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ADVANCES IN SOFT MATTER NANOFABRICATION 

 

Mehrnaz Shaali 
Department of Chemistry and Chemical Engineering 
Chalmers University of Technology 

ABSTRACT 

The focus of this thesis is placed on the fabrication of engineered nanodevices for the 
manipulation of soft matter thin films. By combining top-down micro- and 
nanofabrication approaches with bottom-up self-assembly strategies, new research 
platforms were developed, tested and characterized. 

A large part of the studies described herein were performed on electron beam-sculpted 
Teflon AF surfaces, which served as substrate for molecular lipid films and biological 
cells. The effects of e-beam exposure of Teflon AF deposits, including changes in 
hydrophobicity, topography, surface potential and roughness, have been investigated in 
detail. Lipophilic nanolanes of 50 nm width were created in this manner. The studies 
show, for example, how spreading of a phospholipid monolayer film originating from a 
single giant multilamellar vesicle source can be confined and guided by e-beam-exposed 
frames on the polymer surface. The studies also reveal the preferential adhesion of 
biological cells on these e-beam-treated Teflon AF surfaces, where the shape of the 
patterned areas strongly affects cell adhesion. 

By applying perfluorinated solvent as developer to complete the ebeam-lithography 
procedure, Teflon AF was introduced as non-amplified negative e-beam resist. 
Nanostructures with feature sizes as small as 30 nm in width and 40 nm in pitch were 
fabricated. This new resist was characterized by determining its contrast, sensitivity, and 
film thickness. The accommodation of single DNA origami scaffolds on developed 
Teflon AF nanopillars has been investigated as an exemplary application, and about 80% 
coverage of the available pillar surface was achieved. 

Moreover, a novel, contact-free technology was developed to generate surface-supported 
networks of lipid nanotubes and flat giant unilamellar vesicles on a micro-patterned SU-8 
substrate. The nanotubes were formed by thermomigration of a phospholipid double 
bilayer, where the migration of lipid material on the patterned surface was initiated and 
controlled by a temperature gradient created with an IR laser.  

In the work presented here, a number of specific problems have been tackled in an 
interdisciplinary approach, making use of micro- and nanotechnologies, new materials 
and biomimetic principles that can open up new experimental opportunities to address 
further fundamental research questions. 

 

Keywords:  Phospholipid, monolayer, double bilayer, Teflon AF, lipid nanotube, 
electron beam lithography, photolithography, confocal microscopy, AFM, KPFM, DNA 
origami, cells, negative e-beam resist     
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t’s not possible to talk about nanoscience without mentioning the name of Richard P. 

Feynman, the Nobel prize laureate in physics, who in his famous talk in 1959 focused 

the world’s attention to the possibilities of “manipulating and controlling things on a 

small scale”.1 Even though he didn’t use the term “nanotechnology”, many of the 

possibilities that he outlined, such as manipulating individual atoms, fabricating very 

small devices, or miniaturizing computer components to reach the atomic scale, are 

nowadays established research fields. 

However, nanotechnology, i.e., “the study and control of phenomena and materials at 

length scales below 100 nm”,2 as we know it today, had to wait about two decades until 

the invention of the scanning tunneling microscope by Binning and Rohrer. With this 

instrument, “seeing” nanostructures at the atomic level became possible.3-4 Since then, a 

massive research and commercialization effort has been made towards exploring and 

utilizing the nano world.  

As an inevitably interdisciplinary field, involving physics, chemistry, biology and other 

branches of science, nanoscience and technology builds upon the fact that many of the 

physical effects that are negligible on macroscopic scales become dominant when 

decreasing the dimensions of the system (Scaling laws).5-6 Thereby a new set of quite 

different properties of the materials exists in nanosystems that cannot be observed on the 

macro and micro scale. The more prominent role of quantum effects at nano dimensions, 

which alter a material’s electrical, optical and magnetic properties often dramatically, is 

one example.7  

The concept of miniaturization by reducing the size of bulk objects to obtain nano sized 

structures is termed “top-down” approach. It is basically a combination of physical and 

chemical processes such as etching and lithography that had been applied for years in the 

microelectronics, mainly semiconductor, industries. The current state-of-the-art 

technologies are capable of fabricating silicon nanostructures reliably with the smallest 

achievable feature size of ~14 nm, with anticipation of 5 nm in similar quality in less than 

a decade. However, considering the size of molecules in comparison, this is still far 

beyond atomic resolution. On the other hand, at this level the complexity of physical 

system dramatically increases, due to the above mentioned scaling laws, which means 

I 
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that the top down fabrication strategy is going to reach its limits eventually. Examples of 

smaller devices are essentially based on “bottom-up” procedures, following the 

fabrication strategies observed in nature, where more complicated or complex assemblies 

are formed by spontaneous arrangement of smaller components (self-assembly).8-9 In fact, 

plenty of advancements in the nanotechnology field were inspired originally from nature, 

where highly optimized bottom-up principles can be frequently observed in a multitude of 

naturally occurring structures, materials and phenomena.  

With respect to self-assembly, soft materials are the most relevant systems. The soft 

matter realm embraces a large variety of materials, ranging from liquid crystals and 

polymers to biological materials and colloidal systems.10 Accordingly, this realm offers a 

broad spectrum of choices to fabricate nanoscale structures by (often nature-inspired) 

bottom-up strategies.   

A highly applicable self-assembled soft matter, which has been repeatedly exploited in 

the past as inspiration for biomimetic device development, is the membrane of the 

biological cell. Native cell membranes serve as a vital element in various cellular 

functions. They are essentially two-dimensional fluid supramolecular self-assembly of 

lipid moieties that are naturally occurring in different part of the cells. The process of 

membrane self assembly can be modeled and, to some extent, recreated in vitro, where 

various forms of artificially generated membranes, such as vesicles, solid supported 

bilayers, and lipid nanotubules, have been produced.11-15 

The model biomembranes are typically self-assembled from individual lipid molecules 

upon transfer from an organic to an aqueous solvent environment. Such membranes 

represent the native environment for membrane proteins, and host additionally other 

functional molecules. Efficient fabrication strategies for biomembrane devices are 

currently intensely sought after, as they are expected to facilitate the development of 

micro- and nanoscale devices and techniques suitable for membrane protein handling, and 

the investigation of related pathological conditions in humans.  

In recent years, scientists have engaged more extensively in mimicking biology in order 

to develop fabrication methods for new materials and devices. The fabrication of model 
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systems for light harvesting by using an organizational principle that primitive bacteria 

employ,16-18 fabrication of biomimetic imaging sensors inspired by the eye structure in 

insects,19-20 and the  fabrication of self-cleaning superhydrophobic surfaces by replicating 

the structure of lotus plant leaves,21 deserve to be mentioned as prominent examples.  

New applications and areas of advance in the life sciences have been emerging 

continuously. The interface where “bio” and “nano” can meet productively is extensive , 

which despite great international research efforts remains largely unexplored. An 

important integrative task in nanotechnology is building the bridge from the macro- via 

the micro- to the nanoscale. In particular the controlled generation of biomimetic 

nanostructures using bottom-up methods, which is in nature regulated by proteins, and 

their use in devices and applications require additional efforts to establish this bridge and 

render the nanoscale assemblies accessible. 

The application of nanoscale devices and tools on biological (living) systems has started 

to provide solutions for some current problems encountered in medicine and biology. 22 It 

has also a beneficial effect on the progress in fundamental and applied life science 

research. In particular the medical applications of nanotechnology, such as nanoelectronic 

sensors, nanopharmaceutical drug delivery,23-24 as well as functional nanostructured 

surfaces on implants, are steadily growing in importance.25-26  

The core idea of this thesis is built around various fabrication aspects of nanoscale model 

devices constructed from soft materials, and their integrative aspects. The soft matters of 

choice are the artificially created, biomimetic membrane, particularly supported 

monolayers and double bilayers, as well as different embryonic cells, and DNA scaffolds. 

This thesis introduces several new approaches to manipulate biological membranes, direct 

them into desired surface areas, and transform lipid material from one type of membrane 

assembly into another. It will introduce the new fabrication concepts and strategies, 

briefly discuss experimental considerations and analytical techniques, and finally present 

ideas for continuation of the research.     
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he interaction of soft matter with a solid interface in a fluid environment is 

considerably influenced by the properties of the surface, for example roughness, 

surface energy, and surface potential. Determining and understanding these fundamental 

properties are essential for influencing and controlling the behavior of the investigated 

soft matter.  

In the current chapter, some important physical chemistry aspects of surfaces, which are 

associated with the work presented in this thesis, are briefly highlighted.  

2.1. SURFACE TENSION & WATER CONTACT ANGLE 

One of the prominent features of the surfaces is their excess energy. In comparison with 

the molecules in the bulk of material, the surface molecules have higher potential energy, 

because they are not completely surrounded by similar molecules at the surface. The net 

value of this excess energy, surface free energy (F), can be quantified as the forces acting 

on a unit surface area (Equation 2-1). This also means that to split a solid object into two 

equal pieces, work (W) has to compensate for the energy stored in the increased surface 

area (A).  

𝐅 = 𝐖/𝐀    Eq. 2-1 

 

 The “surface tension” (γ) is a term used to describe the variation of surface energy with 

the surface area at constant temperature and pressure (Equation 2-2).  

γ = F + A ∂F
∂A

         Eq. 2-2 

 

In a liquid, the inward rearrangement of the surface molecules, which easily occurs, 

balances the extra energy to a great extent; therefore F and γ have almost the same value. 

The formation of a droplet, for example, is due to favorable cohesive forces acting on the 

liquid surface.  However, in solid materials, where surface deformation is restricted,  ∂F
∂A

 is 

not negligible. Accordingly, the surface energy and the surface tension are not equal.27  

T 
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In this regard, the solid surfaces can be categorized based upon the strength of their 

internal bonding. Thus metals and glass, for instances, that are composed of strong 

metallic and covalent bonds, respectively, are considered as high energy surfaces (γ > 500 

mN/m), while soft plastic materials like SU-8 and Teflon AF belong to the low energy 

surface group (γ < 50 mN/m), owed to their weak intermolecular interactions.12 

One of the common approaches to evaluate the surface tension of solid materials is the 

measurement of the contact angle of a water droplet placed on the surface. Figure 2-1 

illustrates the three balanced tensions at the droplet edge; solid-liquid (γsl), solid-vapor 

(γsv) and liquid-vapor (γlv), which are correlated to water contact angle (WCA), θ, using 

Young’s equation: (Equation 2-3)  

𝛾𝑠𝑣 −  𝛾𝑠𝑙 =  𝛾𝑙𝑣 cos 𝜃    Eq.2-3 

 

 
Figure 2-1 Three surface tensions acting upon the edge of a droplet 

 

High energy surfaces usually have WCA < 90°, whilst in low energy surfaces WCA is 

greater (> 90°). WCA is also considered a suitable index to describe the hydrophobicity, 

i.e., the surface interaction with water. It is, therefore common to categorize low and high 

energy surfaces as hydrophobic and hydrophilic, respectively. 

