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Artificial and Intercellular Nanotubes 

HAIJIANG ZHANG 

Department of Chemical and Biological Engineering 

Chalmers University of Technology 

Abstract 

In this thesis work, we investigated the formation and shape dynamics of 
artificially created lipid nanotubes, and explored the on-demand generation of 
intercellular nanotubes. Methods and techniques to produce networks of phospholipid 
vesicles and lipid nanotubes, as well as networks of biological cells and lipid 
nanotubes, are described in this thesis. We also describe means to transport membrane 
material and network-internalized molecules and particles through the nanotubes. The 
capabilities, limitations and experimental requirements of these methods were 
analyzed. Starting from simple networks interconnecting two giant liposomes, free-
floating floating lipid nanotubes were produced by electrofission. After releasing a 
lipid nanotube of several hundreds of micrometers in length from its suspension points, 
shape transformations through different stages were observed and characterized, and 
the influence of membrane-embedded molecules on these transformations were 
established.  

A method was developed for on-demand generation of nanotubes between 
biological cells by means of micromanipulation and microinjection techniques 
originally developed for vesicle-nanotube networks. The new experimental model 
structures can greatly facilitate fundamental studies of cell-to-cell communication, the 
exchange of cell constituents and components, and the dynamics of biochemical 
reactions in native cell environments.  

Lastly, we investigated the cells' capability to probe free space in its immediate 
vicinity. We designed a micropatterning strategy for selective cell immobilization and 
directed cell growth. A new microfabrication protocol for high-resolution pattern-
generation of Teflon AF was developed for that purpose. The new surfaces enabled 
cell growth in specific orientations to each other, which allowed us to determine the 
distance-requirements for tunneling nanotube-like conduit formation. 

The research results collected in this thesis represent a systematic approach 
towards on-demand generation and application of intercellular lipid nanotube 
connections, which is of importance for the understanding of, and eventually, full 
control over cellular communication networks.    

 
 

Keywords: Nanotube Vesicles Network, Free-floating lipid nanotube, Artificial 
intercellular nanotube network, Microfabrication, Teflon AF. 
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Chapter 1 Introduction 
 

The cell membrane is a fundamental component of biological cells [1]. It consists 
of a self-assembled lipid bilayer of greatly varying composition [2], which surrounds 
the cytoplasm. Besides lipids [3], it features a multitude of different chemical species 
associated to it or embedded in it, mainly carbohydrates, and proteins [4]. The proteins 
are responsible for various structural and functional aspects of the cell [5-6]. Structural 
proteins provide shape and support, receptor proteins fulfill communication and 
signaling tasks with the external environment, transport proteins control the flow of 
molecules across the membrane, and glycoproteins are involved in tasks such as 
immune response, regulation and development, transport and structural response, and 
many others [7]. 

The cell membrane not only maintains and protects cell integrity, identity and 
shape, but also provides and supports vital biological functions. Cell adhesion, cell 
division, and selective permeability are some of the basic functions involving the 
plasma membrane [1]. Some complex processes, for example, the control of signaling 
pathways [8], might occur via regulation of cell size and shape. Intracellular signaling 
of cell volume regulation [9-11] involves, for example, membrane tension and 
membrane potential sensing. A variety of ion channels are activated by membrane 
stretching due to increased tension of the cell membrane [12].  

Lipid molecules, as major fundamental components of cell membranes, are of 
special importance for this thesis. A briefly introduction can be found in Chapter 2. 
Because of their amphiphilic character, they will self-assemble in an aqueous 
environment into a double layer, or molecularly thin film, of a typical thickness of 
approximately 4-5 nm [13]. Lipid bilayers spontaneously reorganize to assume an 
energetically optimal geometric shape, such as a spherical vesicle [14-15], which is 
considered to be the most stable bilayer geometry [16]. Lipid vesicles are broadly used 
in many fields, such as drug delivery [17], DNA delivery [18-19], and in the cosmetic 
and food industries [20-22]. 

Lipid membranes are also known to form tubular structures, with a length up to 
several hundreds of micrometers, but only ~100 nm in diameter. Lipid nanotubes were 
first observed in connection with red blood cells [23], and between the Golgi apparatus 
and the endoplasmatic reticulum (ER) [24]. The cylindrical lipid structures with a 
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hollow (fluid-filled) interior are formed by lipid bilayer re-organization, or forced 
shape transformations [25-26].  

In related experimental studies about two decades later, lipid bilayer vesicles 
were utilized as sources to generate nanotubes artificially, and construct lipid 
nanotube-vesicle networks (NVNs), which constitute excellent model systems for 
studying intercellular tubular membrane communication, and enzymatic reactions in 
confined spaces [27-28], as biosensors [27-29], for gene delivery [30], sol-to-gel 
transitions in polymers [31-32], and membrane-bimolecular interactions [33-34]. 
These networks were built and modified by applying micromanipulation and 
microinjection techniques [35]. The radius of these artificial, vesicle-interconnecting 
lipid bilayer nanotubes is approx. 50 to 100 nm, which was independently confirmed 
by several methods, the latest report used a mechanical approach [36]. A number of 
transport mechanisms inside the networks were also analyzed [30, 35, 37]. A detailed 
description of nanotube-vesicle networks, their properties, fabrication and a variety of 
means for materials transport is presented in Paper I in this thesis [35].  

Lipid nanotubes are typically generated by applying a point force to a membrane, 
and they are suspended between membrane anchor points [35, 38]. If such a tube is 
released on one end, it retracts and merges with the membrane holding it on the other 
end, reducing its surface free energy in the process. An interesting, rather exotic shape 
transformation of a circular lipid nanotube has been reported in 2008 [39]. In a related 
study presented here in this thesis, the fate of free-floating lipid nanotubes, which was 
similarly released by an electro-cutting protocol, has been investigated. We observed a 
membrane folding mechanism of lipid bilayers at the end of individual free lipid 
nanotubes after being released (Paper II).  

In 2004, tunneling lipid nanotubes (TNT) were discovered as a new mode of 
intercellular communication in mammalian cells [40]. These tubular membrane 
channels could reach several cell diameters in length, and were 50 nm to 200 nm in 
diameter [40]. It is assumed that tubes help cells to mediate the transport of 
intercellular organelles, and cellular components, to aid in cell signaling [40-45] and to 
achieve long-range electric coupling of cells [46], Even nanotube-mediated routes to 
HIV transmission [47-48] were discovered.  

