produced using selective femtosecond laser irradiation of glass 

surfaces and environmentally-friendly chemical functionalization (Figure 12c 

and 12d). Both methods are simple and compatible with a wide variety of 

materials. As described in the previous sections, glass was the first choice due to 

its compatibility with optical and fluorescence microscopy. Next, it would be 
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interesting to verify the same effect with implant-relevant materials, such as 

titanium alloys and ceramics. 

Furthermore, the study was conducted with E. coli and S. aureus bacterial strains, 

which did not display a significant biofilm formation. To verify the efficacy of this 

method with biofilm-forming strains, further studies are needed. It would also be 

interesting to observe if and how the formation of biofilms is affected in the 

presence of this surface functionalization. 

A practical limitation in this study was the limited scanning speed. The laser setup 

used in the study featured a fixed beam position and motion of the target material 

by a piezoelectric stage, limiting the throughput. Nonetheless, a small number of 

femtosecond laser pulses are required for efficient processing, theoretically 

allowing for fast processing.  An exciting opportunity would be to repeat this study 

with a suitable laser scanning setup to increase the throughput. 
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Chapter 5 

 

Laser direct writing of CNT films and 2D 

materials  
 

This Chapter illustrates how the ultrashort pulsed lasers allow scribing sub-

wavelength features in 2D materials with processing speed in the tens of millimeters 

per second.  

 

5.1 Writing at the speed of light 

As mentioned in Section 2.2.4, the high intensity of the ultrashort laser pulses 

requires minimal exposure (which can go down to a single pulse) for polymerizing, 

patterning, or removing the exposed material. However, the fixed beam 

configuration of many femtosecond laser setups limits the throughput and the 

meaningful application of this manufacturing technology. 

Nonetheless, there are three solutions to improve laser patterning speed. First, a 

computerized beam steering system called laser scanning system can be introduced 

to steer the laser beam during patterning, reaching a processing speed at least two 

orders of magnitude higher than the piezo-stage-scanning configuration. The 

second solution uses multiple beams working on different light paths to achieve 

simultaneous patterning of nearby areas. The third and more complex solution 

concerns beam shaping. In this case, a single beam is expanded, and the optical 

intensity is redistributed to form a desired pattern, shifting from a one-beam-one-

pixel to a one-beam-one-image layout.[115–117] By applying one or more of these 

solutions, femtosecond laser beam lithography becomes a scalable solution for 

micro and nano processing. 

 

5.2 Selective removal of CNT bundles  

Standard MEMS cleanroom fabrication methods based on photolithography and 

etching typically excel in processing thin-film materials. However, in specific and 

advanced applications, microstructures and nanomaterials may also feature 

unconventional materials so that alternative forms of lithography are better 

suitable for their micromachining. This is the case for the field emission sources 

based on a 2D bundle of carbon nanotubes (CNT) presented in Paper III. The CNT 

2D bundle was synthesized by chemical vapor deposition of a polymeric film 

(nitrocellulose). The film of CNT bundle was then reduced to small circular areas 

by laser writing (Figure 13a). These circular patches were then transferred using 

wire bonding technology on metal electrodes to act as X-ray emission sources 
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(Figure 13b). The raster scanning of the ultrashort pulsed laser resulted in a 

precise ablation of the unwanted CNT layer with no evident damage or debris 

contamination of the CNT transferable patches. As for the work in Paper II, the 

main limitation of the processing method was the limiting processing speed due to 

the piezoelectric stage scanning. 

 

 

Figure 13 - CNT patches fabrication and transferring. a) Femtosecond laser irradiation 

patterns the film CNT bundle, forming circular patches. The patches can then be transferred on the 

substrate of choice. b) Schematic illustration of the “pick-and-place” approach using wire bonding. 

Adapted from Figures 2 and 5 of Paper III.  

5.3 Ultrafast patterning of 2D materials  

Similar to the case presented in Paper II, 2D materials are not historically 

cleanroom materials, and their integration in cleanroom processing is complicated 

by the sensitivity of these materials to chemical degradation and mechanical 

stress.[118,119] Several works have reported femtosecond laser machining of 2D 

materials, but these publications target either high speed or high resolution and 

are often demonstrated on custom-made optical setups that are arguably in many 

labs and companies.  
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To improve the process presented in Paper III and capitalize on the non-linear 

light-matter interaction present for ultrashort laser pulses, we demonstrated the 

use of a two-photon polymerization printer for direct patterning of 2D materials. 

This type of system is widespread due to its use for 3D printing, and it is typically 

equipped with a state-of-the-art laser scanning system. Paper IV showed that 

various 2D materials (graphene, molybdenum disulfide, and platinum diselenide) 

could be patterned, achieving sub-wavelength resolution (Figure 14a and 14b). 

The combination of ultrashort high-energy laser ablation and the high scanning 

speed (up to 100 mm/s) provided by the laser scanning system allows patterning of 

nanohole arrays with processing times down to 150 µs per dot and complete 

removal of the 2D material from a 40000 µm2 in roughly 2 seconds. 

 

 

Figure 14 – Nanoscale patterning of 2D materials using scanning femtosecond laser beam. 

a) Direct writing allows the high-resolution patterning in different configurations. The oil immersion 

configuration with exposure through a transparent substrate is ideal for achieving maximum 

resolution. Instead, the air immersion configuration allows the structuring of 2D materials on 

opaque substrates or as suspended membranes. b) Compatibility of the patterning approach with 

PtSe2, MoS2, and graphene. Adapted from Figure 1 of Paper IV. 

5.4 Advantages and future directions 

Ultrafast laser direct writing of sensitive thin films and 2D materials is a practical 

approach to structure materials in heterogeneous processes. Moreover, the 

material analysis in Paper IV confirmed minimal effects of the laser patterning on 

the remaining 2D material surrounding the ablation region, suggesting that this 

type of structuring can be used for high-density structures without negatively 

affecting the properties of the 2D materials. Fewer defects and contaminations are 

introduced in the patterned 2D material by avoiding conventional lithography. In 

addition, no solvents or chemicals are used for the photoresist development and 

the etching step, making the process more environmentally friendly and 

straightforward to apply.  
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Chapter 6 

 

Laser-induced cavitation molding of hydrogels  
 

Non-contact patterning methods are ideal for 3D tissue models since the sterility of 

the sample is not compromised during patterning. However, optical patterning with 

conventional lasers produces a heat affected zone, degrading the scaffold material 

and killing the embedded cells. Instead, ultrashort laser exposure produces 

minimal thermal and mechanical stress on the illuminated material. This Chapter 

also describes the development of a new method, laser-based cavitation molding, to 

efficiently generate cavities in collagen hydrogels. Cavitation molding is compared 

to the other 3D bioprinting methods, highlighting advantages and limitations. 