Since surface energy is unfavorable, solid materials tend to form new bonds with 

molecules present at their surface to decrease their excess energy. The adhesion of 

unwanted molecules on the surface (contamination), and various wetting phenomena can 

therefore be explained energetically. 
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2.2. SURFACE WETTING  

When a droplet of a liquid is placed on a solid surface, it can, to some extent, cover the 

surface, and even spread out completely to form a thin liquid film. This process is known 

as wetting. There are a number of factors that affect the wetting phenomenon. Generally, 

if the solid-liquid interfacial tension (γsl) is smaller than the surface tension of the solid 

(γsv), the liquid spreads over the surface to decrease its energy, which is referred to as 

“spreading energy” (Equation 2-4).28  

𝑆 =  𝛾𝑠𝑣 − 𝛾𝑙𝑣 −  𝛾𝑠𝑙         Eq.2-4 

 

By combining equation 2-4 with the Young equation, the spreading energy can be 

quantified using the WCA (Equation 2-5). 

𝑆 =  𝛾𝑙𝑣(cosθ − 1)     Eq. 2-5 

However, the contact angle is not only affected by surface tension, but also by the 

roughness of the surfaces. The roughness factor (r) can be simply described as the ratio of 

actual surface to the geometric surface area.29 According to Cassie and Baxter, at rough 

surfaces air can be trapped between the substrate and a fluid droplet, preventing efficient 

spreading, which results in a bigger contact angle.30  

The chemical structure of the surface is another factor that affects wettability. The 

presence of active surface groups, like the hydroxyl group (-OH), alters the electron 

density and polarity31 at the surface, which in turn establishes a potential difference 

known as “surface potential”. Kelvin probe force microscopy is a convenient modern 

technique for measuring this potential (See Chapter 5).   

In the presence of an (aqueous) solution with certain ion content and pH, however, the 

surface charge is sheathed by the accumulation of counter ions in a thin, stagnant layer 

(Stern layer) at the solid-liquid interface. These ions are brought to the interface through 

the diffuse layer, where the interchange of ions between the solution and the Stern layer 
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occurs. The potential difference at the boarder of solution and diffuse layer is known as 

electrokinetic potential (or Zeta potential) (Figure 2-2).32  

 
Figure 2-2 a) Schematic representation of the charge distribution at the solid surface and solid-liquid 
interfaces, showing Stern, diffuse and solution layers, b) Potential curve of the solid surface 

Both surface and zeta potential can be used as an index to interpret and/or predict the 

wetting behavior of the interactive liquid (or soft matter) on the surface. The zeta 

potential of flat surfaces can be measured using indirect electrophoretic light scattering 

technique. In this method, an oscillating electric field is applied on a probe particle 

solution (with known charge), which is in contact with the surface under study. The 

scattering of an incident laser light by the motion of particles results in the frequency shift 

of light. By measuring this frequency, velocity of the particles can be calculated, which is 

proportional to the surface charge.   

In the current work, the propagation of a lipid monolayer on nanopatterned (low energy) 

Teflon AF surfaces, and the controlling of lipid double bilayer spreading on high energy 

Al2O3 surfaces,  (paper I and IV, respectively), are two examples of wetting phenomena, 

where a fluid soft matter film spontaneously spreads over the available surface. The 

associated decrease in surface tension is the driving force for this self-spreading behavior. 

WCA measurements, roughness analysis, and surface potential measurements have been 

also used in paper I to characterize e-beam exposed Teflon AF surfaces.  
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3.1. PHOSPHOLIPID MOLECULES AND SELF-ASSEMBLY 

Phospholipids are the main components of biological membranes. As two-dimensional 

medium, phospholipid membranes can be found naturally in different forms. The bilayer 

plasma membrane, the monolayer pulmonary membranes, and the neurotransmitter 

vesicles are some examples of such.33-34 Transport of membrane intrinsic and associated 

proteins, assistance in enzymatic reactions, active transport of essential molecules into 

and out of the cell, and separation of the cell’s compartments are among the known 

functionalities of the biomembranes.35-36 

Most of phospholipids are composed of two long acyl chains and a polar head group. The 

acyl chains are typically 16 to 20 carbons long. One chain usually has two carbons more 

than the other, which along with the existence of unsaturated 

bonds, introduces an asymmetric structure to the molecule. 

The acyl (tail) chains are linked to a phosphate (head) group 

by a glycerol moiety (Figure 3-1).37 

 

 

 

Owed to the hydrophobicity of the hydrocarbon tails and 

hydrophilicity of the charged head group, phospholipids are 

of an amphiphilic nature, and tend to self-assemble, i.e., 

spontaneously form organized supramolecular structures, in 

aqueous solutions. Even though lipid molecules are forming a 

more organized structure during this process, the driving 

force of self-assembly is an increase in the entropy of the 

system. 

In an aqueous lipid solution, the water molecules try to align 

themselves along the hydrophobic tails of lipid to increase the 

number of hydrogen bonds (hydrophobic solvation). By 

Figure 3-1 The chemical structure of phosphatidylcholine (PC) 
molecule, which is the major components of biomembranes 
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adding more lipids in the solution, the number of organized water molecules increases, 

therefore the entropy of the system declines. Under this condition, lipid molecules 

rearrange themselves to isolate the hydrophobic tails, accordingly the entropy of the 

whole system increases since less water molecules are involve in hydrophobic solvation.38 

Equation 3-1 describes the change in free energy of self-assembly, where ∆G is the Gibbs 

free energy, ∆H is the enthalpy of the system, and T∆S is the entropy. 

 

∆𝐺 =  ∆𝐻 − 𝑇∆𝑆     Eq. 3-1 

 

Depending on various factors, like the shape of the lipid molecule, as well as 

concentration, and temperature of the lipid solution, a range of different self-organized 

geometries is possible. By controlling the shape of the lipid molecule, the formation of 

desired structures can be promoted. Particularly the head groups play an important role in 

defining the final geometries of the assemblies. In this context, a critical packing 

parameter (CPP) is commonly used (Equation 3-2), where V and L are the volume and 

length of the hydrophobic tail, respectively, and A is the effective area of the head group. 

𝐶𝑃𝑃 = 𝑽
𝑨𝑳

          Eq. 3-2 

 

 
Figure 3-2 Self-organized structures depending on the shape of lipid molecule. a) Micelle, b) lamellar, c) 
Reversed micelle 
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Generally, if CPP < 0.5, micelles and hexagonal structures are formed, while in the case 

of  CPP > 1, reversed micelles are the result (Figure 3-2 a and c, respectively). When the 

volume of head group and tail of a lipid molecule is approximately the same (0.5 < CPP < 

1) lamellar structures are the preferred phase (Figure 3-2 b).  

The phospholipid molecules in biomembranes, like phosphotidylcholine (PC) (Figure 3-

1), phosphatidylethanolamine (PE), and phosphatidic acid (PA), all form the lamellar 

structure. Due to their structural similarity to plasma biomembranes, lamellar phases are 

widely used as model systems for biological membranes.39-40 

 

3.2. SUPPORTED MEMBRANES 

Phospholipids are the main, but not the only constituents of biological membranes. There 

are also many other molecules present, for example a multitude of different proteins, 

glycolipids, and steroids, which add to the structural complexity. By providing greater 

simplicity, better stability and availability on demand, biomimetic membranes, artificially 

generated from selected lipid components by self-assembly, constitute a versatile 

substitute. Spherical lipid compartments such as uni- or multilamellar vesicles, and flat 

supported membranes are examples of model membranes commonly used in 

biomembrane research.  

Introduced by McConnell and Tamm in the 1980s,41-42 supported lipid membranes have 

been in the center of attention in different research fields. A large variety of basic and 

advanced aspects of cell membranes, including mechanical properties, transport 

phenomena, lipid-protein interactions, and the mechanisms of self-assembly have been 

studied in the past, having made use of different supported lipid membrane types.12, 43-44 

Moreover, the nano-biotechnological applications of supported membranes are a rapidly 

growing research field, with special emphasis on biointerface development, biosensing, 

and membrane protein research.45-49  

Solid-supported membranes can be formed using the self-assembly route. Aside 

Langmuir-Blodgett technique in which different types of films can be generated by   
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transferring the lipid molecules at the air-liquid interface by means of dipping a solid 

substrate to the solution,50there are few other techniques available to supported lipid 

membranes. Controlled deposition of nanovesicles51 using a multifunctional pipette52 to 

form bilayers, and dip pen lithography with a lipid-coated AFM tip53 are some examples. 

To produce lipid films in this thesis, a relatively new route has been employed in which 

the propagation of lipid material on surfaces (self-spreading), depending mainly on the 

surface energy, results in the formation of various types of the supported membranes. 

High energy surfaces, like glass and metal oxides, promote the generation of bilayer or 

double bilayer lipid films, where the lipid head groups face both the surface and the 

(aqueous) liquid (Figure 3-3a and b, respectively). On low energy surfaces like the epoxy 

polymer SU-8 or the perfluorinated Teflon AF, monomolecular lipid layers are formed, 

where the tail groups face the plastics surface, and the head groups face the liquid (Figure 

3-3c).12  

 
Figure 3-3 Solid supported membranes. a) Bilayer, b) Double bilayer (flat giant unilamellar vesicle), c) 
Monolayer, and d) Tethered bilayer 

 

The driving force of spontaneous lipid self-spreading is the surface tension gradient 

between the lipid-solid interface (γs-lipid), where the vesicle is deposited, and the solution-

solid interface (γs-Liquid) adjacent to it. This phenomenon is known as Marangoni flow.54-55 

Considering the fact that vesicle structure has to rupture to release the lipid material (lysis 
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tension, γlysis) the self-spreading (S) happens only if the surface tension gradient is bigger 

than the lysis tension (Equation 3-3).  

𝑆 = γ𝑠−𝐿𝑖𝑞𝑢𝑖𝑑 − γ𝑠−𝐿𝑖𝑝𝑖𝑑 − γ𝑙𝑦𝑠𝑖𝑠      Eq. 3-3 

Tethered (or cushioned) bilayers (Figure 3-3d) are another form of supported membranes. 

Here, a spacer layer is introduced in between the (appropriately functionalized) surface 

and the self-assembled molecular lipid film. The engineered gap between membrane and 

surface is beneficial for incorporation of membrane proteins.12 In comparison to the other 

supported membrane types, tethered bilayers show reduced two-dimensional fluidity after 

deposition, which actually limits their effectiveness, in some extent, for membrane 

protein studies.  

The biomimetic membrane part of this thesis relies on the deposition and manipulation of 

supported membranes, specifically monolayer and double bilayer films, by applying the 

MLV deposition and self-spreading technique. In paper I it is shown that the spreading 

process of a lipid monolayer can be controlled on patterned Teflon AF surfaces, and in 

fact guided through lithographically defined nanolanes, where the special behavior of the 

lipid film in highly confined spaces was investigated.  In paper IV, a lipid double bilayer 

film on an Al2O3-coated surface was manipulated with an IR laser induced temperature 

gradient, leading to the formation of long and stable lipid nanotubes.  