It is a captivating idea to utilize the micromanipulation techniques developed to 
build NVNs in order to create nanotube connections between biological cells. Besides 
enabling new studies of membrane properties on the nanoscale, lipid membrane 
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nanotube vesicle networks were applied as models to study different transport modes 
and reaction kinetics in nanoscale environments. Similar fundamental studies could 
become possible in networks of cells, if intercellular (TNT-like) tube connections 
could be built at will. The exchange of cell constituents and components, the dynamics 
of biochemical reactions in native network environments, new experimental models 
for chemical cell-to-cell communication, and many other studies would become 
possible. In Paper III, we moved in this direction, and created the foundation for man-
made network architectures involving biological cells. The experimental results 
demonstrate the validity and effectiveness of artificially created nanotube 
interconnections for chemical cell-to-cell communication.   

In a related study, we focused on the fabrication of micropatterned surfaces 
suitable for observing the growth of tunneling membrane tube structures, and studied 
the ability of membrane protrusions to bridge obstacles of different length (Paper IV). 
Teflon AF microgaps, which represent artificial cytophobic barriers between 
approaching protrusions, prevent cellular growth and adhesion in the barrier region, 
and can thus be utilized to probe the cells´ ability to establish “through-space” 
connections with each other. The main idea was to see if a critical length scale exists, 
beyond which cells cannot probe free space, as well as to investigate the 
morphological features of the gap-spanning membrane. Importantly, we observed in 
these experiments the formation of nanotube junctions across microgaps up to 16 µm 
long.   
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Chapter 2 The lipid membrane 
 

The cell membrane is an essential component of living cells. The cellular 
membrane provides various crucial functions, of which the most basic on is the barrier 
function. It allows selected materials to be transported into the cell, while preventing 
others to traverse the cellular membrane. Due to the selective permeability of the 
plasma membrane, cells and organelles are protected from the aqueous surrounding 
and can maintain their intracellular composition and homeostasis. Among the diverse 
functions of the cell membranes, the ability to perform shape and topology 
transformations is of special interest in the context of this thesis [7]. Many biological 
processes are influenced by shape transformations of membranes, such as cell division, 
endo- and exocytosis and transport of materials within and between cells. Some other 
examples involve tubulovesicular complexes for transportation of proteins between 
one endoplasmatic reticulum and Golgi complexes [24, 49].  

The plasma membrane is a molecularly thin film (~5 nm). It consists of a lipid 
double layer: two sheets of lipid molecules facing each other, with proteins dissolved 
in the bilayer (Figure 2-1). 

 

 

Figure 2-1 Schematic illustration of the structure of the cellular membrane. An 
iIndividual lipid molecule is represented by one head group and two tail groups. Various 
membrane proteins, such as ion channels and glycoproteins are embedded in the membrane 
sheets. 
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The membrane proteins constitute a considerable fraction of the cell membrane. 
In most animal cell membranes, proteins occupy almost 50% of the mass, the 
remainder being numerous types of different, albeit structurally related lipid molecules. 
In this chapter, the properties of lipid molecules, their self-assembly to lipid bilayer 
membranes and vesicles, and fundamentals of the mechanics of  membrane shape 
deformations and membrane adhesion are introduced. 

 

2.1 Lipids 
 

Lipids can be broadly defined as fat-soluble organic molecules, which dissolve in 
organic solvents, such as alcohols and chloroform, but are insoluble in aqueous 
solutions. In biological cells there are numerous different lipid species such as sterols, 
fatty acids, gycerolipids, fat-soluble vitamins, sphingolipids, saccharolipids, 
polyketides, mono-, di- and triglycerides, and (glycero-) phospholipids. Phospholipids 
are the most abundant biological membrane lipids [50]. The structure of phospholipids 
contains two hydrophobic hydrocarbon tails (typical including 10 to 18 carbon atoms 
per chain) connected to a hydrophilic head group. A phosphate group links the 
hydrophilic head group to the rest of the molecule. Most abundantly found 
phospholipids in plasma membranes are phosphatidylcholine (PC), 
phosphatidylethanolamine (PE), phosphatidylglycerol (PG), and phosphatidylserine 
(PS). PC's hydrophilic head (choline) is linked via phosphate to glycerol, which is 
linked to the two hydrocarbon chains.  

 

2.2 Lipid bilayer 
 

When brought into an aqueous environment, phospholipids spontaneously 
aggregate and self-assemble as bilayers. This process is supported by the amphiphilic 
nature of the lipid molecule. Amphiphilicity (from Greek αμφις - amphis: both and 
φιλíα - philia: love) arises if a molecule features both a hydrophilic (water-loving) and 
hydrophobic (water-fearing) moiety (Figure 2-3). In the next section, the result of self-
aggregation- and the formation of the lipid bilayer – is discussed. 
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The structure of the bilayer resembles a sandwich. Its hydrophilic head groups 
face the aqueous environment, while the hydrophobic tails face each other in the 
interior of the bilayer Figure 2-2. 

 

 

Figure 2-2 The phospholipids bilayer. The hydrophilic head groups are represented by blue 
colored spheres, and the hydrophobic acyl chains as pair of lines in yellow color. The 
hydrophobic tails face each other and form a shielded interior layer, much like the slices of a 
buttered sandwich. 

 

The initially mentioned organization of the amphiphilic lipid molecules is 
energetically favored. In aqueous solution, water molecules continuously form 
hydrogen bonds with each other. When a lipid molecule is brought into this aqueous 
environment, hydrogen bonding is interrupted. In this situation, the hydrogen bonds re-
organize to a higher order pocket structure to enclose the hydrophobic part 
(hydrophobic solvation). The amphiphilic molecule in this pocket is subject to two 
conflicting forces: the hydrophilic head being attracted to water and the hydrophobic 
tail seeks to avoid water, aggregating with other hydrophobic moieties. This 
thermodynamically driven interaction of molecules is called self-assembly (Figure 2-3). 
The free energy change (∆𝐺) occurring during self-assembly can be expressed as:  

                               ∆𝐺 = ∆𝐻 − 𝑇∆𝑆   Eq. 2.1 

𝑇∆𝑆 is the entropic contribution which encompasses the degree of order during the 
process of  aggregation. ∆𝐻 is the change in enthalpy of aggregation. The hydrophobic 
pocket increases the degree of order among water molecules which causes the entropy 
to decrease. For the free energy to be minimized the degree of order in the system 



8 
 

should be reduced and the entropy should be increased. This is achieved by the self-
assembly process, leading to the formation of a bilayer. 

 

 

Figure 2-3 Self-assembly. (A) Hydrophobic pocket: A lipid molecule is surrounded by water 
molecules. Hydrogen bonding is interrupted. (B) As the concentration of lipid-like molecules 
increases, the hydrophobic parts start to aggregate, excluding the water molecules. This 
results eventually in self-assembly of lipid molecules to form a more organized structure, for 
example a spherical micelle, or a bilayer membrane. 