 

6.1 Cold light 

We have mentioned in Chapter 2 that high-power CW and long-pulsed lasers are 

incompatible with sensitive materials, such as biological tissue, because of the 

intense heat produced in the surrounding of the illuminated area. However, the 

development of short-pulsed laser has provided doctors with elegant high-

resolution tools to cut and cauterize tissues in light-based surgery. This intense yet 

“cold light” is used in research for spectroscopy, microscopy, and micromachining 

purposes.  

 

6.2 Micro-vascularization for 3D tissue engineering 

Short pulsed laser finds applications in tissue engineering to target the many 

technical challenges with developing 3D tissue models.[120–124] One of the main 

challenges is micro vascularization. The vasculature is the first organ to develop 

in animals because the survival of cells in a 3D environment of the body depends 

on it.[125,126]  

However, our ability to create artificial vasculature and microvasculature is 

limited. One approach relies on the spontaneous assembly of endothelial cells into 

vessels that can be guided and promoted using growth factors and chemical 

gradients.[127,128] However, this approach takes time (even weeks, depending on the 

cell activity and the type of ECM surrounding the cells), which might lead to a 

decrease in viability or complete death of the 3D tissue model before the 

vasculature is formed.[129,130] Moreover, this approach does not allow control over 

the exact geometry of the formed vessel, limiting the possibility of reproducing an 

exact model or study.[131]  
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Therefore, the research community is exploring scaffold-based micro 

vascularization. Endothelial cells can quickly migrate and arrange in cell 

monolayers in a few hours when they are seeded in hydrogel scaffolds with ready-

made hollow channels.[132,133] However, soft hydrogels are difficult to micromachine 

due to their low resistance to chemicals and heat.[134–136] Additive manufacturing 

and sacrificial molding approaches have provided solutions for large vessels (100 

µm or more), but there are very few options for creating vessels matching the scale 

of capillaries (as small as 5 µm) in animals and humans.[137] Once again, laser 

micromachining comes to aid. Several reports describe successful laser patterning 

of protein-based and synthetic hydrogels for tissue models.[124,138–140] In particular, 

the photoablation process allows local distribution of polymer and proteins, 

decreasing the colloidal parts of the hydrogels and resulting in voids. This 

technique has been used for patterning the cell-laden hydrogels for only a small 

part of the embedded cell population.[124] 

 

6.3 Laser-based cavitation molding 

Photoablation in hydrogels is typically performed using short pulses in the 

nanosecond range and UV radiation to maximize the interaction with the material 

and minimize the processing time.[141] However, UV radiation can harm the cells 

and deteriorate the properties of the hydrogels through which the laser beam 

transmits.[142] Also, nanosecond lasers produce significantly higher thermal and 

mechanical stress than ultrashort pulsed lasers.[143] With these considerations, we 

explored the possibility of using a femtosecond laser system to structure a cell-

laden collagen hydrogel in 3D.  

In this study, we discovered a new method that we named laser-based cavitation 

molding (Figure 15a). The generation of cavitation bubbles in liquids exposed to 

intense laser pulses is well described in the literature.[144,145] Cavitation bubbles 

are usually a cause of concern in mechanical engineering and microsurgery since 

the shock waves produced during the collapse and rebounding of cavitation bubbles 

can damage mechanical components and kill cells in tissues.[144,146,147] However, we 

observed that the expanding cavitation bubble remodeled the collagen fibers 

composing the hydrogel network. The displaced fibers formed a shell, stabilizing 

the bubble and avoiding the otherwise quick and dangerous bubble collapse. Since 

the gas pressure in the produced cavitation bubbles is very low, there is no 

substantial heating of the surrounding collagen or thermal damage to the nearby 

cells. 

We could also achieve photoablation at energies below the cavitation threshold. We 

found further evidence that photoablation and laser-based cavitation molding are 

two different phenomena by comparing the two types of structures. The cross-

section of the cavitation molded cavities is circular, coherent with the expansion of 

the gas bubble into the isotropic collagen hydrogel, in contrast with the elliptical 

structures formed in photoablation by the 3D distribution of power in the focused 

laser beam. When comparing the diameter of structures obtained with the two 

methods but with similar pulse energies, we found that cavitation molded  
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Figure 15 - 3D laser-based cavitation molding for vascularized tissue models. a) Conceptual 

illustration of the patterning mechanism and dynamics. b) Direct seeding of endothelial cells in the 

patterned channels and formation of an artificial blood c)  3D model of human brain cancer with 

microvasculature formed using cavitation molding methods. Reprinted Figure 1 from Paper V. 

structures were three times larger than cavities photo-ablated when using pulse 

energies around the threshold value between the two regimes, which supported 

the claim of two different patterning principles. Additionally, we examined the 

collagen structure by second harmonic generation (SHG) imaging and we found a 

stronger signal present only at the edges of cavitation molded structures, 

indicating the formation of a denser shell of collagen fibers which is absent in the 

cavities obtained by photoablation.  

We also demonstrated that this patterning method has minimal effect on the 

viability of cells already embedded in the hydrogels at the time of patterning, 

showing that only cells within 10 µm from the channel walls experience a 

significant adverse effect (decrease in viability). 

These channels supported liquid perfusion for the direct seeding of the endothelial 

cells, which formed a cell monolayer, and thus an artificial vessel model, in less 

than three days (Figure 15b). The available features allowed the generation of a 

completed vascularized tissue model consisting of brain cancer spheroids 

embedded in the hydrogels and surrounded by cavitation molded channels (Figure 

15c). 
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6.4 Advantages and future directions 

Photoablation and cavitation molding present the best processing speed and 

resolution for patterning tissue-mimicking hydrogels. While TPP can exceed the 

resolution of both methods, the inclusion of additives for TPP compatibility poses 

biocompatibility concerns for the cell viability and behavior.[134] In terms of 

processing speed, cavitation molding is superior to photoablation since a single 

scan is sufficient to produce a channel whose dimension can be varied by adjusting 

the pulse energy. Multiple laser scans are instead necessary to obtain the same 

channel structure with photoablation.[115,117] In terms of resolution, photoablation 

is superior to cavitation molding since any hydrogel volume under illumination can 

be ablated irrespective of the presence of cavities in the surrounding environment. 

In contrast, hydrogel restructuring in cavitation molding is caused by the 

expansion of the laser-induced cavitation bubbles. The cavitation bubbles are only 

produced for pulse energies above a threshold value, and their size is proportional 

to the pulse energy. Therefore, the size of bubbles at the energy threshold is the 

resolution limit.[148] We have shown that laser-based cavitation molding works for 

collagen hydrogels with different protein contents. Investigating the rationale for 

the compatibility of this technique with other types of natural and synthetic 

hydrogels will shed light on the exact structuring dynamics and further expand 

the relevance of this method in tissue engineering.  
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Chapter 7 

 

Two-photon polymerization for tissue 

engineering  
 

In additive manufacturing, non-linear interaction of ultrashort laser pulses can 

induce material polymerization only in the focal volume of the writing laser beam. 