 

3.2.1. PATTERNING OF LIPID MONOLAYERS ON TEFLON AF  

As introduced in the last section, upon the deposition of a multilamellar vesicle on a low 

energy surface, the lipid molecules cover the interface and form a monolayer film (Figure 

3-3c). According to Czolkos et al., the spreading occurs in a circular fashion with the 

MLV at the origin. The spreading coefficient β can therefore be measured by calculating 

the radial velocity of the spreading front (𝑑𝑅
𝑑𝑡

) and the radius of the vesicle (R0), using 

equation 3-4, where R is the radius of spreading.56  

𝑅𝑙𝑜𝑔 � 𝑅
𝑅0
� 𝑑𝑅
𝑑𝑡

= 2𝛽      Eq. 3-4 
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Supported lipid monolayers can serve as membrane model for their biological 

equivalents. The monolayer films in pulmonary system that assist the inhalation and 

exhalation,44, 57 and monolayer lipids in the tear film that protects the eyes from drying,58-

59  are some examples of vital functionality of biological  lipid monolayers.  

Even though most biomimetic membrane research has been, and continues to be, focused 

on lipid bilayers, which is the natural environment for membrane proteins, the pattering 

of supported lipid monolayers to fabricate nanofluidic devices has recently gained some 

attention. Supported lipid monolayers are quite tolerant with respect to external solution 

conditions, which along with the superior long-term stability of low energy surfaces 

constitute practical advantages over other supported membrane assemblies.13, 60 

Moreover, higher spreading velocities, as compared to bilayers under comparable 

conditions (βmonolayer ≈ 1.7 βbilayer), 15 is another distinguishable feature of monolayers.  

Recently, the application of nano/micro-patterned SU-8 surfaces as nanofluidic substrate 

for mixing lipids in monolayers,48 and for controlled release of DNA molecules from 

decorated surface areas,61 have been reported, where the spreading coefficient of a lipid 

monolayer on SU-8 was  calculated as 1-3 µm2/s. In another study, patterned EPON 

1002F (an aliphatic epoxy polymer) surfaces have been applied as a substrate to control 

the hybridization of two complementary single strands of DNA molecules, conjugated on 

two different lipid monolayer patches.62 However both SU-8 and EPON exhibit rather 

strong auto-fluorescence, which limits their application in biological studies involving 

common fluorescence-based imaging techniques.63-65  

Although there is a wide variety of readily accessible low energy surface materials, 

Teflon AF has recently received special attention as a substrate for fabrication of 

supported lipid monolayers (cf. chapter 4).60, 66 Major benefits for microscopy studies on 

Teflon AF surface are the facile deposition as thin film on many solid substrates, great 

optical transparency and negligible auto-fluorescence in comparison with SU-8 and 

EPON, which makes it a superior choice as substrate for lipid monolayer devices in the 

context of microscopy and spectroscopy.  
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A comparative study of lipid spreading behavior on SU-8 and Teflon AF revealed some 

characteristic differences. The spreading coefficient on Teflon AF is 12-20 µm2/s, which 

is about on order of magnitude greater than what was determined for SU-8 (1-3 µm2/s). 

This has been related to the lower friction coefficient of lipid molecules on Teflon AF. 

Moreover, unlike SU-8, which promotes a sharp and distinguishable spreading edge, the 

spreading edge on Teflon AF is fuzzy (thinning effect). Considering the low friction 

coefficient and faster spreading on Teflon AF, the fuzziness of the spreading edge is a 

result of two-dimensional “evaporation” of lipid molecules located at the spreading front 

onto adjacent parts of the surface.56 

In this thesis, the spreading behavior of lipid monolayer films in confined nanoscale areas 

on patterned Teflon AF surfaces has been investigated. The patterns were generated by 

the direct exposure of Teflon AF with electron beam radiation. The detailed 

specifications, characterization data and process descriptions of the patterning technique 

are discussed extensively in chapter 4.  

In brief, the e-beam causes decreased hydrophobicity of the exposed areas (WCA = 95°), 

as compared with unexposed Teflon AF (WCA =118°). Roughness and surface charge 

become altered as well, resulting in a smoother surface with surface potential difference 

of 120mV. 

It is shown that the spreading of lipid monolayers, which is regularly observed on 

untreated Teflon AF films, is not supported by e-beam irradiated Teflon AF surfaces 

(Figure 3-4). It is important to note that even though the exposed regions are still quite 

hydrophobic, they possess a much smoother surface. This is in contrast to the findings of 

Czolkos, who stated that lower roughness supports the spreading of monolayers.56 His 

conclusion was based on the observation that the lipid spreading does not occur on rough 

hydrophobic fluorinated carbon polymer surfaces (WCA of 115°), but is easily achieved 

on comparatively smooth EPON surfaces with a WCA of ~70°.   

Apparently, in the case of exposed Teflon AF, hydrophobicity has a stronger influence 

than roughness. Moreover, the increased repulsion between the bulk negatively charged 

membranes in the initially deposited MLV, and the electron-saturated, i.e. negatively 
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charged, surface hinder vesicle rupture, even though the energy gain obtained from 

wetting would most likely exceed the vesicles’ lysis tension.  

Relying on this specific lipophobic feature of e-beam exposed Teflon AF, membrane 

devices can be fabricated. The lipid spreading front is obstructed and confined in enclosed 

areas on the Teflon AF surface, where the e-beam irradiated regions work as functional 

barriers. Figure 3-5 illustrates the concept of a lipid monolayer device based on the frame 

exposure confinement strategy. 

 

   
Figure 3-4 a) Multilamellar lipid vesicle deposited on an e-beam-exposed Teflon AF surface. No spreading 
was observed after 2 h, b) A multilamellar lipid vesicle spreads within 5 min after it is deposited onto the 
Teflon AF surface. (Confocal micrographs of fluorescently labeled lipid material) 

  

When a MLV is placed onto the center of the depicted device (Figure 3-5a), spreading 

commences instantaneously in a circular manner, until the film reaches the e-beam 

exposed frames, i.e., the regions depicted in black in the figure. The spreading comes to a 

halt at this point, and instead continues though the lanes, where the lipid film eventually 

fills the pools at the end of each lane.  

By doping a small percentage of the multilamellar lipid source (1%) with fluorophores, 

the spreading procedure can be monitored using the confocal microscopy technique 

(Figure 3-5b). 
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Figure 3-5 a) The design of a lipid spreading device suitable to observe the behavior of lipid films in 
confined 2D geometries. The black areas represent regions exposed by an electron beam, b) Confocal 
image of the entire structure of lipid spreading in device, recorded after 185 min, c) Enlarged view of one of 
the branches (blue square in panel a). The numbers in the drawing denote the designed width of the 
corresponding nanolanes, d) Close-up view of the smallest, 50 nm wide, lane (yellow square in panel c). 

 

At lane widths above 65 nm, the end pools fill nearly equally fast (Figure 3-6a and b). 

Below 65 nm, however, the required time for filling the pools increases dramatically from 

a few minutes to hours. In the constricted areas, surface adhesion energy (σadh)  competes 

with the sliding friction between the Teflon AF surface and the lipid film (𝜁).48 Even 

though there is still an energy gain derived from wetting, flow resistance increases and 

slows down the process.  
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Based on equation 3-5, the spreading coefficient of a lipid monolayer can be quantified 

as:  

𝛽 = 𝜎𝑎𝑑ℎ.
2𝜁

      Eq. 3-5 

 

 
Figure 3-6  Confocal image of one of the branches of the pattern depicted in Figure 2, demonstrating the 
lipid spreading in Teflon AF areas confined by e-beam exposure. The images were recorded at different 
time intervals after deposition of the MLV, a) 20 min, b) 23 min, c) 95 min, and d) 155 min. The lipid was 
doped with the fluorophore ATTO 488 (1% w/w). The dotted circle highlights the end pool which has just 
been filled at the time of recording. The images are inverted for better contrast. 

 

In this model, however, the boundary energies have not been considered. The boundary 

energy is relatively weak for large area films, and therefore it is negligible for lipid film 

spreading on micron-sized lanes.61  But in a case where the film boundary to area ratio 
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becomes large, it may become important. In the case of spreading in a lane, the surface 

energy is calculated as: 

 

𝐸 = −𝜎𝑎𝑑ℎ.𝑤𝐿 + 2𝛾𝑒𝐿   Eq. 3-6 

where 𝑤 is the lane width, 𝐿 the lane length, 𝜎𝑎𝑑ℎ . the adhesion energy, and 𝛾𝑒  the edge 

tension (boundary energy). Considering equation 3-5, the spreading coefficient for a lane 

can be written as:  

𝛽 = 𝜎𝑎𝑑ℎ.  −2𝛾𝑒/𝑤 
2𝜁

    Eq. 3-7 

 

 which shows the dependency of the spreading on the lane width. At a critical width 

(Wcrit.) of the lane (Equation 3-8), when the energy gain from wetting is equal to the 

energy loss induced by the edge tension of the lipid film, the spreading is no longer 

energetically favorable. Therefore, if 𝑤 approaches 𝑤𝑐𝑟𝑖𝑡., spreading will slow down 

significantly and must eventually stop. 

𝑤𝑐𝑟𝑖𝑡. = 2𝛾𝑒
𝜎𝑎𝑑ℎ.

        Eq.3-8 

 

Assuming that  𝛾𝑒  of the monolayer is of the same order of magnitude as the edge tension 

of bilayer membranes (1-50 pN) and that 𝜎𝑎𝑑ℎ. of Teflon AF is larger than the lysis 

tension of the reservoir (1-10 mN m-1); the  𝑤𝑐𝑟𝑖𝑡. of the current membrane device is on 

the order of a few tens of nm (𝑤𝑐𝑟𝑖𝑡. =10 nm for 𝛾𝑒 = 25 𝑝𝑁 𝑎𝑛𝑑 𝜎 = 5 𝑚𝑁 𝑚−1). Note 

that the spreading in the abovementioned device did not stop, but slowed down to a great 

extent at w=50 nm. It is therefore reasonable to assume that the critical lane width lies 

somewhere between 10 and 50 nm.  

However, there are also other factors that can slow down the lipid spreading at nanolanes. 

Surface roughness and local defects are some examples of such. The membrane viscosity, 

which is usually insignificant on the micrometer scale, is another element that very likely 

has a more pronounced effect of the spreading of monolayers at critical widths. In this 
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context, the characteristic length (Lc) is used to describe the cross-over scale, i.e., the 

width of the constriction where the membrane viscosity becomes more important 

than sliding friction (Equation 3-9). 

𝐿𝑐 =  �
𝜂
𝜁
   Eq. 3-9 

where 𝜂 is the 2D velocity of the lipid film and 𝜁 is the surface-monolayer friction. If 

there is pinning to the lane edge, the 2D film viscosity can play a role. If there is no 

pinning to the edge, the 2D viscosity is irrelevant, because the flow of surfactants will be 

a "plug flow", i.e., featuring no shear, and no viscous dissipation. 

Although the spreading over e-beam exposed areas is initially not favorable, it competes 

with the spreading in the confined nano lanes when the critical width is approached. 

Figure 3-7c shows the propagation of lipid film crossing the boundary frames, where the 

fuzziness of the borders increases while the newly filled lanes remain sharp at the edges 

(arrows 1 and 2 in figure 3-7c, respectively).  