 

I earlier introduced the cell plasma membrane barrier function. This important 
screening function is associated with the selective permeability of the lipid bilayer. 
The plasma membrane allows small hydrophobic molecules (such as O2, CO2, benzene 
etc.) and small uncharged polar molecules (such as H2O, glycerol, ethanol etc.) to 
diffuse across, but is impermeable to larger uncharged polar molecules and ions, for 
example amino acids, glucose, H+, Na+ or K+. This selective permeability originates 
from the hydrophobic interior of the bilayer, hindering the passage of the most 
hydrophilic molecules.  

Different shapes of individual lipid molecules cause different types of 
aggregation shapes or geometries to be formed. The morphology of lipid molecules is 
described by the shape factor: 𝑣�� 𝑎�𝑙��⁄  , where 𝑎� is the interface area occupied by 
the polar head group, 𝑣�� and 𝑙�� are the volume and length of the hydrophobic region, 
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respectively. The value of shape factors determines the final morphology of 
aggregation: micelles ( 𝑣�� 𝑎�𝑙�� < 1 3⁄⁄ ), non-spherical (globular or cylindrical) 
micelles ( 1 3⁄ < 𝑣�� 𝑎�𝑙�� < 1 2⁄⁄ ), bilayers or lamellar phases 
(1 2⁄ < 𝑣�� 𝑎�𝑙�� < 1⁄ ), and inverted micelles (𝑣�� 𝑎�𝑙�� > 1⁄ ) [51].  

 

2.3 Lipid vesicles  
 

The plasma membrane of a living cell is in fact a closed membrane compartment, 
encapsulating vital internal components and functions. Such closed compartments also 
exist in vitro, consisting solely of a spherical membrane composed of amphiphiles, 
featuring an encapsulated interior volume. They are referred to as vesicles, or in the 
case of lipid only compartments, liposomes. They have gained importance in 
biophysical research as versatile, easily produced, and easy-to-manipulate membrane 
model systems of the plasma membrane, and are of relevance in technological, 
medical and analytical applications [52]. In the following section, I will describe some 
fundamental properties of lipid bilayer vesicles. 

A phosphobilayer membrane self-closes and entraps an aqueous solution to form 
a spherical structure: a liposome (or lipid vesicle). This spherical structure allows to 
entrap various molecules such as proteins, DNAs [53], RNAs [54], particles (e.g. 
nanoparticles) [55], or others. Vesicles have thus become important in medical 
research such as drug carriers [56-57] or in cosmetics to deliver skin products [20].  

Lipid vesicles can be classified depending on the size and number of lipid 
bilayers (Figure 2-4). A unilamellar vesicle is composed of only one spherical lipid 
bilayer, a multilamellar vesicle has multiple bilayers, accordingly. Depending on their 
diameter, there are three major groups of lipid vesicles, referred to as small (10-50 nm), 
large (50-1000 nm) and giant vesicles (> 1 𝜇𝑚) (Figure 2-4). 
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Figure 2-4 The classification of lipid vesicles in terms of their size and lamellarity. The 
unilamellar vesicles have diameters up to 50 nm and they consist of one single bilayer. Large 
vesicles can have one or multiple lamellae and have diameters starting from 50 nm up to 1µm. 
Giant vesicles, multi- or unilamellar, have dimensions of several tens or hundreds of 
micrometers. 

 

In the experimental work for Paper I, electroporation and micromanipulation 
techniques were employed for the fabrication of lipid nanotube networks. Using these 
techniques, tubes were generated from unilamellar vesicles which were co-located 
with a multilamellar vesicle. The multilamellar vesicle acts like a reservoir of lipids, 
from which material is drawn to form the tube. Since unilamellar vesicles attached to a 
multilamellar reservoir are a peculiar, and rather rarely used form of vesicles, but 
indispensible for the generation of nanotubes from vesicle membranes, I will in the 
following briefly discuss the preparation of these vesicles.  

There are various means available for preparing liposomes reproducibly. The 
choice of method depends mainly on the desired vesicle size, lamellarity, and of 
course, the intended application [52, 58-59]. In this work, a modified technique based 
on the dehydration & rehydration method has been used [60-61]. For this procedure, a 
thin lipid film is produced from an organic lipid solution, which is subsequently 
rehydrated for several hours, and sonicated to produce the vesicles. Aliquots of this 
suspension are dried on the intended substrate, and once again re-hydrated, forming 
twinned uni/multilamellar giant vesicles in good yield. In this swelling process, 
osmotic stress is very important for separation between lipid layers in the dried films 
[62]. 
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2.4 Energy of lipid membranes 
 

The experimental work for this thesis involves forced shape transformations and 
geometrical changes of lipid membranes, for instance the drawing of nanotubes, the 
“inflation” of vesicles, and other, non-trivial transformations (Paper II). It is therefore 
essential to be aware of the mechanical properties and features of lipid membranes, in 
particular with respect to their free energy. In this section, I will briefly describe the 
mechanics and energetics of lipid membranes. 

Above the transition temperature (Tc), lipid membranes behave as a 2D liquid, 
and can be treated as a thin elastic shell. The currently prevailing theory applied to the 
mechanics of lipid membranes has been introduced by Helfrich in 1973 [63]. Two 
major types of membrane deformations covered by the theory are stretching and 
bending (Figure 2-5).  

 

 

Figure 2-5 Fundamental deformations of a lipid bilayer membrane: Bending and 
stretching. In stretching, the distance between individual lipid molecules increases in both 
leaflets, therefore the membrane area increases. In bending, the distance between the 
molecules in the outer layer increases, while it decreases in the inner layer.  Arrows show the 
directions in which the force is applied. 

 

In this thesis, the shape deformations of lipid bilayer membranes arise from the 
effect of the applied mechanical forces. During these interactions, the total elastic free 
energy of a lipid bilayer membrane is increased. The free energy (E) can be written as 
[63-64]: 

𝐸 = ��
���

(𝐴 − 𝐴�)� + ��
� ∫(𝑐� + 𝑐� − 𝑐�)�𝑑𝐴 − ∅𝐴∗               Eq. 2.2 

The fist term refers to stretching, where the membrane surface area is described 
by 𝐴�  (before stretching) and 𝐴  (after stretching) respectively. 𝐾�  is the stretching 
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modulus of the lipid membrane, which is typically in the order of ~240 mN/m [65]. 
During stretching, the number of lipid molecules in a given lipid bilayer membrane is 
constant. The stretching of the lipid bilayer membrane is looked upon as elastic 
dilation of the membrane, resulting in an increase of area per lipid molecule, while its 
hydrophobic core is increasingly exposed to water. Therefore the degree of stretching 
is limited: the maximum area expansion of lipid bilayer membranes is less than 5% 
[65-67]. Once this percentage increase in membrane area is exceeded, the lipid bilayer 
membrane ruptures, at a typical lysis tension of ~ 5-10 mN/m [66-67].  