This Chapter explains how two-photon polymerization (TPP) can enable innovative 

3D platforms for tissue culture. Specifically, resins customized for biocompatibility, 

transparency, and low autofluorescence can be micro-structured to guide the 

formation of neuronal networks in a separate plane from the bulk of the cellular 

population. This spatial separation allows selective interrogation of the neuronal 

network regarding electrophysiological activity and their interaction with other 

cells in the culture model. 

 

7.1 High-resolution 3D printing by two-photon 

polymerization 

We have now considered many properties that arise from using high-energy short-

pulsed lasers. The ultrashort energy deposition minimizes thermal effects and 

processing time, while the non-linear interaction allows efficient and local 

processing of otherwise transparent materials. All these features have been 

exploited to develop two-photon polymerization systems. The illumination 

wavelength and the photosensitive resins are chosen so that the laser light will not 

experience significant linear absorption in the resin. The high photon density in 

the beam's focal volume will result in a non-linear interaction of two photons with 

the same electron of the photoactive component in the resin. The resin is optimized 

to maximize the probability (or cross-section) of two-photon interactions. As a 

result, only the material in the focal volume is polymerized. Since the presence of 

multiple photons drives non-linear interaction, multiphoton processes are 

triggered upon reaching an energy threshold.[149] When the partial overlap of 

multiple photons exceeds the intensity threshold, the material absorbs. Since the 

overlap between two-photon can be smaller than the photon wavelength, this 

process can generate features exceeding the diffraction limit. 

 

7.2 A fluorescence-free 3D platform for neuronal research  

The recent development of biocompatible 3D-printable resin has further enabled 

the generation of customized 3D environments for tissue engineering. However, 
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there are many instances of biological processes, such as the outgrowth and 

guidance of neurites from neurons, when the critical dimensions for the biological 

process exceed the resolution limit of most 3D printing methods.[118,119] While two-

photon polymerization does not have this limitation, most photopolymerizable 

resins have a high level of autofluorescence, which interferes with the fluorescence 

microscopy characterization method that is crucial in cell study. 

We demonstrated a 3D printed platform that supports neuronal adhesion and 

neurite outgrowth and guidance (Figure 16a). We designed the seeding approach 

to obtain a spatial separation of neurons present on the 3D structure from a neuron 

astrocyte co-culture on the sample substrate to study the interaction of multiple 

cell types in direct cell-to-cell contact compared to isolated cell populations only 

exposed to the same chemical environment. We also showed direct visualization of 

the calcium waves of neurons by calcium imaging directly on top of the 3D printed 

structure (Figure 16b). 

 

7.3 Advantages and future directions  

The seeding approach in multiple steps allows spatial separation of one cell type 

from the rest of the co-culture model without serial and complex 

micromanipulation for cell seeding. The transparency and lack of autofluorescence 

of the 3D printed structures enable parallel visualization of the 

electrophysiological activity, in contrast with serial patch-clamp methods. We have 

also mitigated the delamination issues common in two-photon polymerized 

structures due to the post-print shrinkage by designing stress release features. 

Future development of this technology will allow studying the interactions 

between different cell types by decoupling contact-mediated and biochemical 

signaling. 
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Figure 16 - 3D platform for neuronal-astrocytic co-culture. a) Confocal fluorescence images 

demonstrating separation between the human neuronal network on top of the 3D printed structures 

and the human neuronal-astrocytic co-culture on the glass substrate. b) Proof of concept of 

biocompatibility and low autofluorescence by calcium imaging of rat neurons. The relatively weak 

signal from the calcium waves of neurons can be clearly recorded and quantified using an inverted 

microscope configuration due to the resin's transparency and non-autofluorescence properties. Scale 

bars, 50 µm. Adapted from Figure 1 of Paper VI. 
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Chapter 8 

 

Summary and outlook  
 

8.1 Summary 

This thesis presents unconventional uses of light to produce novel micro and 

nanostructures for sensing and tissue engineering. The motivation for using visible 

light as a patterning tool is connected to the maturity of conventional light-based 

machining. Photolithography and light-based additive manufacturing are fast 

methods of producing microstructures. They require simple and relatively cheap 

setups widely available in academic and industrial settings. However, 

conventional light-based methods suffer from diffraction-limited resolution and a 

limited palette of compatible materials.  

The works in this thesis addressed these issues by proposing innovative and 

straightforward methods to pattern a wide variety of materials in 2D and 3D, 

reaching resolutions beyond the diffraction limit. In relation to the objectives 

presented in Chapter 1, we achieved the following: 

• A scalable fabrication process of single NW devices with sub-20 nm NW 

widths and embedded electrical contacts using a single stepper lithographic 

step to generate a primary masking layer with crack-defined nanostructures 

(Objective 1). 

• A physicochemical surface functionalization that provides an “attract and 

destroy” function against bacteria using a surface charge at least one order 

of magnitude lower than what is reported in the literature and that is 

compatible with mammalian cell culture (Objectives 2 and 5). 

• A scalable and substrate-flexible approach to structure 2D materials and 

thin films without polymer contamination (Objectives 3 and 4). 

• The introduction of cavitation molding for cell-laden 3D tissue models as a 

manufacturing approach that does not fit the conventional categories of 

additive or subtractive manufacturing (Objectives 2, 3, 4, and 5). 

• A method to control the spatial distribution and interaction of multiple cell 

types for co-culture studies and direct visualization of neuronal activity on 

a 3D printed polymeric substrate by calcium dye fluorescent imaging 

(Objective 5). 

The applications in objectives 1 to 5 are aligned with the United Nations 

Sustainable Development Goals #3, #9, and #12.[150]  
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8.2 Outlook 

This thesis proves that light is still an elegant and efficient tool to access the 

nanoscale and the three dimensions in manufacturing. As highlighted in the final 

sections of Chapters 3 to 7, the different projects have all reached a proof-of-concept 

stage in the thesis work, demonstrating the feasibility of reliable and potentially 

scalable approaches for developing devices for sensing applications and platforms 

for fundamental and applied research, especially in tissue engineering.  

Chemical and gas sensing based on single NWs can achieve lower detection limits 

than conventional optical-based sensing.[151,152] However, critical limitations for 

nanosensors are the limited sensing region and the cross-sensitivity to many other 

factors (different molecules, humidity, and temperature). The facile and scalable 

approach presented in Chapter 3 is ideal for tackling these limitations. Shadow 

evaporation through crack-defined nanogaps allows the fabrication of large arrays 

of single NW devices, addressing the issue of the limited sensing region.  

Moreover, an additional stencil window can be used to obtain NWs of different 

materials on the same substrate, allowing the fabrication of an array of single NW 

devices that would be an ideal “electronic nose”.  Any material compatible with 

shadow mask deposition can be used as NW material without significant process 

development or optimization. Each material has a characteristic response to the 

adsorption of chemical and gas molecules. Therefore, comparing the readouts from 

different sensing elements provides the necessary information to decompose the 

contribution of the different adsorbed species. The characteristic response of the 

sensing element also changes with temperature. Controlling the temperature of 

the individual NW by modulating the readout current provides further information 

for deconvolving the effects of different gas species. 