Since the e-beam exposed areas are more hydrophilic in comparison with unexposed 

Teflon AF, one can assume that the formed lipid film on exposed frames is of bilayer 

nature. However, further observations revealed that the fluorescence intensity of the film 

at the frame is higher than for the membrane spreading on unexposed Teflon AF, but only 

by a factor of ~1.5 (Figure 3-7a-b), which excludes the possibility that the monolayer 

folds into a bilayer, since in this case the measured fluorescence intensity would be twice 

as high as the monolayer intensity.  

 
Figure 3-7  a) Higher fluorescence intensity at the e-beam exposed frame, b) The intensity profile from (a), 
c) Magnified view of one of the branches after 185 min of spreading time. Arrows 1 and 2 point to the 
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fuzzy, and the sharp edges of the lipid film spreading on the exposed area and in the newly filled end pools, 
respectively. 

Moreover, the geometry of the patterns in this membrane device as well as its fabrication 

parameters play crucial roles in the successful patterning of the monolayer film. It is 

shown that a minimum e-beam dose of 1125 µC/cm2, along with  a minimum frame width 

of 10 µm are required to guarantee the blocking of lipid spreading efficiently. It is 

especially important if it is desired to separate spreading lanes from each other as the 

cross-contamination can effectively be avoided by designing the pattern to leave a large 

enough distance between individual spreading areas.  

There are still several important elements that need to be addressed, regarding the 

development and characterization of this novel membrane device. Questions like whether 

the dye label interacts in some way with the exposed surface, and gets concentrated there, 

as well as the effect of dye charge and size on the behavior of the system, for instance, 

require further investigations.   

 

3.2.2. FABRICATION OF NANOTUBES  

One of the morphologies in which self-assembled lipid bilayer membranes can exist is a 

hollow (buffer-filled) tube (Figure 3-8). Known as lipid nanotube, this long cylindrical 

structure has a diameter (d) between ten to several hundred nm, depending on lipid 

composition. The length (l) is practically only limited by the available lipid material.  

 

 

 

Figure 3-8 Lipid nanotube segment with cross section. 
The wall of this cylindrical structure typically consists 
of a single bilayer membrane. The picture is not drawn 
to scale. L and d stands for length and diameter, 
respectively. 
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The first report on the occurrence of lipid nanotubes in between mammalian cells67 dates 

back to 2004, shortly after, the artificially generated nanotube-vesicle networks had been 

introduced.68 Even though membrane nanotubes are commonly observed in vitro in 

cultures of many different cell types, it is still not entirely clear whether they also exist in 

vivo. It remains a challenging goal to understand how long-range chemical and 

information transport between cells is organized, and to what extent nanotubes 

contribute.69-70 

Reports on the use of lipid tubes in nanoscale devices are still rather rare, but the interest 

in bottom-up strategies for fabricating such devices has been growing rapidly.71-74  The 

possibility to transport cargo through the flexible lipid conduits make them potentially 

useful in bioinspired sensing and computation devices, as well as ultra small chemical 

reactor networks.75-76  The few existing examples of such miniaturized soft matter 

reactors interconnected by nanotubes were challenging with respect to fabrication, 

requiring mechanical action with micromanipulators and glass microneedles to transform 

the membranes of liposomes into nanotubes.63, 68 It had not been possible thus far to 

fabricate lipid membrane nanotubes in such interconnected systems by more common 

nanofabrication methods.  

The energy barrier of nanotube formation, when starting from membranes, is quite high 

(~ 10 pN).77 This is due to the high bending curvature at the membrane-tube junction, so 

that the nanotubes can be generated only if a highly localized load is applied on a lipid 

membrane. The motor proteins like myosin, that convert chemical energy into a 

mechanical force, are thought to be one of the possible stimuli responsible for nanotube 

creation in cells.70, 78 In vitro, the localized force can be a hydrodynamic flow, mechanical 

manipulation with micropipettes, and optical or magnetic tweezers79-80. If a mechanical 

force is applied, for example by means of a glass micropipette to surface-immobilized 

giant unilamellar vesicles connected to a membrane source, tubes are generated, and 

terminated with a new vesicle, which derives its membrane material from the lipid 

reservoir by Marangoni flow. Thus, small networks of nanotube-interconnected 

membrane containers can be fabricated.69, 81 One recently reported alternative approach to 

nanotube generation involves the curvature generating abilities of nanoparticles, which 
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have been encapsulated in lipid double bilayer membranes. This artificial system 

produced spontaneous nanotubes in large numbers, and showed some resemblance to the 

action of virus particles in biological cells. 82    

In the work presented in this thesis (paper IV), a lipid double bilayer patch was 

manipulated by applying a local temperature gradient to generate networks of lipid 

nanotubes and flat giant unilamellar vesicles (FGUVs).  

The double bilayer membrane was formed by the deposition of a MLV on a high energy 

surface (Al2O3-coated glass), where the self-spreading of the MLV on the surface 

generates the supported lipid film (cf. Figure 3.3.b). Note that the formation of bilayers on 

hydrophilic high energy surfaces is strongly dependent on the ionic strength of the 

surrounding aqueous buffer.83-84 This is due to the high density of hydroxyl groups, which 

in turn elevates the negative charge of the surface (cf. chapter 2). Thus the presence of 

divalent cations like Ca+2 and Mg+2 in low concentrations, in particular, promotes the 

formation of double bilayers on the surface,85-86 as they facilitate the adhesion of the lipid 

film by screening the negative charge of both the surface and the lipid. 87 The surface 

tension gradient is the driving force for spreading of this type of lipid film, too. The thin 

layer of ions immobilizes the  lipid layer in the vicinity of the surface; therefore it is 

believed that the spreading of the double bilayer occurs by the sliding motion of the upper 

bilayer, which rolls down toward the surface in a tank thread-like motion (Figure 3-9).86  

 

 
Figure 3-9 The spreading mechanism of double bilayer membrane. The lower bilayer is immobilized on the 
surface by cations. Spreading occurs by a combination of sliding motion of upper bilayer and rolling of the 
edge. 
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As a result, a thin water layer of ~100 nm separates the two stacked bilayers, which is 

completely encapsulated. Therefore, the double bilayer can be viewed as a flat giant 

unilamellar vesicle (FGUV). 

When a local temperature gradient is created on a part of a FGUV the surface adhesion 

energy decreases, resulting in local de-wetting of the surface. Accordingly, a portion of 

exposed lipid molecules, in the form of a small vesicle, separates from the source and 

migrates along the generated adhesion gradient, known as thermomigration. Interestingly, 

it is leaving a nanotube behind. By either moving the location of the temperature source 

(a focused IR-B laser in this case), or moving the substrate while the heat source is fixed 

at its position, a network of nanotubes that interconnect double bilayer patches separated 

from the main membrane area, can be fabricated (Figure 3-10). 

 

 
 
 
Figure 3-10 Graphically enhanced representation of nanotube formation induced by thermomigration. The 
star shows the location of the IR-laser. The double bilayer membrane initially covered the entire visible 
area, and was driven apart by thermally induced de-wetting, forming the nanotubes in the process.   
 

 

Microfabrication techniques can be applied to pattern the surface, establishing a simple 

framework for guiding the nanotube formation. In the case presented here (paper I), an 

array of SU-8 corridors have been fabricated on a glass substrate. The patterned surface 

was coated by a thin layer of oxidized aluminum prior to the deposition of the MLV 

(Figure 3-11).  
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Figure 3-11 Directed thermomigration of mobile vesicles and formation of nanotubes. a) A schematic of 
the cross sectional view of fabricated surfaces. b–c) Scanning electron micrographs (SEM) of the SU-8 
corridors in top and perspective view, respectively. The red arrows indicate the entrance of the corridors. d-
i) The entry of a mobile lipid vesicle into an SU-8 corridor. The wall positions are marked with white 
dashed lines. The location of the IR-laser spot is marked with a yellow star, and the direction of its 
translation with green dashed arrows. e) Separation of the mobile vesicle from the bulk film, as it enters the 
corridor. The vesicle is confined inside the walls. f–i) Migration of the mobile vesicle, leaving a trailing 
nanotube behind. The blue arrow head in (f) points to a Y-junction between the lipid nanotubes formed in 
the process. 
 
 
This unconventional contact-free fabrication method of nanotubes is an example of soft 

matter nanofabrication, where the combination of conventional top-down lithography 

with the self-spreading bottom-up strategy leads to a versatile membrane device. It 

provides a facile means of fabricating lipid nanotubes on-demand. The particular strength 

of this technique is the ability to easily generate a new kind of vesicle-nanotube network, 

which has significant advantages over the earlier reported networks produced by the 

microneedle technique.68   
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 major share of the work presented in this thesis has been performed on substrates 

coated with the amorphous fluoropolymer Teflon AF®, therefore a separate 

chapter has been dedicated to discuss thoroughly the properties of Teflon AF and related 

procedures. 

Introduced in 1989 by Du Pont, Teflon AF (TAF) is the trade name for poly-(4,5-

difluoro-2,2-bis- (trifluoromethyl)-1, 3-dioxole-co-tetrafluoroethylene), the final product 

of copolymerization of tetrafluoroethylene with (2, 2-bis-trifluoromethyl-4, 5-difluoro-1, 

3-dioxole) PDD (Figure 4-1).88  

 
Figure 4-1 Chemical synthesis of Teflon AF 

Like all other members of the perfluoropolymer family, i.e., polymers in which all the 

hydrogen atoms have been replaced by fluorine, TAF has excellent thermal stability, 

chemical inertness, and low surface energy, owed to the strong C-C bond (607 kJ/mol) 

and the special nature of the C-F bond (507 kJ/mol). Due to the high electronegativity of 

fluorine, the C-F bond has ionic character, which causes an electron sheath around the C-

C bonds in the backbone of the polymer. This protects them against decomposition by 

chemical reagents and thermal breakdown processes.89-91 In contrast to other 

fluoropolymers, which are semicrystalline, TAF has an amorphous structure. It is 

optically transparent down to 200 nm in wavelength.92 The existence of dioxole groups in 

the structure of TAF distinguishes it from similar perfluoropolymers, adding beneficial 

properties like increased solubility in some perfluorinated solvents.  

Besides the weak van der Waals interactions in TAF, which inhibit the perfect packing of 

chains in the amorphous regions, the high rotational barrier of the dioxole group (60 

kJ/mole)64 causes large spaces between the polymer chains (free fractional volume, FFV) 

A 
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with a cavity size of 12-16 Å. This allows for high permeability for gases and some 

solvents through thin films of the polymer.93 Many properties of TAF depend on the ratio 

of its monomers in the structure (Table 4-1). For example, its solubility in fluorinated 

solvents decreases with an increasing share of PDD. Commercially, there are two grades 

available; Teflon AF 1600 (glass transition temperature (Tg) of 160°C) and Teflon 

AF2400 (Tg of 240°C), that contain 64 and 83 mol % of PDD, respectively. 