The second and third terms in equation 2.2 describe the bending of the lipid 
membrane. Two principal curvatures are described as 𝑐�  and  𝑐�  , while 𝑐�  is the 
spontaneous curvature. The spontaneous curvature accounts for a possible asymmetry 
of the lipid bilayer membrane, for example, for a different number of the molecules or 
a different lipid composition in the two lipid monolayer sheets [68]. In many cases for 
artificial vesicles, the spontaneous curvature 𝑐�  is assumed to be zero, since both 
leaflets of the bilayer membrane are identical, as it is typically the case in our 
experimental system [69]. 𝐾� is the bending modulus, which describes the membrane's 
resistance to bending. Typical values for 𝐾� are in the range of 0.2~1 ∙ 10��� 𝐽 [70-71]. 
This corresponds to a few 𝐾�𝑇, where 𝐾�  is the Boltzmann constant and 𝑇 is room 
temperature, which is a very small value compared to the energy required for 
membrane stretching, i.e., a membrane can be easily bent, but resists stretching greatly. 
The last term in the equation represents the lipid bilayer membrane adhesion to the 
surface, as discussed separately below. 

 

2.5 Adhesion forces and energy 
 

For nanotube-vesicle networks to be generated and maintained, the lipid vesicles 
require immobilization on a rigid substrate. This requires surface interactions between 
the lipid bilayer and the substrate. When vesicles are suspended in an aqueous 
environment, they gradually sink down to the surface because of gravity. Van der 
Waals, electrostatic and hydration forces introduce a surface adhesion potential 
(typically at a distance in the range of several nanometers). The adhesion energy 
(𝐸��������) can be described as [63, 72]:  
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𝐸�������� = ∅𝐴∗                   Eq. 2.3 

where ∅ is the effective contact potential, while 𝐴∗ is the contact area of the adhering 
membrane. The adhesion energy depends on the cost in terms of bending energy, and 
affects the shape of the vesicle. During the process of adhesion, the shape of vesicle 
changes with the strength of adhesion as illustrated in Figure 2-6.  

 

 

Figure 2-6 Adhesion of the vesicle on the surface. (A) A vesicle is approaching the surface 
due to gravitational force, so there is no contact potential. (B-D) Adhesion strength gradually 
increases. (E) The vesicle ruptures and spreads on the surface, after tension reaches a critical 
value (lysis tension). 

 

The contact potential is zero in Figure 2-6 A. After the vesicle attaches on the 
surface [73], the contact potential can induce the deformation of the vesicle from 
spherical towards a truncated sphere as depicted in Figure 2-6 B-D. During this 
process, the stretching energy gradually replaces the bending energy to balance 
adhesion energy [72]. Once the contact potential becomes excessively large, tension-
induced lysis occurs, the vesicle ruptures and spreads on the surface [74]. In this work, 
the high contact potential leading to rupture and supported film formation was 
eliminated by the employment of low-energy surfaces such as SU-8 [75], increasing 
the stability of the vesicle-nanotube networks significantly (Paper I, II). On SU-8 
surfaces, vesicles could neither spread nor rupture, maintaining a stable adhesion level 
long enough to build, modify and study the networks. 
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Chapter 3 Lipid nanotubes 

3.1 Intercellular lipid nanotubes 
 

In recent years, membrane nanotubes between biological cells have become 
subject to intensive research. Tunneling nanotubes sometimes referred to as 
“membrane nanotubes”, “intercellular or epithelial bridges”, or “cytoplasmic 
extensions” – are tubular membrane extensions that function as channels for 
intercellular transport and communication in many different cell types [76-77]. 
Intercellular communication is a central process in the development and maintenance 
of multicellular organisms. Several different short- and long-range communication 
routes between cells are known, including gap junctions [78], exosomes [79] and 
argosomes [80]. The tunneling nanotubes (TNTs) were discovered in 2004 by Rustom 
et al. as a new type structure for intercellular communication [40]. TNTs are thin 
membrane channels facilitating intercellular transport and communication between 
living cells. TNTs have been shown to emerge from the plasma membrane of cells in 
culture. Examples of TNTs between Human embryonic kidney (HEK 293) cells in 
culture from our own experimental observation are shown in Figure 3-1.  

 

 

Figure 3-1 Inter-cellular tunneling nanotubes (TNTs). (A) Differential interference 
contrast and (B) fluorescence images of tunneling nanotube (TNTs), interconnecting human 
embryonic kidney (HEK 293) cells. The membranes are fluorescently labeled with the 
membrane dye FM 1-43.  

 

TNTs in vitro mediate the transport of endosome-related organelles [40], cellular 
components [41], and signaling molecules [42]. They can also conduct medium-to-
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long-range electrical signals [46, 81]. Bacterial communication has also been reported 
to be mediated by intercellular nanotubes [82], even nanotube-mediated routes to HIV 
transmission were suggested [47-48]. Besides inter-cellular communication, tunneling 
nanotubes can work as a connectors or transport channels between various intercellular 
organelles, for example, between the endoplasmic reticulum and the Golgi complex of 
mammalian cells [24, 83].  

After the importance for cell-to-cell communication had been established, some 
research was conducted on developing TNTs formation strategies. Recently, the 
formation of TNTs during culturing was investigated employing microfabrication 
techniques [84]. A fraction of this thesis work is dedicated to artificial TNT-like tube 
connections in between cells. This work is in part based on fabrication techniques 
originally developed for the generation of lipid nanotubes from giant phospholipid 
vesicles [35].  

 

3.2 Artificial lipid nanotubes  
 

Lipid nanotubes or lipid tethers were first discovered during the exposure of 
surface-adhered red blood cells (RBCs) to hydrodynamic flows [23, 85]. In this 
particular study, the plasma membrane of the RBCs was initially anchored via 
adhesion points onto the substrate. As a result of shear stress caused by the flow, the 
cell lifted off from the substrate, but remained connected to it in some attachment 
points, such that the movement of the cell induced the elongation of the cell membrane 
as cylindrical protrusions. These protrusions were referred to as lipid tethers or 
nanotubes, and consisted of a hollow circular lipid bilayer membrane (Figure 3-2 ).  
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Figure 3-2 Schematic drawing of a lipid bilayer nanotube. The nanotube consists of a 
single bilayer wrapped up as a hollow cylinder (not drawn to scale). The enlarged section of 
the drawing shows the cross section of the lipid tube (inset). The diameter of the tube is 
typically between 50 and 200 nm. 