Using nanostructures for sensing also minimizes the volume of required material 

and the device footprint. While photolithographic patterning of 2D materials can 

feature high-resolution features, resist deposition and stripping expose these 

sensitive nanostructures to the risk of degradation and damage. The photoresist 

layer spun and crosslinked on the 2D material can result in polymeric 

contamination. Moreover, the multi-step nature of photolithography and 

subsequent etching can produce further chemical or mechanical damage. Instead, 

direct writing of 2D nanostructures by ultrashort pulsed lasers allows ultrafast 

patterning without adverse effects on the functional material. This approach 

makes it possible to avoid polymer contamination and mechanical stress on the 2D 

material. While Chapter 5 focuses on laser patterning by shining the laser through 

a transparent substrate, femtosecond laser exposure is also compatible with direct 

patterning of the 2D material with no intermediate solid or liquid medium. 

Therefore, it is possible to structure 2D materials on virtually any substrate 

material or as free-standing layers. Functional substrate materials such as silicon 

or metal can be electrically biased, modulating the properties of the 2D materials 

and expanding the range of possible applications. 

Structuring a material of choice is as vital as challenging in micro and 

nanofabrication. Cleanroom silicon processing is mature, but many other materials 

require process development and are incompatible with standard cleanroom 

micromachining. Shifting from a “lithography and etching” approach to laser 
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writing is interesting for those materials. However, conventional laser processing 

requires long exposures and produces significant thermal damage and 

contamination to the workpiece. Instead, ultrashort laser pulses can efficiently 

modify even a transparent material. This feature enables the micromachining of 

the surface of any solid material, regardless of its optical properties. Increasing the 

surface area and controlling its nanoscale topography are key to numerous 

applications, such as developing a platform for fundamental studies of bacteria-

surface interaction described in Chapter 4. In the future, ultrafast laser exposure 

could likely replace micro milling and conventional laser processing.  

Another field where ultrafast laser processing is shining is 3D micromachining. 

Standard cleanroom technology is typically limited to 2.5D micromachining, and 

successive integration is necessary to reach the third dimension. Standard additive 

manufacturing methods are better suited for 3D micromachining, but the thermal 

effects of high-intensity laser exposure and diffraction-limited resolution are 

important limitations. Cavitation molding and two-photon polymerizations are two 

examples of how ultrashort laser pulses can bring innovative solutions to 

technology, especially in tissue engineering. Simplifying the 3D structuring of 

hydrogels and the formation of ordered microvasculature can help understand how 

healthy, implanted, or diseased tissue is affected by the surrounding 

microvasculature. Alternatively, TPP-compatible materials can be used to create a 

3D microenvironment for cell culture studies. High-resolution 3D structures can 

guide cell migration and proliferation and constrain the interaction between 

different cells and cell types with defined geometries, helping to model complex 

conditions where dimensionality and interplay between different cell populations 

are dominating factors. Future development of this technology could shed light on 

neuronal communication in a 3D environment for both healthy and disease models. 



46 

 

46 

 

  



47 

 

47 

 

 

 

 

Acknowledegments 
 

 

The journey to complete a PhD is long and sometimes proving, so I want to thank 

all those who helped me, believed in me, and shared experiences during these years. 

 

To my supervisors: my sincere gratitude goes to my main supervisor, Göran 

Stemme, and my first co-supervisor, Frank Niklaus, for investing in me and 

allowing the start of my PhD journey at the division of Micro and Nanosystems at 

KTH. After a few years, my research activities made me cross paths with Anna 

Herland. I am really grateful that she agreed to become my third pillar in science 

and co-supervisor. Thank you all for your precious contributions, feedback, and 

trust while I was exploring new research tracks and juggling multiple projects 

simultaneously. 

 

To the Division of Micro and Nanosystems (MST): I have seen many “MSTs” 

in these years with people coming and going and projects starting and ending. I 

would like to thank everyone who worked at MST for maintaining and renewing 

this wonderful environment. I consider myself lucky to have had the possibility to 

do research and work in this ever-evolving but always precious reality.  

I am grateful to all past and present group leaders at MST (Anna, Frank, Göran, 

Hans, Joachim, Kristinn, Niclas, and Wouter) for taking care of our Division 

and its students. Thanks to Cecilia and Micke for the invaluable help with the 

fabrication and assembly of everything from NWs to office shelves, making them 

the silent heroes at MST, and for all the great time and conversations we shared. 

A special thanks goes to the great people and friends I shared my office with: 

Federico, Filipe, Miku, Sebastian, and Xiaojing. I am also grateful to Gaehun, 

Lee-Lun, Miku, and Po-Han for sharing the joy and sorrow of being responsible 

for our beloved femtosecond lasers. 

 

To all my research collaborators: I had the pleasure of working with many 

brilliant scientists and students. I thank Arne, Chao, Dimitris, Erica, Kristinn, 

Lars, Mike, Oliver, Nik, Rebecca, Sebastian, Stephan, and Xiaojing for their 

contributions to the publications of this thesis work. I am also grateful for the 

efforts of all the bachelor, internship, and master thesis students I supervised and 

their patience with me and my projects: Sabrina, Nannette, Umut, Dong, 

Aurélie, Lucille, and Naveen.  

A special thanks goes to those who helped me during the writing of my cover essay 

(kappa): Niclas Roxhed for investing his time as the advanced reviewer of this 

thesis, Isabelle Matthiesen for the Swedish translation of the abstract, Federico 

Ribet and Fabio De Ferrari for the comments on the initial version of the essay, 

and especially Saumey Jain for the detailed feedback and suggestions until the 

printing day of my thesis. 



48 

 

48 

 

 

To all of those who spent time and efforts to improve our experience at 

KTH: I would like to acknowledge the great work from Ulrika, Erika, and Sanna 

for all the administrative work at MST, the commitment of all the PhD student 

representatives in the school councils and chapter board and in particular Emma 

and Tage, and the tremendous help of doctoral education support along the years, 

especially from Kathy, Emanuel, and Tove.  

 

To my friends: I am grateful for the precious human beings I met or lived with 

here in Stockholm.  

Emre, Enrico, Elisa, Laura, Malin, Sibel, Simone, and Vickis for being my 

family in Sweden.   

Henar, Vale, Pierre, and Theo for the social rehab after Covid, for the nordic 

adventures and karaoke nights. 

Fabio and Saumey for always being there in my time of need. I hope we will 

share more quality time and experiences together. 

 

To my friends in Italy and elsewhere: you have been my “Bright Lights” during 

the long and dark winters during the years of my PhD. A tutto il gruppo di Perosa, 

della Pastorale, e in particolare a Arianna, Denise, Federica, Eleonora, 

Eugene, Matteo, Marco, Riccardo, Simona: grazie, vi voglio bene! Don 

Stefano e Rossana, questa tesi é dedicata anche a voi.. 