Table 4-1 Key properties of Teflon AF 

 Teflon AF 1600 Teflon AF 2400 

Dielectric constant 1.93 1.89 

Optical transmission >95% >95% 

Refractive index 1.31 1.29 

Tg (°C) 160 240 

Volume coefficient of thermal expansion (ppm/°C) 280 300 

Gas permeability  O2 (Barrer) 340 990 

In addition to applications of TAF as a protective coating layer, 94-95 TAF is used in 

electronics as an efficient insulator,96-98 especially because it possesses one of the lowest 

dielectric constant (1.89) of all known solid polymers.90, 99 

Relying on the high FFV and chemical stability, TAF films have been widely applied as 

membrane in chemical analysis of binary mixtures of chlorinated hydrocarbons,2 

carbondioxide/methane or helium,100 hydrogen/methane,101 or to detect and filter 

ozone,102 as well as oxygen.103 Moreover, the new generation of waveguide sensors in 

which the liquid core tube has been coated by TAF, have higher sensitivity in detecting 

trace amounts of molecules.34, 104  

Research on TAF in the life science context revealed excellent biocompatibility, and 

cytophobicity.105 This led to investigations on TAF as substrates for biomembranes,66 and 

cell patterning.60, 106-108 In comparison with the commonly used epoxy photoresist SU-8, 

and other typical low energy polymeric surfaces fabricated from materials such as PMMA 

and EPON, TAF exhibits much lower surface energy (cf. Chapter 2) and very low auto-

fluorescence, which makes it a superior choice for biological studies involving 

fluorescence microscopy techniques.66, 109 



Advances in soft matter nanofabrication                                         4. Patterned Teflon AF Surfaces 

 

37 
 

4.1. PATTERNING OF TEFLON AF 

Although the chemical inertness of TAF is considered an advantage in many cases, it 

causes practical difficulties in micro- or nanopatterning of this polymer. TAF is insoluble 

in most organic solvents. Current fabrication techniques (Table 4-2) for micropatterning 

of fluoropolymers, including TAF, are mostly based on etching the material off the 

surface by means of focused ion beam (FIB), synchrotron radiation (SR), and focused 

laser beam techniques, all of which achieve resolutions of a few micrometers.110-114 

Standard photolithography methods have also been reported as an alternative, allowing 

for micropatterning of TAF surfaces with the smallest feature size of ~1-2 µm.60, 107, 115 

Therefore, new fabrication strategies for fabricating patterns on TAF films with smaller 

features than currently possible have the potential to enable new application areas.  

Table 4-2  Summary of available pattering methods for TAF 

No Process/material 
Minimal 
reported feature 
size 

Application Reference 

1 
Laser ablation/ 
PTFE 

50 µm --- 
Costela, et.al., 
J. Appl. Phys, 1995 110 

2 
Photolithography 
&Plasma etching/ 
PTEF 

5µm Cell patterning  Makohliso,et.al., iosensors & 
Bioelectronics, 1998107 

3 
Photo-etching by  SR/ 
PTFE 

80 µm --- Katoh,et.al., Sens. Actuator A-
Phys, 2001113 

4 
Micro molding/ 
Teflon AF 

2µm 
Ion channel 
recording on lipid 
bilayers 

Mayer,et.al., Biophys. J,2003115 

5 
E-beam patterning/ 
Teflon AF 

200 nm 3D lithography 
Karre, et.al.,  
IEEE Trans. 
Nanotechnol,2009116 

6 
Microcontact printing 
/ 
Teflon AF 

1-2- µm Cell patterning  Valle,et.al., Advanced 
Engineering Materials, 2010106 

7 
FIB  mask-less etching 
/ 
PTFE 

Fibers:  130 nm 1 
Fibers: 90 nm 2 

---- 

1. Miyoshi,et.al., Radiat. Phys. 
Chem,2011111 
2. Fukutake,et.al, Jpn. J. Appl. 
Phys, 2010 112 

8 
Photolithography & 
lift-off/ 
Teflon AF 

1µm Mixing of lipid 
monolayers 

Czolkos, et.al., SoftMatter, 2012 
60 

9 
Thermal molding/ 
PTFE 

500 nm --- Kobayashi,et.al., Nucl. Instrum. 
Methods Phys., 2013114 
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4.1.1. PATTERNING BY ELECTRON BEAM RADIATION 

An alternative technique to fabricate nano-sized patterns on TAF uses direct electron 

beam irradiation on nanometer-thin films of the polymer. The first report by Karre et al., 

who applied it to 250 nm-thick layers of TAF on silicon wafers, describes the formation 

of trenches in the exposed areas with a minimal feature size of ~200 nm.116 According to 

their findings, e-beam treatment causes changes in the molecular structure of the material 

due to chain scission, which is accompanied by the loss of small gaseous compounds, 

including hexafluoroacetone and acid fluoride radicals.  

This technique has been applied in the present work (paper I and II), to fabricate patterned 

TAF surfaces, where the effect of e-beam radiation on a thin film of TAF has been 

studied in more detail.  

 
Figure 4-2 Water contact angle measurements on a) Plain Teflon AF; and b) E-beam exposed Teflon AF  

One of the main features of e-beam exposed TAF is the considerable reduced 

hydrophobicity. This has been shown by water contact angle measurements on as-spun, 

and irradiated TAF surfaces that indicate a decrease from 118° to 94°, respectively 

(Figure 4-2).  

In addition to hydrophobicity changes, the wettability is affected by the roughness of the 

surface (cf. chapter 2). Roughness measurements using AFM showed that TAF surfaces 

become almost three times smoother after being treated by e-beam radiation (Figure 4-3).  
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Figure 4-3 AFM images of Teflon AF surfaces roughness before and after exposure to e-beam radiation, a) 
Unexposed Teflon AF, b) Exposed Teflon AF. The exposed area has a 3x reduced surface roughness. 

 

The reduced hydrophobicity of exposed TAF surfaces can be explained by the formation 

of C=O functional groups, due to the degradation of the polymer by e-beam radiation. 

The latter has been concluded from the appearance of a peak around 535 eV in X-ray 

photoelectron spectroscopy (XPS) oxygen analysis (Figure 4-4). There are in fact other 

studies that question the chemical inertness of TAF.117 Lai et.al, found that this polymer 

originally contains carboxyl functional groups at very low concentrations. Their 

observation was based on the potentiometric measurements using TAF as ion selective 

membrane, where Ca+2 ions and unprotonated ionphores showed strong interaction to the 

membrane. This finding was supported by spectroscopic evidences, suggesting that the 

carboxyl group is the result of hydrolysis of (C=O)F  (acid fluoride) groups in the 

backbone of the polymer.118 
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Figure 4-4 a) Carbon XPS spectra of unexposed Teflon AF. b) Oxygen XPS analysis of unexposed Teflon 
AF. c) Carbon XPS spectra of e-beam irradiated Teflon AF. d) Oxygen XPS analysis of e-beam irradiated 
Teflon AF. 

As mentioned earlier, another noticeable feature introduced to TAF films by e-beam 

radiation is the formation of dose-dependent trenches in exposed areas (Figure 4-5a). The 

effect of the applied e-beam dose to the depth of the structure is shown in figure 4-5b. 

Moreover, according to Karre et.al., the pattern depth is linearly dependent on the initial 

thickness of the deposited film, i.e., deeper trench structures are formed on thicker film 

layer under the same exposure conditions.116 

 E-beam lithography inevitably involves the accumulation of electrons in the material, 

which generates surplus negative charges in the exposed regions. Due to the presence of 

the polarized C-F bond, TAF is considered as an electret, a material with quasi-permanent 

dipole polarization, which can keep the applied charges for very long term.119 The 

exposure of e-beam radiation with 100kV on ~ 40 nm thick films of TAF generates 

surface potential differences of about 120mV, regardless of the applied dose (Figure 4-

5c). 



Advances in soft matter nanofabrication                                         4. Patterned Teflon AF Surfaces 

 

41 
 

 
Figure 4-5 a) AFM topography image of the Teflon AF surface after e-beam exposure. b) Dose 
dependency of the surface potential (blue diamonds) and trench depth (red squares). c) Kelvin probe force 
microscopy image of the e-beam-exposed frame. 

 

In paper II, the application of e-beam patterned Teflon AF surfaces as a substrate to guide 

and pattern different kind of embryonic cells has been investigated (Figure 4-6). This new 

approach of cell patterning relies on the appearance of more carboxyl groups upon 

chemical change at exposed areas, which, along with electrostatic interaction, shows 

strong cytophilic properties to support cell adhesion.  

 
Figure 4-6  Bright field microscopy image of different cell lines on e-beam patterned Teflon AF surfaces, 
a) Human embryonic kidney cells, b) adherent Chinese hamster ovary cells, c) neuroblastoma cells. The 
inset shows the outline of the pattern. 
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4.1.2. PATTERN DEVELOPMENT 

An important disadvantage of direct e-beam patterning using the Karre technique is that 

isolated structures cannot be fabricated on TAF surfaces, as is common with ordinary 

photo- or e-beam resists. To be able to isolate the exposed pattern, a selective solvent 

(developer) is required that discriminates between exposed and unexposed regions on 

TAF.  

One of the most recent advancement in this regard has been introduced in our current 

work (paper III) where it is shown that  perfluorinated 2-butyl tetrahydrofurane (Trade 

name Flurinert FC 75) dissolves TAF, but not the exposed areas, and can therefore be 

used as developer to complete the lithographic procedure, achieving nanometer 

resolution. Figure 4-7a and b show AFM images of exposed TAF before and after 

applying FC75, respectively. 

 
Figure 4-7 a) Atomic force microscopy (AFM) image before development, showing an e-beam exposed 
line array (line width 70 nm), b) AFM image after development of the structure shown in (a). The colored 
fields at the bottom indicate the pitch. c) AFM image of an array of lines exposed to 350 µC/cm2 of e-beam 
radiation, d) an enlarged image showing lines with 30 and 40 nm in width and different distances, e) The 
sensitivity curve of Teflon AF, inset) Response of the Teflon AF film directly after exposure. 
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Considering the finding that overdevelopment does not occur, the lower solubility of e-

beam exposed TAF in FC 75 might be associated with the formation of carboxyl groups, 

and the associated increase in hydrophilicity. More specifically, the degradation of TAF 

at the dioxole groups120-121 decreases the FFV in the exposed areas, which, possibly along 

with the resulted higher density, reduces the solubility by restriction of solvent 

penetration into the polymer chains. 

Since the exposed areas remain on the substrate after development, TAF can be 

considered as a negative e-beam resist. Using the contrast curve (Figure 4-7e), the 

sensitivity of TAF, i.e., the minimum energy required to define the structure after 

development, is ~175 µC/cm2, and its contrast is calculated as γ = (log 𝐷1
𝐷0

)−1 = 1.2. , 

where D1 is the dose at which the resist thickness does not change, and D0 the dose at 

which the film is removed completely. The smallest feature size obtained by applying 

optimal conditions is 30 nm, determined in wide dense arrays of nanolanes with 40 nm 

pitch (Figure 4-7d). There are a number of factors that affect the resolution of the 

lithographic process, including initial film thickness, applied acceleration voltage, and 

development time and temperature. Accordingly, TAF is comparable with other common 

e-beam resists like HSQ (Hydrogen silsesquioxane) at the same acceleration voltage; (20 

nm in width and pitches using 7000 µC/cm2 on 50 nm-thick films).122-123 

 
Figure 4-8 a) AFM micrograph of the surface after e-beam exposure and development of a 35 nm Teflon 
AF film. b) Total internal reflection fluorescence (TIRF) micrograph showing surface coverage after 
deposition of porphyrin/label-modified DNA assemblies. 