 

Subsequently, a variety of experimental techniques were developed for the 
formation of nanotubes from lipid vesicles, including magnetic tweezers [86], optical 
tweezers [87], micromanipulation techniques [88] and motor proteins [34, 89]. In the 
experimental work conducted for this thesis, a combination of techniques including 
micromanipulation and micropipette electroporation were applied to form lipid 
nanotubes [38].  

 

3.3 Fabrication of nanotubes and nanotube vesicle networks (NVNs) 
 

Nanotube-vesicle networks (NVNs) are artificial constructs of micrometer and 
nanometer dimensions [90] that can, in this context, serve as versatile models for 
interlinked biochemical reactors [91]. NVNs can be fabricated from spherical bilayer 
membrane compartments by applying forced shape transition operations, which 
transform selected membrane regions into nanotubes and, subsequently, new 
liposomes. Electrical pulses are essential for manipulating the membrane of a liposome. 
A brief pulse will destabilize the membrane and form a pore. This electroporation 
method is of central importance in network fabrication, as stable pores allow facile 
introduction of microneedles with quite large orifices into bilayer containers 
(electroinjection).  
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In an electric field, the membrane can be regarded as a capacitor, in which 
charges are stored, resulting in a transmembrane potential [92-93]. If the field is of 
sufficient strength and duration, pore opening will occur, allowing the charges to 
dissipate. This instant process of formation of a membrane pore is illustrated in Figure 
3-3. The radius of a pore decides its stability. The pore energy 𝐸���� =

2𝜋aγ-π𝑎�σ describes the balance between the energy required to build the edge of a 
pore of radius 𝛼  (first term) and line tension γ, and the energy gained due to the 
decrease in pore size under tension σ. If the radius is below a critical value 𝛼� = 𝛾 𝜎⁄ , 
the edge energy dominates and the pore will close. 𝛾 is the line tension, while 𝜎 is 
lateral membrane tension. Otherwise, the dominating surface tension will lead to 
irreversible membrane breakdown. The extent of membrane permeabilization depends 
on pulse strength and duration, and the environmental conditions around the 
membrane, such as concentration, and temperature. If the pulse is too intense, the 
pores will expand beyond 𝛼� and cause membrane rupture. 

 

 

Figure 3-3 Pore formation in lipid bilayer membrane. Schematic shows the mechanism of 
pore formation in lipid bilayer membrane. (A) An intact lipid bilayer membrane. (B) A 
membrane pore is formed while applying an electric field of sufficient strength. (C) Lipid 
molecules are re-arranged at the pore edge in such way that hydrophilic head groups are 
exposed to water.   

 

In a living cell, the transmembrane potential is constantly present across the 
plasma membrane. It can be used to drive the transport of ions and charged 
metabolites. For example, K+ can be transported to the interior of the cells by 
potassium channels, while the value of the cell’s resting potential is −70𝑚𝑉, which 
corresponds to a field strength of 200𝑘𝑉 𝑐𝑚⁄  over the 5 nm thickness of the 
membrane. 

Another important function of electric fields in this work is in electrofusion and 
electrofission. Electrofusion involves a locally applied electric field, such that two 
lipid bilayers in close contact can be fused [94-95]. Electrofission describes the 
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opposite effect. A focused electric pulse is used to purposefully rupture the membrane. 
For example, in Paper II, we cut lipid nanotubes by electrofission from networks to 
observe their shape transformations. 

In order to produce lipid nanotube vesicle networks, giant unilamellar vesicle-
multilamellar vesicle complexes have to be prepared [90], as described above in 
section 2.3.  The initial step in the formation of nanotube-vesicle networks is the 
immobilization of vesicles onto the substrate. This can be achieved by adding a 
suspension of vesicles to the observation chamber, typically a buffer droplet on a 
microscope cover slip, and allow it to precipitate. Subsequently, a borosilicate-glass 
micropipette (~0.25 µm outer-tip-diameter) filled with a buffer solution and a counter 
electrode, is placed close to the surface of a giant unilamellar vesicle. The micropipette 
tip can penetrate the membrane of the giant unilamellar vesicle by simultaneously 
applying a point force and an electric pulse (~ +20-40 mV, 8-10 ms pulse 
intensity/length) (Figure 3-4 A). The membrane then reseals around the micropipette 
tip. When the micropipette is pulled away, a lipid nanotube is formed between the 
micropipette tip and the vesicle (Figure 3-4 B). When the nanotube reaches the desired 
length, a positive injection pressure is applied and the buffer solution inside the 
micropipette is injected into the nanotube. As a result the nanotube forms a small 
vesicle at the tip of the micro-injection needle (Figure 3-4 C). The size of the formed 
vesicle can be controlled by the injection time. The newly formed vesicle can be 
positioned on the surface by gently pressing it to the surface (Figure 3-4 D). After the 
vesicle gets adhered onto the surface, the micropipette is pulled away while applying 
electrical pulses. The pipette gets detached (electrofission) and the remaining 
membrane pore reseals. By repeating this process several times, a complex network 
can be created.  
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Figure 3-4 Formation of nanotube vesicle networks. (A) By applying a point force and an 
electric pulse to a surface-adhered vesicle, a micropipette penetrates the vesicle membrane. 
The pulse causes a pore in the membrane and the pore edge holds onto the pipette tip. (B) By 
slowly pulling the tip of the micropipette away from the vesicle, a lipid nanotube is formed (C) 
When buffer is injected into the nanotube by means of applying a positive pressure through 
the microinjection needle, a small vesicle is formed at its tip. (D) The new vesicle is adhered 
on the surface after reaching the desired size. Thereafter, the micropipette is detached from 
the new vesicle by electrofission.  

 

Nanotubes generally have an unfavorably high surface free energy. This will 
cause them to minimize their length in order to decrease the surface free energy 
(spontaneous self-organization). In networks, this length minimization can cause a 
change in the structure of the network. For example, Y-junctions can be formed by this 
self-organization process when nanotubes merge in the network [96].  
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3.4 Energetics of lipid nanotubes 
 

To be able to form a nanotube, a point force has to be applied to a vesicle. This 
force is approximately 10 𝑝𝑁 , which is ~13% higher than the required force to extend 
an already formed lipid nanotube [97]. Because of the high bending energy in the 
nanotube, a fixed anchoring site is necessary, otherwise the tube instantly retracts. The 
free energy of a lipid nanotube is given by a combination of bending end stretching 
energies, and can be described as:  

𝐸�������� = 𝜎𝐴 + �
� ∮ 𝑑𝐴(�

�
)� = 2𝜋𝑟𝑙𝜎 + ���

�
                        Eq. 3.1 

where the first term represents the stretching energy, and the second term the bending 

energy of a lipid nanotube with principal curvature �
�
 . 𝜎  is the lateral membrane 

tension, 𝑟 and 𝑙 are the length and radius of the lipid nanotube, respectively. From the 
energy per unit length of the nanotube, the equilibrium radius of the tube can be 

obtained as  𝑟� =  �𝑘/2𝜎. 