 

I will conclude the acknowledgements by talking about my three most special 

people. To my parents Lucia and Renzo, whose life is a testimony of virtue and 

resilience. I hope I will be able to live up to your example. You have always 

supported me with your kindness and unconditional love, overcoming the barriers 

of space and time. And to my beloved Elena, you are my Bright Light in life. I 

thank you for the beautiful 10 years we spent together. I hope we will make the 

next 100+ years even better. 

Vi voglio un bene dell´anima. 

 

 

Alessandro Enrico, 

 

Stockholm, Sweden 

April 27th, 2022



 

 

49 

 

Bibliography 

 

[1] M. H. Dominiczak, Clin. Chem. 2011, 57, 1216. 

[2] H. Gernsheim, http://dx.doi.org/10.1080/03087298.1977.10442876 2013, 1, 

3. 

[3] C. G. Willson, R. R. Dammel, A. Reiser, https://doi.org/10.1117/12.275921 

1997, 3050, 38. 

[4] H. H. Gatzen, V. Saile, J. Leuthold, Micro Nano Fabr. 2015, 313. 

[5] R. Voelkel, Adv. Opt. Technol. 2012, 1, 135. 

[6] P. Naughton, 2019. 

[7] D. J. Kim, W. G. Oldham, A. R. Neureuther, IEEE Trans. Electron Devices 

1984, 31, 1730. 

[8] J. M. Shaw, J. D. Gelorme, N. C. LaBianca, W. E. Conley, S. J. Holmes, IBM 

J. Res. Dev. 1997, 41, 81. 

[9] M. Hatzakis, B. J. Canavello, J. M. Shaw, IBM J. Res. Dev. 1980, 24, 452. 

[10] K. Jain, B. J. Lin, IEEE Electron Device Lett. 1982, 3, 53. 

[11] M. Rothschild, D. J. Ehrlich, J. Vac. Sci. Technol. B Microelectron. Process. 

Phenom. 1998, 6, 1. 

[12] In Fundam. Appl. Nano Silicon Plasmon. Fullerines, Elsevier, 2018, pp. 89–

137. 

[13] D. C. Flanders, N. N. Efremow, in J. Vac. Sci. Technol. B Microelectron. 

Nanom. Struct., American Vacuum SocietyAVS, 1983, pp. 1105–1108. 

[14] S. Franssila, S. Tuomikoski, Handb. Silicon Based MEMS Mater. Technol. 

2020, 399. 

[15] A. L. Robinson, Science (80-. ). 1986, 234, 821. 

[16] C. W. Oatley, J. Appl. Phys. 1998, 53, R1. 

[17] R. M. Langford, P. M. Nellen, J. Gierak, Y. Fu, MRS Bull. 2007 325 2011, 32, 

417. 

[18] S. Reyntjens, R. Puers, J. Micromechanics Microengineering 2001, 11, 287. 

[19] M. Altissimo, Biomicrofluidics 2010, 4, 026503. 

[20] A. Rigort, J. M. Plitzko, Arch. Biochem. Biophys. 2015, 581, 122. 

[21] M. M. Deshmukh, D. C. Ralph, M. Thomas, J. Silcox, Appl. Phys. Lett. 1999, 

75, 1631. 

[22] O. Vazquez-Mena, L. Gross, S. Xie, L. G. Villanueva, J. Brugger, 

Microelectron. Eng. 2015, 132, 236. 

[23] S. Y. Chou, P. R. Krauss, P. J. Renstrom, J. Vac. Sci. Technol. B 

Microelectron. Nanom. Struct. Process. Meas. Phenom. 1998, 14, 4129. 

[24] L. J. Guo, Adv. Mater. 2007, 19, 495. 

[25] D. Wu, N. S. Rajput, X. Luo, Curr. Nanosci. 2016, 12, 712. 

[26] L. G. Villanueva, O. Vazquez-Mena, C. Martin-OlmosC., V. Savu, K. Sidler, 

J. Brugger, Micromachines 2013, Vol. 4, Pages 370-377 2013, 4, 370. 

[27] J. S. Wi, S. Lee, S. H. Lee, D. K. Oh, K. T. Lee, I. Park, M. K. Kwak, J. G. Ok, 

Nanoscale 2017, 9, 1398. 

[28] E. Campbell, 1998. 



50 

 

50 

 

[29] North Slope Chillers, “Laser applications,” can be found under 

https://northslopechillers.com/blog/lasers-the-cutting-edge/, n.d. 

[30] T. H. Maiman, Nat. 1960 1874736 1960, 187, 493. 

[31] U. M. Dilberoglu, B. Gharehpapagh, U. Yaman, M. Dolen, Procedia Manuf. 

2017, 11, 545. 

[32] A. Weld Tech Inc, n.d. 

[33] J. Kaur, A. Parmar, S. K. Tripathi,  al -, A. Abaza, S. Meille, A. Nakajo, J. 

Phys. Condens. Matter 2014, 26, 423202. 

[34] L. A. Cipriano, G. Di Liberto, S. Tosoni, G. Pacchioni, Nanoscale 2020, 12, 

17494. 

[35] N. F. Borrelli, D. W. Hall, H. J. Holland, D. W. Smith, J. Appl. Phys. 1998, 

61, 5399. 

[36] T. Takagahara, K. Takeda, Phys. Rev. B 1992, 46, 15578. 

[37] R. S. Wagner, W. C. Ellis, Appl. Phys. Lett. 1964, 4, 89. 

[38] Y. Xia, P. Yang, Y. Sun, Y. Wu, B. Mayers, B. Gates, Y. Yin, F. Kim, H. Yan, 

Adv. Mater. 2003, 15, 353. 

[39] C. R. Martin, Science (80-. ). 1994, 266, 1961. 

[40] V. Schmidt, J. V. Wittemann, S. Senz, U. Gósele, Adv. Mater. 2009, 21, 2681. 

[41] A. M. Morales, C. M. Lieber, Science (80-. ). 1998, 279, 208. 

[42] B. Won Il Park, G.-C. Yi, M. Kim, S. J. Pennycook, G. Yi, W. I. Park, M. Kim, 

S. J. Pennycook, Adv. Mater. 2002, 14, 1841. 

[43] J. D. Holmes, K. P. Johnston, R. C. Doty, B. A. Korgel, Science (80-. ). 2000, 

287, 1471. 

[44] N. Singh, K. D. Buddharaju, S. K. Manhas, A. Agarwal, S. C. Rustagi, G. Q. 

Lo, N. Balasubramanian, D. L. Kwong, IEEE Trans. Electron Devices 2008, 

55, 3107. 

[45] E. J. Menke, M. A. Thompson, C. Xiang, L. C. Yang, R. M. Penner, Nat. Mater. 

2006 511 2006, 5, 914. 

[46] I. Park, Z. Li, A. P. Pisano, R. S. Williams, Nanotechnology 2009, 21, 015501. 

[47] H. T. Ng, J. Han, T. Yamada, P. Nguyen, Y. P. Chen, M. Meyyappan, Nano 

Lett. 2004, 4, 1247. 