Mehrnaz Shaali, 2015 

 

44 
 

One of the exemplary applications of TAF as an e-beam resist is shown in this thesis 

(paper III) where the interaction of DNA origami (cf. method section) with developed 

TAF was investigated. In this study, the rectangular DNA origamis modified with 

adhesion promoter anchors and fluorophores were deposited onto a glass surface 

patterned with an array of nanopillars of TAF with the same size as DNA origami 

(70×110 nm) and pitches of 1µm (Figure 4-8a).Using high resolution TIRF microscopy, it 

has been shown that developed TAF nanostructures selectively attract and accommodate 

DNA origamis with considerable surface coverage (Figure 4-8b). 

The work on Teflon AF thin films revealed several interesting aspects, which can be 

developed into new applications. Sensing devices, optical components, and optimized cell 

culture surfaces are some of the possibilities this line of research offers.   
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5.1. SUBSTRATE PREPARATION 

The fabrication of customized micro/nano patterned surfaces using top-down 

nanotechnology approaches was an essential part of this thesis. All the fabrication and 

characterization steps have been performed in the clean-room environment at the 

Nanofabrication Laboratory MC2 at Chalmers. A brief introduction of photo- and 

electron beam lithography techniques is presented in the following section.  

 

5.1.1. PHOTOLITHOGRAPHY 

One of the approaches to generate microscale features on a surface is conventional 

photolithography, which is an optical printing process. Generally, this method 

comprises a sequence of processing steps, which differs slightly depending on the 

photoresist used, the nature of the substrate and other factors. Common process steps 

are:    

•  Pattern design and mask fabrication 

•  Preparation of the substrate including cleaning and deposition of a thin layer of a 

resist 

•  Soft baking of the resist 

•  Pattern exposure  

•  Image development 

An example of the process is schematically depicted below (Figure 5-1): 

 

Figure 5-1 Essential steps in photolithography. The resist is positive, only the exposed areas are removed 
by the developer solution. 
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The mask is a chromium-coated glass or quartz plate, onto which the pattern has been 

transferred (e.g. by e-beam lithography), defining transparent and opaque regions. The 

pattern is commonly designed by 2D CAD software. To coat the substrate with a thin 

layer of a photosensitive polymeric material, i.e., photoresist, the spin-coating technique 

is typically used. After a baking step, which removes the solvent from the polymer film, 

substrate and mask are brought into close contact, and exposed to UV-A light for a 

defined time. The solubility of the exposed resist in the subsequently applied developer 

solution changes at this stage.  If the solubility of the resist in the developer increases 

after exposure, the resist is referred to as “positive”. This can be due to chain scission of 

the polymer, which increases its solubility directly or it can be because of the photolysis 

of a solubility-reducing additive in absence of which the polymer would be well soluble 

in the developer solution. In the case of “negative” photo resists, the solubility of the 

exposed regions decreases, caused by cross-linking of the resist’s polymer chains, 

which is initiated by an added photoactive compound. The resolution of a 

photolithographic process is limited to a few micrometers due to scattering of light at 

longer wavelength. The resolution also depends on the type of photoresist, its thickness, 

and the exposure time. To complete the procedure, a chemical “developer” is used to 

selectively remove the more soluble part of the resist coating and thereby discriminates 

between the exposed and unexposed areas of the resist.124  

In paper IV, photolithography is applied to fabricate microstructures on SU-8 substrates 

with a minimum feature size of approximately 1 µm. SU-8 is a negative tone resist, 

composed of bisphenol A Novolac epoxy dissolved in cyclohexanone or γ-

butyrolactone, which is sensitive to UV-A light (360 nm). The photoactive catalytic 

additive of SU-8, triarylsulfonium hexafluoroantimonte, promotes the release of H+ that 

consequently opens the epoxy rings in the side chains of the polymer (chemical 

amplification). The activated epoxy groups subsequently form covalent bonds with 

other epoxy groups on neighboring molecules and make effectively cross-linkined 

chains. SU-8 is a very common resist in microfabrication. It offers a high aspect ratio, 

high optical transparency, as well as good chemical stability and mechanical 

properties.125 
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5.1.2. ELECTRON BEAM LITHOGRAPHY (EBL) 

Photolithography is not a suitable system for nanofabrication, due to the diffraction 

limit imposed by the comparatively long wavelength of the exposure light. By using 

deep UV lithography (λ~254 nm), the smallest achievable dimensions are of the order 

of 0.5-1 µm. One of the common approaches to overcome this limitation is using 

electron beam (e-beam) radiation instead of light. The history of electron beam 

lithography (EBL) goes back to the 1960s, when Mollenstedt and Speidel reported on 

the fabrication of high resolution patterns using a conventional scanning electron 

microscopy system.126 Being a key to advancements in integrated circuit fabrication in 

the semiconductor industries, EBL systems have been developed remarkably in the past 

decades.127 The fundamental procedure of EBL is in principle the same as in 

photolithography, comprising the designing of patterns, preparation of the substrate, 

pattern exposure, and development. The resist here is an electron beam sensitive 

material, and the substrate should be electrically conductive to avoid charging effects 

caused by the accumulation of electrons in the 

resist layer. E-beam resists are also grouped as 

positive and negative. An EBL system 

generally includes an electron gun to generate 

the beam, electron “optics” to adjust and 

deflect it, and also a calibrated stage control 

unit which enables the exposure in precisely 

defined locations on a large area of the 

substrate (Figure 5-2). In contrast to 

photolithography, which can be performed 

under ambient conditions, the whole 

procedure of EBL requires high vacuum.  

 

Figure 5-2 Simplified scheme of an electron beam lithography system. The electron radiation is 
accelerated at lens 1, and concentrated at lens 2.  Lenses 3 and 4 are responsible for the deflection and 
focusing of the beam, respectively 
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The pattern for EBL is designed by means of CAD software, converted and transferred 

to the electron beam lithography system. The pattern is directly written onto the resist-

coated substrate, which is subsequently developed in a suitable developer. 

 There are various influential phenomena occurring upon collision of the e-beam with 

the material (cf. scanning electron microscopy), among which scattering has the 

greatest impact. Depending on whether the electrons lose their energy partly or not, 

scattered electrons can be categorized as inelastic and elastic. The inelastic scattering, 

which deposits energy in the resist, is the main reason for pattern generation. Elastic 

scattering on the other hand, generates secondary electrons (SE), which have a negative 

effect on the resolution of lithographic process.  Forward scattered electrons, with 

characteristic scattering angles < 90 degrees, travel short distances and tend to intensify 

the effect of the primary beam, which in turn broaden the size of the features. This 

effect can be diminished by applying thinner resist layers, or higher acceleration 

voltage. High energy backscattered electrons (BSE), on the other hand, travel longer 

distances, thereby reaching the substrate underneath the resist. BSE contribute to the 

proximity effect, i.e., an increased dose that a feature receives, that eventually results in 

uneven feature width of the pattern, and overexposure. Since the backscattering 

intensity has a reciprocal relation to the applied energy, higher acceleration voltage can 

reduce the proximity effect. Dose variation along the pattern is a useful technique to 

control the proximity effect, which has been used in the exposure of the lipid spreading 

lanes described in paper 1.128-130 

E-beam lithography was used extensively in the work described in this thesis. In paper 

III, Teflon AF is introduced as a new negative non-amplified e-beam resist. In paper I 

and II, direct EBL is used to pattern Teflon AF surfaces, onto which cells and lipid 

monolayers have been patterned, and subsequently manipulated. The direct use of 

undeveloped patterns is a less common application of e-beam lithography-generated 

surfaces. The formation of recessed structures resulted from the degradation of Teflon 

AF during exposure, is exploited in paper I for confinement of lipid films, while the 

formation of new chemical moieties on the polymer substrate is promoting cell 

adhesion (paper II). 
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5.2. IMAGING TECHNIQUES 

Obtaining highly resolved images of the fabricated micro- and nanoscale structures and 

devices was an important procedure in this thesis work, for which different variety of 

optical and non-optical microscopy techniques have been applied. The techniques were 

selected based upon the requirements and properties of the system under study, and the 

specific benefits that each of these techniques provides.  

In paper II, bright-field microscopy was applied to image surface-adhered biological 

cells, while in papers I, III and IV, different fluorescence microscopy techniques were 

used to investigate the lipid film propagation, DNA origami localization and nano-tube 

formation, all of which cannot be visualized using conventional light microscopy, due 

to their optical properties. The non-optical imaging techniques have also been used to 

characterize the patterned surfaces. The techniques are described in more detail in the 

following sections. 

 

5.2.1. OPTICAL MICROSCOPY TECHNIQUES 

Since the invention of first practical microscope by van Leuwenhoek (1630s),131 

research to overcome the resolution limit, which arises from the diffraction barrier in 

optics, has led to various improvements and new imaging techniques. Generally, if the 

lateral distance between two points (r) in a sample is less than half of the wavelength of 

the used light, it cannot be resolved using a conventional light microscope. This is due 

to the constructive and destructive interferences between the diffraction originated Airy 

patterns of each point in the sample.132 This can be quantified using the Rayleigh 

criterion (Equation 5-1).  

𝑟 = 0.61𝜆
𝑁.𝐴.

    Eq.5-1 

 

where λ is the wavelength of the light, and NA is the numerical aperture of the 

microscope objective. The NA describes the capacity of the objective to collect as much 
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diffracted light as possible. It is linearly related to the refractive index (n) of the 

medium between the objective and the sample, as well as to the half-angle θ of the 

largest cone of light that can enter or exit the objective lens (Equation 5-2).  

𝑁𝐴 = 𝑛 𝑠𝑖𝑛 𝜃      Eq. 5-2 

Possibilities to increase the resolution (reducing r in eq. 5-1) include increasing the NA 

of the objective, either by means of sophisticated optics with a wider acceptance cone, 

or by increasing the refractive index of the medium between objective and sample. 

Another alternative to increase the resolution is the application of shorter wavelength 

light. The latter however, is not a favorable solution for studying biological samples, 

which can be degraded by short-wavelength (high energy) radiation.133 

One way to increase the contrast of the image from transparent, unstained samples is by 

using diffraction interference contrast (DIC) microscopy.  In this setup, a Nomarski 

prism is used before the sample, to split the light into two parallel, perpendicularly 

polarized rays. These rays pass through the sample in two adjacent points; therefore 

they diffract differently, which results in a relative phase shift. Another Nomarski prism 

after the sample recombines the two separated semi-coherent rays, where their 

interference results in different brightness of the image in different points, hence 

generating enhanced contrast.134                                  

                                                                                                                                                                                                                                                        

5.2.1.1.  FLUORESCENCE MICROSCOPY 

By using fluorescent probes in combination with one of several existing fluorescence-

based microscopy imaging techniques, it is possible to study rather conveniently 

different aspects in optically transparent biological samples, including lipid monolayers, 

and lipid nanotubes. Position and distribution of the fluorophores in the sample, as well 

as fluorescence lifetime and interaction (energy transfer) are some examples of 

information that can be obtained by applying this technique.  

 In fluorescence microscopy, a light source excites a fluorescent species in the sample 

of interest. This species emits light of a longer wavelength, which produces the image 
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instead of the original excitation light. The fluorescent species (fluorophore, or 

fluorescent probe), is a chemical compound that re-emits light upon illumination with 

high efficiency.  