 

3.5 The mechanisms of transport in nanotube vesicle networks 
 

There are three main transport modes between lipid vesicles through lipid 
nanotubes: diffusive motion of molecules or particles [98], tension-driven transport 
[37], and electrophoretic transport [13]. Protocols and requirements for all three 
transport modes are summarized in Paper I. Diffusive transport was investigated in 
nanotube-interconnected biological cells in Paper IV. This mode is an effective way 
for molecules to be transported via short distances or small volumes, which is typically 
the case with lipid nanotubes (Figure 3-5). It is the most common means of transport in 
NVNs, and is governed by the Brownian motion of molecules [91]. In order to traverse 
a nanotube, the size of the transported materials is required to be smaller than the tube 
diameter. The transport direction of molecules or particles is along the concentration 
gradient, from volumes of higher concentration towards the volumes of lower 
concentration. Directed diffusive transport (not Brownian motion) comes to a halt 
when the concentration reaches equilibrium. 
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Figure 3-5 Diffusion transport. (A) Two vesicles are connected by one lipid nanotube, in a 
lipid nanotube-vesicle network. One of two vesicles is filled with particles, while the other of 
the two is empty. Particles start to diffuse along the concentration gradient from high to low 
concentration. (B) Diffusive motion stops once the concentration gradient disappears until 
concentration gradient disappearing.  

 

Diffusive motion is determined by a concentration difference, which decays 
exponentially with 𝑒��/������ , where 𝜏�����  is the relaxation time [98-99]. The 
relaxation time is defined as:  

𝜏����� = ����
�����

�
����

                        Eq. 3.2 

where 𝑙 is the length of the lipid nanotube, while 𝑉�𝑎𝑛𝑑 𝑉� are the volumes of the two 
vesicles. 𝐷 is the diffusion coefficient for the molecule to be transported, and 𝑟 is the 
radius of the nanotube. Based on this equation, it is apparent that the length of the lipid 
nanotube is an important parameter to determine the relaxation time. Generally, the 
diameter of a lipid nanotube is around 50-200 nm, while the radius of a vesicle is ~10 
µm. In such nanoscale systems, relaxation times are on the order of hours, and not of 
days as in fluidic systems with micrometer channel diameters. 

Besides the relaxation time, there are two other important time parameters 
governing the diffusive motion. One is the traffic time (𝑡������� ) which is used to 
describe the required time for a molecule or particle to travel from one to another 
vesicle, that includes the time needed for as molecule to find the entrance to the lipid 
nanotube. 𝑡������� can be estimated as:  

                                      𝑡������� = ��������
�

����������
                     Eq. 3.3 

where 𝑟��������  is the radius of the lipid nanotube, while 𝑅�������  is the radius of 
vesicle containing the molecules or particles. The traffic time is related to the mixing 
time. It is described as [100]:  
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  𝑡�������~ ��������
���������

𝑡���                             Eq. 3.4 

where 𝑡��� is denoted by the corresponding mixing times 𝑡���������� and 𝑡�����������. The 
time which is required for a molecule to mix in the nanotube (𝑡�����������) and in the 
vesicle (𝑡����������) are comparable to each other  𝑡����������~𝑡�����������.   

  𝑡���������� = ��

�
  𝑎𝑛𝑑  𝑡����������� = ��

�
            Eq. 3.5 

The radius of vesicle is much smaller than the length of the lipid nanotube, hence, 
𝑡��� is much shorter then 𝑡������� . It means that one molecule or particle requires a 
longer time to find the lipid nanotube entrance than is required to travel through the 
whole vesicle volume.  

 

3.6 Freely-floating lipid bilayer membrane nanotube 
 

A freely floating nanotube, released from both anchoring sites, can be obtained 
by electrofission, i.e., through application of a localized electric field, at both ends of a 
suspended tube. Experimental details are described in Paper II. Driven to lower their 
surface energy, these nanotubes undergo shape transformation. For example, short 
lipid nanotubes and tubular protrusions emanating from cell plasma membranes have 
been reported to evolve into vesicle-like structures [39, 101]. Despite these initial 
observations of nanotube membrane rearrangement, the transformation mechanism or 
the morphology of the final structures has thus far not been accomplished. In this 
thesis work, the fate of free-floating lipid membrane nanotubes was determined. First, 
a lipid nanotube was formed as described in section 3.3. Once the tube had formed, a 
second micropipette was used to apply an electrical pulse to the other end of the tube, 
simultaneous with the primary pipette (Figure 3-6 A). This causes the lipid nanotube to 
be released from both anchoring sites at once Figure 3-6 B.  
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Figure 3-6 Fabrication of a free-floating lipid bilayer membrane nanotube. (A) After 
pulling a nanotube from a unilamellar vesicle, it was released by applying an electric pulse 
(red cross) from two micropipette tips simultaneously, producing a free-floating lipid 
nanotube  (B). 

 

After release, the shape of such a free-floating lipid nanotube is unstable, because 
of its high curvature energy, as compared to a spherical vesicle (𝐸 = 8𝜋𝜅 ≈ 250𝑘�𝑇) 
[69, 97]. Therefore, the shape transformation from an initially tubular structure to a 
final stomatocyte-like structure occurs (Figure 3-7).   
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Figure 3-7 Shape transformation of a free-floating lipid nanotube into a stomatocyte-like 
structure. (A) Fee-floating nanotube in the solution. (B) Shape transformation to a microtube. 
(C) Discocyte structures appear on the tube, and consume lipid materials from tube. (D) 
Formation of stomatocyte-like structure as final shape without any significant volume change.  

 

For such a transformation, the lipid transport between areas of the outer and the 
inner leaflet in the nanotube can be estimated from: 

∆𝐴 = 𝐴� − 𝐴� = 2𝜋𝑑𝑙                Eq. 3.6 

where 𝑑 is half of the bilayer thickness. Lipid transport between leaflets is typically 
much faster in a nanotube than in vesicle [102], because of the high curvature. Our 
data implies an unconventional interleaflet lipid transfer rate (Paper II). 
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3.7 Intercellular nanotube networks 
 