[48] J. P. Colinge, C. W. Lee, A. Afzalian, N. D. Akhavan, R. Yan, I. Ferain, P. 

Razavi, B. O’Neill, A. Blake, M. White, A. M. Kelleher, B. McCarthy, R. 

Murphy, Nat. Nanotechnol. 2010 53 2010, 5, 225. 

[49] R. Yan, D. Gargas, P. Yang, Nat. Photonics 2009, 3, 569. 

[50] C. J. Lee, T. J. Lee, S. C. Lyu, Y. Zhang, H. Ruh, H. J. Lee, Appl. Phys. Lett. 

2002, 81, 3648. 

[51] Y. Cui, Q. Wei, H. Park, C. M. Lieber, Science (80-. ). 2001, 293, 1289. 

[52] M. H. Huang, S. Mao, H. Feick, H. Yan, Y. Wu, H. Kind, E. Weber, R. Russo, 

P. Yang, Science (80-. ). 2001, 292, 1897. 

[53] Y. Li, F. Qian, J. Xiang, C. M. Lieber, Mater. Today 2006, 9, 18. 

[54] A. Kolmakov, D. O. Klenov, Y. Lilach, S. Stemmer, M. Moskovitst, Nano Lett. 

2005, 5, 667. 

[55] C. K. Chan, H. Peng, G. Liu, K. McIlwrath, X. F. Zhang, R. A. Huggins, Y. 

Cui, Nat. Nanotechnol. 2008, 3, 31. 

[56] G. Zheng, F. Patolsky, Y. Cui, W. U. Wang, C. M. Lieber, Nat. Biotechnol. 



51 

 

51 

 

2005, 23, 1294. 

[57] Q. Wan, Q. H. Li, Y. J. Chen, T. H. Wang, X. L. He, J. P. Li, C. L. Lin, Appl. 

Phys. Lett. 2004, 84, 3654. 

[58] Z. L. Wang, J. Song, Science (80-. ). 2006, 312, 242. 

[59] X. Duan, Y. Huang, R. Agarwal, C. M. Lieber, Nature 2003, 421, 241. 

[60] Y. Cui, Z. Zhong, D. Wang, W. U. Wang, C. M. Lieber, Nano Lett. 2003, 3, 

149. 

[61] D. Lucot, J. Gierak, A. Ouerghi, E. Bourhis, G. Faini, D. Mailly, 

Microelectron. Eng. 2009, 86, 882. 

[62] Y. K. Choi, J. Zhu, J. Grunes, J. Bokor, G. A. Somorjai, J. Phys. Chem. B 

2003, 107, 3340. 

[63] G. J. Burger, E. J. T. Smulders, J. W. Berenschot, T. S. J. Lammerink, J. H. 

J. Fluitman, S. Imai, Sensors Actuators, A Phys. 1996, 54, 669. 

[64] Y. X. Zhou, A. T. Johnson, J. Hone, W. F. Smith, Nano Lett. 2003, 3, 1371. 

[65] O. Vazquez-Mena, G. Villanueva, V. Savu, K. Sidler, M. A. F. Van Den 

Boogaart, J. Brugger, Nano Lett. 2008, 8, 3675. 

[66] R. Gupta, K. D. M. Rao, K. Srivastava, A. Kumar, S. Kiruthika, G. U. 

Kulkarni, ACS Appl. Mater. Interfaces 2014, 6, 13688. 

[67] K. D. M. Rao, R. Gupta, G. U. Kulkarni, Adv. Mater. Interfaces 2014, 1, 

06F401. 

[68] M. Kim, D. J. Kim, D. Ha, T. Kim, Nanoscale 2016, 8, 9461. 

[69] R. Adelung, O. Cenkaktas, J. Franc, A. Biswas, R. Kunz, M. Elbahri, J. 

Kanzow, U. Schürmann, F. Faupel, Nat. Mater. 2004, 3, 375. 

[70] M. Elbahri, S. K. Rudra, S. Wille, S. Jebril, M. Scharnberg, D. Paretkar, R. 

Kunz, H. Rui, A. Biswas, R. Adelung, Adv. Mater. 2006, 18, 1059. 

[71] H. Park, A. K. L. Lim, A. P. Alivisatos, J. Park, P. L. McEuen, Appl. Phys. 

Lett. 1999, 75, 301. 

[72] D. E. Johnston, D. R. Strachan, A. T. C. Johnson, Nano Lett. 2007, 7, 2774. 

[73] Y. Yang, C. Gu, J. Li, Small 2019, 15, 1804177. 

[74] V. Dubois, F. Niklaus, G. Stemme, Adv. Mater. 2016, 28, 2178. 

[75] V. Dubois, F. Niklaus, G. Stemme, Microsystems Nanoeng. 2017, 3, 17042. 

[76] V. Dubois, S. N. Raja, P. Gehring, S. Caneva, H. S. J. van der Zant, F. Niklaus, 

G. Stemme, Nat. Commun. 2018, 9, 3433. 

[77] L. Zhang, H. Yang, X. Pang, K. Gao, A. A. Volinsky, Surf. Coatings Technol. 

2013, 224, 120. 

[78] K. S. Gadre, T. L. Alford, Thin Solid Films 2001, 394, 124. 

[79] V. Dubois, S. J. Bleiker, G. Stemme, F. Niklaus, Adv. Mater. 2018, 30, 

1801124. 

[80] L. Vayssieres, Adv. Mater. 2003, 15, 464. 

[81] O. Lupan, V. Postica, F. Labat, I. Ciofini, T. Pauporté, R. Adelung, Sensors 

Actuators, B Chem. 2018, 254, 1259. 

[82] C. J. Murray, K. S. Ikuta, F. Sharara, L. Swetschinski, G. Robles Aguilar, A. 

Gray, C. Han, C. Bisignano, P. Rao, E. Wool, S. C. Johnson, A. J. Browne, M. 

G. Chipeta, F. Fell, S. Hackett, G. Haines-Woodhouse, B. H. Kashef 

Hamadani, E. A. P. Kumaran, B. McManigal, R. Agarwal, S. Akech, S. 

Albertson, J. Amuasi, J. Andrews, A. Aravkin, E. Ashley, F. Bailey, S. Baker, 



52 

 

52 

 

B. Basnyat, A. Bekker, R. Bender, A. Bethou, J. Bielicki, S. Boonkasidecha, 

J. Bukosia, C. Carvalheiro, C. Castañeda-Orjuela, V. Chansamouth, S. 

Chaurasia, S. Chiurchiù, F. Chowdhury, A. J. Cook, B. Cooper, T. R. Cressey, 

E. Criollo-Mora, M. Cunningham, S. Darboe, N. P. J. Day, M. De Luca, K. 

Dokova, A. Dramowski, S. J. Dunachie, T. Eckmanns, D. Eibach, A. Emami, 

N. Feasey, N. Fisher-Pearson, K. Forrest, D. Garrett, P. Gastmeier, A. Z. 

Giref, R. C. Greer, V. Gupta, S. Haller, A. Haselbeck, S. I. Hay, M. Holm, S. 