When a photon interacts with a molecule, an electronic transition from the electronic 

ground state (E0) to an excited state (En) can occur if the photon energy is of the order 

of EPh~(En-E0). Subsequently, release of a photon is one of several different pathways to 

liberate the acquired energy of the photo-excited molecule. When a singlet electron in 

an excited state is paired with the electron in the ground state, the return of the electron 

to the ground state is allowed. The result is the emission of a photon (fluorescence), 

which possesses less energy in comparison with the absorbed photon, due to some loss 

that occurs by vibrational relaxation in the excited state.  

The energy difference between absorbed and emitted photon (Stokes shift) mostly 

depends on the nature of the absorbing molecule. A number of other possible relaxation 

pathways, which are schematically expressed by the Jablonski diagram (Figure 5-3), are 

possible.135  

 
Figure 5-3 Jablonski diagram showing ground (S0) and different excited states (S1,2) as well as possible 
relaxation pathways 
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Fluorescence microscopy is based on separation of absorbed and emitted light, 

exploiting the Stoke shift. In this thesis three different fluorescence microscopy systems 

have been used, namely, wide-field fluorescence, total internal reflection, and confocal 

microscopy.  

 

 
Figure 5-4 Simple schematic of fluorescence microscopy configurations. a) Wide-field laser induced 
fluorescence microscope, b) Total internal refraction microscope, and c) Confocal microscope  

 

Laser-induced fluorescence microscopy (LIFM) is a wide-field technique, where a 

fluorophore-labeled sample is excited by a strong monochromatic light source, most 

commonly a laser beam. The exceptional intensity of the laser light improves the 

efficiency of the imaging by a higher rate of excitation. Moreover, the inherent 

monochromatic character of laser removes the need of application of excitation filters. 

Collecting of the emission light is done by the objective lenses, after which it is 

transferred to a camera (Figure 5-4 a). One of the main features in this microscopy 

setup is the use of a beam splitter in the light path before the objective, which separates 

emission and excitation light.  

 



Advances in soft matter nanofabrication                                                                         5.Methods                          

 

55 
 

Total internal reflection microscopy (TIRF) is similar to LIFM, except that only a 

thin layer above the substrate surface is excited (Figure 5-4b). In this setup the 

excitation light is aligned in a way that the incident light is completely reflected at the 

interface of the sample and the medium. The resulted near-field wave, however, can 

travel a short distance through the sample and will therefore illuminate only the 

fluorophores that are in close vicinity of the interface. This in turn increases the quality 

of the obtained image extensively by eliminating the excitation of fluorophores in other 

parts of the sample. Improvements in resolution can be further achieved by super 

resolution microscopy techniques.  

As an improved fluorescence-based method by confocal microscopy, even 3D-

scanning of the sample is possible. Compared to the conventional optical microscope, 

wherein the entire sample is illuminated by the incident light, in a confocal microscopy 

system the emission light of only a specific horizontal plane (slice) of the sample at the 

focal point is collected (Figure 5-4c). The main beneficial feature of the confocal 

microscopy is that out-of-focal plane light, i.e., from above and below the focal point, is 

being removed by an aperture (pinhole) in front of the detector. Compared to wide field 

LIFM the resulting image is better defined.  

Despite of the high selectivity and contrast, standard fluorescence microscopy 

techniques are still subject to the diffraction limit. This can be overcome by means of 

super resolution microscopy techniques like STORM, stochastic optical 

reconstruction microscopy. Relying on the Gaussian profile of the Airy disc from a 

single emitter, in STORM, the distances are extracted by mathematical analysis on the 

accumulated data obtained from a single point in a defined time window.136 This 

essentially involves using photoswitchable fluorophores, i.e., fluorophores that goes 

through several dark and bright states before becoming bleached completely, to avoid 

overlapping of different points.137 In paper III, STORM analysis was used to 

characterize the position of DNA origami on the Teflon AF nanopillars, where the 

fluorescence data were initially collected in the TIRF set-up.   
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5.2.2. NON-OPTICAL MICROSCOPY TECHNIQUES  

Suffering from the diffraction limit, optical microscopy is unable to reveal finer details 

in the nanoscale. Moreover, optically transparent substrates are a requirement for most 

optical microscopy methods. As mentioned earlier in the lithography section, electron 

beam methods are one way to greatly improve resolution, where transparency is not a 

requirement. The advancement of nanotechnology is significantly indebted to the 

invention of scanning probe and scanning electron microscopy (SPM/SEM) techniques. 

In SPM, the interactions between the surface and a physical probe in a close proximity  

are measured, and the information is used to adjust the distance between probe and 

surface, while the probe is translated to scan the substrate. Examples of interactions are 

force, electrical current, surface potential, and magnetic force, each of which is the 

origin of different SPM technique. SEM employs an electron beam to scan the surface 

of a substrate, where secondary and/or backscattered electrons are collected to generate 

an image.  

In paper I, III and IV atomic force microscopy (AFM) was used to characterize the 

patterned Teflon AF and Aluminum oxide surfaces, respectively. Moreover, to 

determine the surface potential of exposed Teflon AF, in paper I, Kelvin probe force 

microscopy (KPFM) was applied. Scanning electron microscopy (SEM) was used to 

image the patterned SU-8 surfaces in paper IV. 

 

5.2.2.1. ATOMIC FORCE MICROSCOPY (AFM) 

Atomic force microscopy (AFM), which was introduced in the 1980s, is one of the most 

powerful imaging techniques to characterize surfaces on nanometer length scales with 

sub-nanometer height resolution.138   

In its most basic form, an AFM consists of five main elements.139 A probe featuring a 

sharp tip with nanoscale curvature is attached to a flexible microcantilever. When the 

probe and the surface are brought into close proximity, different intermolecular 

interactions, like van der Waals and electrostatic forces, act in between them, causing a 
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deflection in the cantilever.  The second element is a sensing system to detect the 

deflection. This is done usually by deflecting a laser beam off the cantilever towards a 

photodiode which is connected to a computer-operated feedback loop that keeps control 

of the position of the tip above the surface. A mechanical translation system for raster 

scanning of the sample, which is a piezoelectric actuator, and a monitoring component 

to convert the collected data into an image are the other essential components of the 

system (Figure 5-5). 

 

 

 

 

Depending on the sample and desired 

information, AFM can be operated in one 

of three modes: contact, tapping, and non-

contact. Affected by long-range intermolecular forces, the tapping mode image is 

formed by the change in oscillation amplitude or phase of a cantilever operating close to 

its resonance frequency. This is a preferred mode to scan soft matter, due to the mild, 

non-destructive operation conditions.140 The resolution of AFM greatly depends on 

factors such as the quality of tip, optimum scan rate, and the use of a tip with a proper 

spring constant. Coating and sharpness also affect extensively the resolution of final 

image. Since its invention, AFM went through considerable technological 

developments by which the properties of the sample other than its topography can be 

studied. Relying on different interactions between probe and sample mechanical,141 

magnetic,142 and electrical measurements143 for instances are possible by AFM, using 

customized tips and setups.  

5.2.2.2. KELVIN PROBE FORCE MICROSCOPY (KPFM) 

Kelvin probe force microscopy (KPFM) was first introduced by Nonnenmacher in 1991 

as a new AFM setup to measure the local surface potential with nanometer lateral 

resolution.144 With respect to setup and operation, this instrumental technique is quite 

Figure 5-5 Schematic representation of atomic force 
microscopy set-up in contact mode. The deflection 
of the cantilever is determined by measuring laser 
beam displacement on a photodiode 
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similar to AFM. The cantilever in KPFM, however, must be conductive, which is 

typically achieved by using highly doped semiconductor, or metallized ordinary AFM 

cantilevers.145 

KPFM measures the work function (Φ) difference between the sample surface and the 

tip. When the probe and the surface are close enough to each other, there is an electrical 

force between them due to the difference in their Fermi energies. Upon connecting tip 

and sample with an electric circuit (measurement setup), the initial electron flow 

equilibrates the Fermi energy levels, and accumulates charges on the tip and the 

surface, which generates an external voltage difference (contact potential difference, 

CPD). By applying a DC voltage with the same magnitude in opposite direction through 

the measurement setup, the surface charge is diminished by an amount which equals the 

voltage difference between the tip and the sample, allowing the surface potential to be 

quantified (Figure 5-6). Obtaining a high resolution KPFM image is greatly dependent 

on the sharpness and conductivity of the probe, as well as on the conductivity between 

the cantilever and the probe holder. Owing to the non-destructive nature of the method, 

the application of KPFM to study the electrical properties of biological samples and 

polymers is growing extensively. In paper I, KPFM was used to determine the 

difference in surface potential between exposed and unexposed Teflon AF.   

 
Figure 5-6  Fermi energy levels. a) The tip and sample are close but not electrically connected, b) Fermi 
levels align when the tip and sample are electrically connected, c) The electrostatic field is canceled by 
applying external voltage in opposite direction. 
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5.2.2.3. SCANNING ELECTRON MICROSCOPY (SEM) 

The scanning electron microscope (SEM) is undoubtedly one of the most influential 

instruments in modern physics and material science. It helped extensively to initiate the 

nanotechnology revolution by providing the possibility to directly observe the 

nanoscale features. After three decades of developments following the demonstration of 

the SEM principle by von Ardenne in 1937, the first commercial SEM was introduced 

in 1965 by the Cambridge Scientific Instrument Company.146 Nowadays the SEM is a 

particularly versatile instrument that is widely used both in industry and academic 

research laboratories in many different fields to characterize the materials. 

Constituting actually the origin of electron beam lithography, the main instrumental 

concept and structure of SEM is very similar to EBL. In contrast to EBL, however, the 

beam in a SEM system is used to image the sample rather than causing structural 

changes in a resist film. The SEM is composed of an electron column to generate and 

control the beam, a chamber to provide vacuum, hold and manipulate the sample, 

different detectors to collect the signals, and finally a computer to generate the image. 

As mentioned earlier in e-beam lithography section, when the primary electrons of the 

beam (PE) reach the surface of a material, they can be scattered slightly (forward 

scattering) or heavily (backscattering). Moreover, upon the collision of high energy PE,  

different type of electron transitions in the material can occur, which generate 

secondary electrons (SE), i.e., the released valence electrons from surface atoms, also 

Auger electrons or x-ray radiation during the associated relaxation processes (Figure 5-

7). 

 
Figure 5-7 Simplified illustration of electron beam interaction with solid material 
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Detection of secondary electrons (SE) by means of the Everhart-Thornley detector is 

the most common SEM mode to create a surface topography image.146 This detector 

consists of a scintillator that emits luminescence photons when being excited by SEs, 

and a photomultiplier that converts photons to intensified electrons. 

Even though the secondary electrons can be ejected from all the atoms of the material, 

only the ones from the surface will produce a detectable signal. The rest usually gets 

reabsorbed before reaching the surface. Therefore, back scattered electrons (BSE) are 

collected by a solid state BSE detector, and are used to obtain information about deeper 

regions of the sample, by providing higher contrast based on the average atomic number 

of the material in the sample.147 The X-ray signal provides detailed information about 

the composition of the material. This is of particular importance when working with 

unknown samples. Accordingly, modern SEMs are equipped with an energy dispersive 

x-ray detector as well.148   

In paper IV, SEM was used to characterize the micro-scale SU-8 photoresist lanes on a 

Ti/Al-coated glass substrate (Figure 5-8), which was designed to confine and direct 

lipid double bilayer patches after displacing them by means of an infrared beam. 