In 2011, Dubey and Ben-Yehuda reported that intercellular nanotubes could be 
formed between bacterial cells for exchange of cytoplasmic contents [82]. This 
previously uncharacterized type of bacterial communication was mediated by 
nanotubes, interconnecting several neighboring cells to form a network. Using Bacillus 
subtilis as a model, the transfer of cytoplasmic fluorescent molecules and of non-
conjugated plasmids between adjacent cells was demonstrated. The authors also 
showed that molecular exchange enables bacteria to transiently acquire nonhereditary 
resistance against antibiotics. It is apparent that cellular networks with interconnecting 
nanotubes are an interesting model system to study transport phenomena, as well as 
specific aspects of cellular function. In the content of this thesis, micromanipulation 
and microinjection techniques were utilized to artificially create such intercellular 
tubular connections. The work flow of the technique is summarized in Figure 3-8 and 
further elaborated in Paper III. It is based upon the technique developed for liposome 
network generation (see section 3.3). Due to the sensitivity of the cells (HEK 293), the 
experimental conditions needed to be adjusted, in particular the electroporation 
parameters. An appropriate working environment adopted to perform cell studies is 
also necessary. Generally, physiological temperature and 5% of CO2 in the ambient 
atmosphere are required to guarantee cell survival. The total time to fabricate the 
network and observe the transportation should not exceed 3 hours. The aim of these 
experiments was to establish that a) the technique is translatable to living cells, b) open 
nanotube connections are formed, and c) that the cells survive the electroporation, tube 
formation and electrofission procedure. It was established that stable intercellular 
networks can be fabricated, and that diffusive transport of ions and of small molecules 
can be achieved without compromising cell health.  
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Figure 3-8 Fabrication of an artificial intercellular nanotube network, and transport 
experiments. (A) Glass micropipette penetrates the cell membrane following application of a 
combination of electric force and mechanical force. (B) A lipid nanotube is created by 
retracting the micropipette. (C-D) The formed nanotube is connected between two cells by 
applying similar forces as in A. (E) Particles diffuse from the micropipette via the mother to 
the daughter vesicle.  
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3.8 Surface-directed intercellular tubular membrane formation 
 

Another interesting question with respect to cell-to-cell networks is related to the 
distance which cells can bridge in order to establish connections. We investigated 
adherent filopodia in HEK 293 cells and their capability to bridge Teflon AF micro 
gaps ranging from 2 to 16 µm. We intended to determine if there exists a critical 
length scale beyond which cells cannot probe free space, as well as to investigate the 
morphological features of the gap-bridging membrane. The cells' capabilities to probe 
free space are an important measure of how far cellular contacts can reach, and is 
probably cell type dependent. The basic experimental setup is illustrated in Figure 3-9. 
We adapted a general photolithography-based process, previously developed for the 
microfabrication of surface-supported Teflon AF structures, to fabricate cell culture 
substrates for investigating the ability of cells to overcome obstacles and form 
nanotubular interconnections. Teflon AF patterns primarily benefit from superior 
optical properties such as very low auto-fluorescence and a low refractive index, and 
can to assist directed cell growth along the structured surfaces. Cells develop in a 
guided fashion along the sides of the microstructures, selectively avoiding to grow 
over the patterned areas [103]. In our study we established that at a distance of 2-8 µm, 
the number of connections formed between cells via microgaps drops significantly. 
Experimental data and details are reported in Paper IV. The surface fabrication 
methods are discussed in detail in Chapter 4.  
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Figure 3-9 Growth and connection of tubular cell membranes on glass surface 
microchannels along with Teflon AF microstructure. (A) The cells are placed on 
micropatterned glass surfaces. The remainder of the cover slip is covered by Teflon AF. (B) 
After incubation, cells adhere to the circular patterns. (C) Tubular cell membrane grows along 
the glass microchannels. (D) After reaching the Teflon AF microgap, a cellular nanotube 
forms at the end of the tubular membrane (arrow), and attempts to cross over the Teflon AF 
microgap.  
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Chapter 4 Methods 

4.1 Microfabrication 
 

Microfabrication is the process of fabrication of miniature structures where the 
size scale is between 1mm and 100 nm. Below 100 nm, the term “nanofabrication” is 
commonly used, although the actual fabrication techniques involved can be the same, 
or closely related. Microfabrication uses integrated circuit manufacturing technology 
and complementary techniques, such as micromachining, lithography, etching and 
deposition. Microfabricated structures have found various life science applications, 
including tools for molecular biology, biochemistry and cell biology, further medical 
devices, and biosensors. Compared to conventional large scale devices, 
microfabricated devices and structures often feature enhanced functionality, and 
sometimes even novel capabilities [104]. For example, the whole field of microfluidics 
is entirely based on microfabrication processes. Microfludic channels are commonly 
fabricated using a combination of silicon wafer processing techniques, and specifically 
developed processes, such as polymer replica molding. The production costs of 
devices can be effectively decreased by microfabrication techniques, which is 
particularly apparent in the area of sensor fabrication [105]. A large number of 
examples for the use of small-scale devices in all areas of the bioscience research exist, 
for example in biomembrane, DNA, and protein research, as well as in bio-analytical 
chemistry [106-112].  

In this thesis work, photolithography was used as the major technique for the 
fabrication of Teflon AF microstructures on glass cover slips. Details about the 
photolithography and our patterning process for Teflon AF are discussed in the 
following sections.  

 

4.1.1 Photolithography 
 

The basic concept of photolithography is to transfer a desired pattern onto a 
surface, using illumination of a photoactive coating material (resist) to define the 
pattern on the substrate. The light resource is typically ultraviolet (UV) light, which is 
in the right energy range to modify the chemical structure in the resist. 
Photolithography is in fundamental aspects related to photography. In both processes 
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light is used to transfer a pattern onto a light-sensitive film, either by using a pattern-
defining mask, or directly without the mask. Photolithography involves the following 
basic steps:  

i) Substrate cleaning, where contaminants are removed by wet chemical or plasma 
treatment. 

ii) Surface preparation, where moisture is removed by the application of surface 
adhesion promoters or primers.  

iii) Resist application, where the substrate is spin-coated with a resist solution to 
achieve a desired film thickness. 

iv) Exposure, where the resist-coated substrate is exposed to intense UV light, which 
causes changes in the chemical structure of the resist, and enables development. In 
this step, the pattern is transferred to the photoresist, typically utilizing a 
photomask, which is an opaque plate with transparencies (dark field mask) or a 
transparent plate with opaque areas (bright or clear field mask) which allows light 
to shine through in a defined pattern.  

v) Development, where either the exposed or unexposed areas of the light-treated 
resist film are selectively removed by treatment with a chemical developing 
solution. 

vi) Pattern processing, where the substrate is altered in the areas that are not covered 
by the resist. This step physically transfers the pattern onto the substrate.  

vii) Resist removal, or lift-off, where the unexposed resist is removed from the 
substrate by application of a solvent (resist stripper) or plasma treatment. 

Figure 4-1 shows the main steps of the photolithographic process from resist 
application to development, depicting both the use of the bright field and dark field 
mask.  
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Figure 4-1 The flow of the photolithography process until development for a glass cover 
slip, which is the typical substrate used in this thesis work. The substrate cleaning step is 
omitted in the scheme.  