Hopkins, K. C. Iregbu, J. Jacobs, D. Jarovsky, F. Javanmardi, M. Khorana, 

N. Kissoon, E. Kobeissi, T. Kostyanev, F. Krapp, R. Krumkamp, A. Kumar, 

H. H. Kyu, C. Lim, D. Limmathurotsakul, M. J. Loftus, M. Lunn, J. Ma, N. 

Mturi, T. Munera-Huertas, P. Musicha, M. M. Mussi-Pinhata, T. Nakamura, 

R. Nanavati, S. Nangia, P. Newton, C. Ngoun, A. Novotney, D. Nwakanma, 

C. W. Obiero, A. Olivas-Martinez, P. Olliaro, E. Ooko, E. Ortiz-Brizuela, A. 

Y. Peleg, C. Perrone, N. Plakkal, A. Ponce-de-Leon, M. Raad, T. Ramdin, A. 

Riddell, T. Roberts, J. V. Robotham, A. Roca, K. E. Rudd, N. Russell, J. 

Schnall, J. A. G. Scott, M. Shivamallappa, J. Sifuentes-Osornio, N. 

Steenkeste, A. J. Stewardson, T. Stoeva, N. Tasak, A. Thaiprakong, G. 

Thwaites, C. Turner, P. Turner, H. R. van Doorn, S. Velaphi, A. Vongpradith, 

H. Vu, T. Walsh, S. Waner, T. Wangrangsimakul, T. Wozniak, P. Zheng, B. 

Sartorius, A. D. Lopez, A. Stergachis, C. Moore, C. Dolecek, M. Naghavi, 

Lancet 2022, 399, 629. 

[83] D. Campoccia, L. Montanaro, C. R. Arciola, Biomaterials 2013, 34, 8533. 

[84] P. J. G. M. De Wit, FEMS Microbiol. Rev. 2013, 37, 1. 

[85] H. C. Neu, Science (80-. ). 1992, 257, 1064. 

[86] P. S. Stewart, J. W. Costerton, Lancet 2001, 358, 135. 

[87] J. M. A. Blair, M. A. Webber, A. J. Baylay, D. O. Ogbolu, L. J. V. Piddock, 

Nat. Rev. Microbiol. 2015, 13, 42. 

[88] C. R. Arciola, D. Campoccia, L. Montanaro, Nat. Rev. Microbiol. 2018, 16, 

397. 

[89] H. H. Tuson, D. B. Weibel, Soft Matter 2013, 9, 4368. 

[90] A. Elbourne, R. J. Crawford, E. P. Ivanova, J. Colloid Interface Sci. 2017, 

508, 603. 

[91] Z. K. Zander, M. L. Becker, ACS Macro Lett. 2018, 7, 16. 

[92] S. Chen, L. Li, C. Zhao, J. Zheng, Polymer (Guildf). 2010, 51, 5283. 

[93] I. Banerjee, R. C. Pangule, R. S. Kane, Adv. Mater. 2011, 23, 690. 

[94] R. Zhang, Y. Liu, M. He, Y. Su, X. Zhao, M. Elimelech, Z. Jiang, Chem. Soc. 

Rev. 2016, 45, 5888. 

[95] G. B. Hwang, K. Page, A. Patir, S. P. Nair, E. Allan, I. P. Parkin, ACS Nano 

2018, 12, 6050. 

[96] L. Ferreira, A. Zumbuehl, J. Mater. Chem. 2009, 19, 7796. 

[97] P. Li, Y. F. Poon, W. Li, H. Y. Zhu, S. H. Yeap, Y. Cao, X. Qi, C. Zhou, M. 

Lamrani, R. W. Beuerman, E. T. Kang, Y. Mu, C. M. Li, M. W. Chang, S. S. 

Jan Leong, M. B. Chan-Park, Nat. Mater. 2011, 10, 149. 

[98] E. P. Ivanova, J. Hasan, H. K. Webb, V. K. Truong, G. S. Watson, J. A. 

Watson, V. A. Baulin, S. Pogodin, J. Y. Wang, M. J. Tobin, C. Löbbe, R. J. 

Crawford, Small 2012, 8, 2489. 



53 

 

53 

 

[99] C. M. Bhadra, V. Khanh Truong, V. T. H. Pham, M. Al Kobaisi, G. Seniutinas, 

J. Y. Wang, S. Juodkazis, R. J. Crawford, E. P. Ivanova, Sci. Rep. 2015, 5, 

16817. 

[100] M. N. Dickson, E. I. Liang, L. A. Rodriguez, N. Vollereaux, A. F. Yee, 

Biointerphases 2015, 10, 021010. 

[101] E. P. Ivanova, J. Hasan, H. K. Webb, G. Gervinskas, S. Juodkazis, V. K. 

Truong, A. H. F. Wu, R. N. Lamb, V. A. Baulin, G. S. Watson, J. A. Watson, 

D. E. Mainwaring, R. J. Crawford, Nat. Commun. 2013, 4, 2838. 

[102] F. Hizal, I. Zhuk, S. Sukhishvili, H. J. Busscher, H. C. Van Der Mei, C. H. 

Choi, ACS Appl. Mater. Interfaces 2015, 7, 20304. 

[103] R. R. Gattass, E. Mazur, Nat. Photonics 2008, 2, 219. 

[104] E. Kłodzińska, M. Szumski, E. Dziubakiewicz, K. Hrynkiewicz, E. Skwarek, 

W. Janusz, B. Buszewski, Electrophoresis 2010, 31, 1590. 

[105] C. Chen, T. Petterson, J. Illergård, M. Ek, L. Wågberg, Biomacromolecules 

2019, 20, 2075. 

[106] J. Illergård, L. Wågberg, M. Ek, Colloids Surfaces B Biointerfaces 2011, 88, 

115. 

[107] C. Chen, J. Illergård, L. Wågberg, M. Ek, Holzforschung 2017, 71, 649. 

[108] A. Elisabet Horvath, T. Lindström, J. Laine, Langmuir 2006, 22, 824. 

[109] J. A. Lichter, M. F. Rubner, Langmuir 2009, 25, 7686. 

[110] J. Ru, Z. Wang, C. Tong, H. Liu, G. Wang, Z. Peng, ACS Sustain. Chem. Eng. 

2021, 9, 15755. 

[111] C. R. Elie, G. David, A. R. Schmitzer, 2015, DOI 10.1021/jm501979f. 

[112] S. Imazato, R. R. B. Russell, J. F. McCabe, J. Dent. 1995, 23, 177. 

[113] M. Bagheri, M. Beyermann, M. Dathe, Antimicrob. Agents Chemother. 2009, 

53, 1132. 

[114] C. Zhou, P. Li, X. Qi, A. R. M. Sharif, Y. F. Poon, Y. Cao, M. W. Chang, S. S. 