 

 
Figure 5-8 Scanning electron micrograph (SEM) of the photolithographically generated SU-8 lanes 
(metallized) on a glass substrate 
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5.3. OTHER METHODS 

5.3.1. DNA ORIGAMI 

One of the interesting examples of organized structures in biological cells is 

Deoxyribonucleic acid (DNA), a natural macromolecular assembly that carries all the 

biological information of living organisms. Discovered by Watson, Crick and Franklin 

in the 1950s, DNA is a twisted double-strand copolymer of sugar, branched with 

adenine (A), guanine (G), cytosine (C) and thymine (T) (Figure 5-9a).149 The special 

ability to form hydrogen bonds in between complementary nucleotide bases is not only 

the key to the helix structure of DNA (Figure 5-9b), which in turn is responsible for the 

rigidity and stability of the molecule, but it also enables DNA to carry biological 

information encoded in different base sequences.  

 
Figure 5-9 a) Four DNA nucleobases connected to sugar backbone and paired by hydrogen bonds 
(dashed lines), b) Schematic representation of DNA helix 

The latter has inspired applications of DNA as a programmable device in non-biological 

contexts. Structural DNA nanotechnology, introduced by Seeman in late 1980s, focuses 

on the technological applications of engineered DNA building blocks as scaffolds,150 
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delivery of cargo,151 molecular switches,152 and computing devices153, in all of which  

the self-assembly feature of DNA (a bottom-up approach) is essential.154  

One of the advanced examples of self-assembled DNA technology is the DNA origami 

device concept, which involves a long, single DNA strand folded to a pre-designed 

shape by using shorter strands or “staples” as “smart” glue (Figure 5-10a). The 

geometry of the final structure can be widely varied depending on the staple 

sequence.155 In comparison with other DNA-based materials,156 DNA origami provides 

the opportunity to synthesize functional nanoscale scaffolds by chemical 

functionalization of selected staples.157 Table 5-1 shows examples of modified staple 

strands used in paper III. This opens opportunities for designing devices for application 

in biosensing or light-harvesting.158-159  

Table 5-1 Staple strand modifications 
Strand Sequence Modification 
1 TAGATGGGGGGTAACGCCAGGGTTGTGCCAAG* ATTO-647N 
2 CTTGCATGCATTAATGAAT*CGGCCCGCCAGGG Porphyrin  
3 TTTGCCAGATCAGTTGAGATTTAGTGGTTTAA* ATTO-647N 
4 TTTCAACTATAGGCTGGCT*GACCTTGTATCAT Porphyrin  

* shows the position of a modification, for example: T* means that this thymine base is modified.  

In the paper, the nanopatterned Teflon AF is used to accommodate single DNA origami 

structures in pre-designed positions with high spatial precision, where hydrophobic 

porphyrin groups in the origami were used to promote its adhesion to the substrate 

(Figure 5-10b). 

 
Figure 5-10 a) Schematic representation of rectangular DNA origami, b) Atomic Force microscopy 
image of DNA origami on mica 
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5.3.2. CELL CULTURING 

In paper II, the interaction of cells with e-beam patterned Teflon AF surfaces has been 

investigated. Adherent Chinese hamster ovary (CHO), Human embryonic kidney 

(HEK293), and Human neuroblastoma (SH-SY5Y) are three different embryonic cell 

lines that have been used in this study. All cells have been cultivated in their respective 

medium (Table 5-2) at 37° C in a humidified 5% CO2 atmosphere. Cell handling was 

performed under standard conditions,160 using sterilized equipments in a laminar flow 

hood, at dedicated cell facilities. The procedures for culturing and cell transfer are 

described in detail in paper II.  

Table 5-2 Culturing medium used for different cell lines 
Cell Line Culturing medium 

CHO 
Dulbecco’s modified eagle medium (DMEM), 2mM L-glutamine, 10% of fetal bovin 
serum (FBS), 350 µgmL-1 of zeocin, 5µg mL-1 of blasticidin 

HEK 293 DMEM, 2mM L-glutamine, 10% FBS 

SH-SY5Y modified Eagle’s medium (MEM), 2mM L-glutamine, 10% FBS, 1% of non-essential 
amino acids, Ham’s F12 
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his work reported on new approaches to the fabrication of soft matter nanodevices, 

with a special focus on patterning and manipulation of lipid monolayers, cells and 

DNA origami.  

 

In paper I, direct electron beam lithography was used to fabricate nanostructures on 

Teflon AF surfaces suitable for confining and patterning lipid monolayers. E-beam 

exposure causes chemical changes in the fluorinated polymer structure, changing the 

surface properties such that self-spreading can no longer be observed. This was exploited 

to “draw” a frame around a selected region on a Teflon AF surface, which efficiently 

confines a spreading lipid film within its boundaries. The lipid material, fluorescently 

labeled with Texas Red and ATTO 488, were manually deposited on the patterned 

surface. Confocal microscopy was then applied to follow the spreading process, and 

investigate the propagation of the lipid film in nanosized constrictions. Characteristic 

chemical and physical properties of the Teflon AF surface were investigated by means of 

AFM, XPS, WAC and KPFM. By optimization of pattern geometry and radiation dose 

the propagating lipid film could be guided through nanolanes as narrow as 50 nm. The 

frame-patterning technique represents a new surface preparation strategy for the 

controlled formation of self-assembled molecularly thin lipid films.  It can possibly be 

developed into a versatile research platform for 2D chemical reactions and single 

molecule studies, combining superior optical properties with minimal fabrication effort. 

 

In paper II, a new method was introduced for defining patterns of adhered biological 

cells on Teflon AF surfaces. It is shown that the e-beam exposed Teflon AF surfaces 

support the adhesion of different immortalized embryonic cell lines (HEK293, CHO and 

SH-SY5Y), in which the geometry of the irradiated pattern is a key element which affects 

the adhesion of the cells.  By taking advantage of the structural differences between 

unexposed and e-beam-exposed surface areas, which are reflected in their cytophilicity, 

the need of adhesion promoting biomolecules is effectively eliminated.  For example, neat 

and well-defined networks of neurons (SH-SY5Y) have been fabricated. The method is 

T 
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the foundation for rapid cell pattern generation under non-contaminating conditions, 

which is one of the necessities for advanced studies in cell-to-cell communication, cell 

migration and other dynamic phenomena related to the proliferation of biological cells.  

In paper III, Teflon AF was further developed into a negative e-beam resist. By applying 

the perfluorinated organic solvent 2-butyl tetrahydrofurane (FC 75) as developing solvent 

on e-beam patterned Teflon AF surfaces, dense arrays of nanolanes with a feature size as 

small as 30 nm in width and 40 nm in pitch have been consistently obtained. The 

sensitivity of the resist has been calculated as ~175 µC/cm2 with the resist contrast of γ = 

1.2. In an application example it has been shown that the developed nanostructure pillars 

of Teflon AF can be used to site-selectively accommodate rectangular single DNA 

origami units with a surface coverage > 80%. Hydrophobic porphyrin anchors were used 

to promote the deposition of the DNA origami structures on the Teflon AF nanopillars. 

The nanopillars were characterized by AFM and the porphyrin/DNA origami by 

dSTORM super-resolution microscopy. This exemplary application of Teflon AF as e-

beam resist shows that novel combinations of various biological and synthetic materials 

are possible on the nanoscale, which has potential for advanced applications in, e.g., 

biosensing and 2D chemical reactor design. 

 

In paper IV, a contact-free soft matter fabrication technology to generate networks of 

lipid nanotubes and flat giant unilamellar vesicles was introduced. For this 

unconventional fabrication method, a lipid double bilayer patch on a transparent alumina-

coated glass substrate was locally exposed to a focused IR-B beam, causing migration of 

lipid material on the surface due to temperature-dependent local adhesion differences 

between lipid film and surface. Nanotubes were found to interconnect the separated lipid 

film patches, generating two-dimensional, truly nanofluidic flat giant-vesicle-nanotube 

networks. In the paper, the thermomigration of lipid membrane was further directed 

through micro-sized lanes, which were photolithographically defined in SU-8, prior to 

Al2O3 deposition. Nanotubes of µm length were thus fabricated on-demand in desired 

locations without the need of point forces exerted by microneedles or beads.   
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Interdisciplinary research is one way to expand the boundaries of scientific exploration, 

and in the life sciences currently the most promising route to solutions to complex 

research problems, for example the need for fast and reliable diagnostics, or new 

biocompatible materials and information processing technologies. By combining state-of-

the-art materials and technologies, new experimental opportunities are opened up to 

address fundamental research questions, and to solve practical problems in different 

application areas. In the work presented here, a number of specific problems have been 

tackled using micro- and nanotechnologies, new materials and biomimetic principles.  

Future research directions based upon the scientific findings described herein, and in 

some cases even wider applications, can indeed be envisioned. 

Many unknown aspects of lipid monolayer dynamics are remained unsolved that need to 

be addressed. Until now, very little is known about the front edge of a spreading 

monolayer, and the observed thinning effect. In this regard, the monolayer membrane 

device on the Teflon substrate can offer an adaptable platform to target such questions. 

There are also interesting physical phenomena, such as the 2D evaporation and the filter 

effect, observed during the experimental work, which require further exploration. 

Moreover, by knowing the optimum requirements to design a versatile device, a system 

can be fabricated in which several different lipid flows meet at a nano - intersection, 

where the kinetics and reaction dynamics can be investigated at the molecular scale, using  

high resolution techniques, in particular single molecule microscopy.  

The new chemical-free cell culturing substrate, on the other hand, provides a unique 

platform onto which different aspects of cell-surface interaction as well as cell-cell 

communication can be controllably studied. Knowing that different cell lines require 

different geometries for successful adhesion, this kind of substrate could become valuable 

in tissue engineering. The substrate also has potential in neuroscience research, by 

offering a facile method to design and culture sophisticated neuronal networks of desired 

structure and function. To begin with, future investigations should be focused upon 

establishing the details of the cell-adhesion mechanism on the patterned area. The 

capability to promote and support the formation of nanotubes between cultured cells is 
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another distinctive feature of this substrate which may greatly facilitate cell-cell 

interaction studies.  

Thematically closely connected, might be future studies on biomimetic nanotube - FGUV 

networks produced by thermomigration of membranes, which is a less complicated and 

better configurable alternative to investigating transport phenomena within nanotubes.  

Last but not least, the development of a new, relatively simple Teflon AF nanopatterning 

technique might lead to various new technological applications. The possibility of simple 

functionalization of the patterned areas of Teflon AF, which feature chemically reactive 

carbonyl moieties, is an example. From bio-application point of view, Teflon AF as a 

negative e-beam resist clearly has benefits over other commercially available resists. 

Standardized processes for pattern generation, refined exposure strategies and other 

improvements would support wider use by life science researchers in the future. In this 

context, Teflon AF 2400 instead of Teflon AF 1600 is also an interesting material to be 

explored.  
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