J. Leong, M. B. Chan-Park, Biomaterials 2011, 32, 2704. 

[115] S. Hasegawa, H. Ito, H. Toyoda, Y. Hayasaki, Opt. Express 2016, 24, 18513. 

[116] S. Hasegawa, K. Shiono, Y. Hayasaki, Opt. Express 2015, 23, 23185. 

[117] M. Kumkar, M. Kaiser, J. Kleiner, D. Flamm, D. Grossmann, K. Bergner, F. 

Zimmermann, S. Nolte, in Laser Appl. Microelectron. Optoelectron. Manuf. 

XXII (Eds.: B. Neuenschwander, C.P. Grigoropoulos, T. Makimura, G. 

Račiukaitis), International Society For Optics And Photonics, 2017, p. 

100910G. 

[118] C. Kim, M.-A. Yoon, B. Jang, J.-H. Kim, K.-S. Kim, Tribol. Lubr. 2020, 36, 1. 

[119] Z. Dai, L. Liu, Z. Zhang, Z. Dai, L. Liu, Z. Zhang, Adv. Mater. 2019, 31, 

1805417. 

[120] Z. Xiong, H. Li, P. Kunwar, Y. Zhu, R. Ramos, S. McLoughlin, T. Winston, Z. 

Ma, P. Soman, Biofabrication 2019, 11, 035005. 

[121] O. Sarig-Nadir, N. Livnat, R. Zajdman, S. Shoham, D. Seliktar, Biophys. J. 

2009, 96, 4743. 

[122] S. Pradhan, K. A. Keller, J. L. Sperduto, J. H. Slater, Adv. Healthc. Mater. 

2017, 6, 1700681. 

[123] O. Ilina, G. J. Bakker, A. Vasaturo, R. M. Hofmann, P. Friedl, Phys. Biol. 

2011, 8, 015010. 



54 

 

54 

 

[124] N. Brandenberg, M. P. Lutolf, Adv. Mater. 2016, 28, 7450. 

[125] B. Zohar, Y. Blinder, D. J. Mooney, S. Levenberg, ACS Biomater. Sci. Eng. 

2018, 4, 1265. 

[126] P. Buchwald, Theor. Biol. Med. Model. 2009, 6, 5. 

[127] M. Jafarkhani, Z. Salehi, A. Aidun, M. A. Shokrgozar, Iran. Biomed. J. 2019, 

23, 9. 

[128] A. Morss Clyne, S. Swaminathan, A. Díaz Lantada, Biofabrication 2019, 11, 

032001. 

[129] J. J. Kim, L. Hou, N. F. Huang, Acta Biomater. 2016, 41, 17. 

[130] X. Sun, W. Altalhi, S. S. Nunes, Adv. Drug Deliv. Rev. 2016, 96, 183. 

[131] F. S. Frueh, M. D. Menger, N. Lindenblatt, P. Giovanoli, M. W. Laschke, Crit. 

Rev. Biotechnol. 2017, 37, 613. 

[132] V. Mastrullo, W. Cathery, E. Velliou, P. Madeddu, P. Campagnolo, Front. 

Bioeng. Biotechnol. 2020, 8, 188. 

[133] M. W. Laschke, M. D. Menger, Eur. Surg. Res. 2012, 48, 85. 

[134] M. Carve, D. Wlodkowic, Micromachines 2018, Vol. 9, Page 91 2018, 9, 91. 

[135] R. Chen, R. C. Chang, B. Tai, Y. Huang, B. Ozdoganlar, W. Li, A. Shih, J. 

Manuf. Sci. Eng. Trans. ASME 2020, 142, DOI 10.1115/1.4048043/1086100. 

[136] J. Nie, J. Fu, Y. He, J. Nie, J. Fu, Y. He, Small 2020, 16, 2003797. 

[137] J. K. Placone, A. J. Engler, Adv. Healthc. Mater. 2018, 7, 1701161. 

[138] M. B. Applegate, J. Coburn, B. P. Partlow, J. E. Moreau, J. P. Mondia, B. 

Marelli, D. L. Kaplan, F. G. Omenetto, D. A. Weitz, Proc. Natl. Acad. Sci. U. 

S. A. 2015, 112, 12052. 

[139] C. K. Arakawa, B. A. Badeau, Y. Zheng, C. A. DeForest, Adv. Mater. 2017, 

29, 1703156. 

[140] S. G. Rayner, C. C. Howard, C. J. Mandrycky, S. Stamenkovic, J. Himmelfarb, 

A. Y. Shih, Y. Zheng, Adv. Healthc. Mater. 2021, 10, 2100031. 

[141] Ž. P. Kačarević, P. M. Rider, S. Alkildani, S. Retnasingh, R. Smeets, O. Jung, 

Z. Ivanišević, M. Barbeck, Materials (Basel). 2018, 11, 2199. 

[142] J. K. Placone, A. J. Engler, Adv. Healthc. Mater. 2018, 7, 1701161. 

[143] A. Vogel, K. Nahen, D. Theisen, J. Noack, IEEE J. Sel. Top. Quantum 

Electron. 1996, 2, 847. 

[144] A. Vogel, J. Noack, K. Nahen, D. Theisen, S. Busch, U. Parlitz, D. X. Hammer, 

G. D. Noojin, B. A. Rockwell, R. Birngruber, Appl. Phys. B Lasers Opt. 1999, 

68, 271. 

[145] I. Akhatov, O. Lindau, A. Topolnikov, R. Mettin, N. Vakhitova, W. 

Lauterborn, Phys. Fluids 2001, 13, 2805. 

[146] G. Sinibaldi, A. Occhicone, F. Alves Pereira, D. Caprini, L. Marino, F. 

Michelotti, C. M. Casciola, Phys. Fluids 2019, 31, 103302. 

[147] Z. Qian, A. Covarrubias, A. W. Grindal, M. K. Akens, L. Lilge, R. S. 

Marjoribanks, Biomed. Opt. Express 2016, 7, 2331. 

[148] K. H. Sizeland, H. C. Wells, N. M. Kirby, A. Hawley, S. T. Mudie, T. M. Ryan, 

R. G. Haverkamp, Int. J. Nanomedicine 2020, 15, 5289. 

[149] A. K. Nguyen, R. J. Narayan, Mater. Today 2017, 20, 314. 

[150] United Nations, “Sustainable Development Goals,” can be found under 

https://sdgs.un.org/goals, n.d. 



55 

 

55 

 

[151] J. F. Fennell, S. F. Liu, J. M. Azzarelli, J. G. Weis, S. Rochat, K. A. Mirica, J. 

B. Ravnsbæk, T. M. Swager, Angew. Chemie Int. Ed. 2016, 55, 1266. 

[152] A. Henning, M. Molotskii, N. Swaminathan, Y. Vaknin, A. Godkin, G. Shalev, 

Y. Rosenwaks, Small 2015, 11, 4931. 

 

  



56 

 

56 

 

 



57 

 

57 

 

 

 

 

 

 

 

 

Paper Reprints 
 