 

Of considerable interest in the photolithographic process is the achievable 
resolution. The resolution of a lithographic process is formally defined by the 
modulation transfer function of the lithography exposure equipment, and the resist 
being utilized in it. In more practical terms, it refers to the ability to print minimum 
size images under conditions of typical process variation. The theoretical resolution in 
photolithography can be written for contact mode (no space between mask and 
substrate) as:  

𝑅 = 1.5�𝜆(�
�
)                   Eq. 4.1 

where 𝜆  is the wavelength of exposing radiation, and 𝑧  is the thickness of the 
photoresist. The resolution of the practical lithographic process is influenced by 
process characteristic including: diffraction of light, lens aberrations, and the 
mechanical stability of the system (instrument), the properties of the resist material, 
and process details, such as soft-bake and post-bake conditions. Improvement of 
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optical resolution is continuously desired. Research is conducted on both the 
equipment and the photoresist chemistry aspects [113-116]. 

 

4.1.2 Patterning of Teflon AF 
 

Teflon AF, an amorphous copolymers of polytetrafluoroethylene (PTFE) with 
2,2-bis(triflouromethyl)-4,5-difluoro-1,3-dioxole is a very interesting modern material 
because of its characteristics: applicability to surfaces by spin-coating, strong 
hydrophobicity, high gas permeability [117], and non-fluorescence. Teflon AF also 
features good biocompatibility. The low surface energy of micropatterned Teflon AF 
films could be exploited to achieve spatial control of cell adhesion. A number of 
biological cell studies were reported, where the cytophobic nature of Teflon AF was 
exploited for differential adhesion, further its tendency to guide cell growth [118-119]. 
However, Teflon AF is rather hard to combine with other materials due to its poor 
adhesion and insolubility, besides of micropatterning on  special materials, such as 
silicon [120]. In our experimental work, Teflon microstructures were microfabricated 
on the glass surface of microscope cover slides. Fabrication details on the application 
of Teflon AF (1.2%(𝑤 𝑤⁄ ) of solids) are presented in Paper IV. A brief work flow is 
presented in Figure 4-2.  
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Figure 4-2 The microfabrication process for the deposition of Teflon AF microstructures 
onto glass cover slide surfaces. Teflon AF solution was spin-coated onto an exposed and 
developed S1813 resist layer, and the patterns are generated by lift-off of the photoresist film. 

 

This photopatterning process is considerably simpler than previously reported 
processes [118], as it involves besides the exposure no other steps involving 
cleanroom instrumentation. However, the pattern adhesion to the glass cover slip is 
limiting the feature size to 1-2 µm. Surface treatment such as fluorosilanization [118] 
should bring improvement, but it would involve the deposition of a silicon oxide film 
as an additional step prior to photolithography.  
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4.2 Cell cultures 
 

In this thesis work, cell culturing of mammalian cells was performed to provide 
specimen for the nanotube experiments described in Paper III and IV. Cell culturing 
is the process by which cells are grown ex vivo under defined conditions. Human 
Embryonic Kidney (HEK) 293 cells, Neuroblastom cell line NG 108 and Chinese 
Hamster Ovary (CHO) cells were the cell lines cultured and used in the experimental 
work. The basic steps which are required to prepare the cells for use in microscopy 
experiments are depicted in Figure 4-3.  

 

 

Figure 4-3 Culturing of cells for microscopy experiments. (A) A sterile glass plate (either 
patterned or unpatterned) is combined with a frame to assemble a culture dish, which is used 
directly under the microscope. (B) Cell culture medium and cell stock are combined in the 
dish. (C) Incubation under optimal growth condition 37 °C and 5% CO2 for a desired time (~1 
day).  

 

WillCo glass bottom dishes, consisting of a plastic frame, glass cover slides and a 
double sided adhesive tape, were used to assemble culture dishes. In contrast to 
ordinary commercial culture dishes, his construction kit allows the use of pre-treated, 
or specially functionalized cover slides, such as the ones with microfabricated Teflon 
AF structures. After transfer of the cells into the assembled dishes, and incubation for 



37 
 

a desired time, microscopy experiments on the cells were performed (Paper III and 
IV).  

 

4.3 Microscopy 
 

The term “microscopy” summarizes instrumental techniques to view objects 
which are too small to be seen with the naked eye. A large variety of different 
techniques has been developed since the first microscope was built in ~1670. In the 
thesis work, optical microscopy was employed. Optical, or light microscopy, uses 
visible light, which is transmitted through the sample through a system of lenses, 
providing a magnified view of the sample. The image produced by the microscope can 
be viewed by the eye, or captured by various means, nowadays most commonly in 
digital format by electronic cameras. In optical microscopy, differences in intensity or 
color create image contrast, which makes individual features and details of the 
observed sample visible. Contrast can be defined as difference in intensity between a 
feature and its background relative to the overall background intensity. It is produced 
in microscopy by various means, for example by the absorption of light, by reflectance, 
color variations, or fluorescence. The ability to distinguish individual features in the 
image produced by the microscope is also related to the resolving power, also 
frequently termed resolution. The resolution depends on the numerical aperture (N.A.), 
which is a measure of the light collection capability of the objective.  

𝑁.𝐴. = 𝑛 sin𝜃                           Eq. 4.2 

where n is the refractive index of the objective immersion medium, and 𝜃  is the 
maximum angle relative to the objective axis from which the objective can collect 
light. The resolution (𝑟�) depends on N.A. and wavelength (𝜆).  

𝑟� = 0.61 �
�.�.

                             Eq. 4.3 

In the thesis work, bright field microscopy with Differential Interference Contrast 
(DIC), Fluorescence Microscopy and Confocal Laser canning Microscopy were used.  
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 4.3.1 Differential interference contrast microscopy 
 

Differential Interference Contrast (DIC) is an illumination method to produce 3D 
bright field transmission images of sample without staining. It is a very useful 
technique to observe details of low contrast samples. The principle of the DIC imaging 
relies on light interference between two closely rays where one is slightly phase-
retarded. The basic principle of this illumination technique is shown in Figure 4-4.  

 

 

Figure 4-4 Light path through by Differential Interference Contrast (DIC) microscope. 
Unpolarized light (A) passes a (45º) polarizing filter (B), generating polarized light (C). It 
passes the first Wollaston prism (D) where it is split into two beams, which pass a condenser 
(E) and interact with the sample (F) From there the light continues through the objective Lens 
(G), pass the second Wollaston Prism (H), where the beams are recombined. A second 
polarizing Filter (135º) removes directly transmitted light from the polarized light (J).  

 

As the polarized light is separated into two rays polarized at 90° to each other, 
the sampling and reference rays by the first Nomarski-modified Wollaston prism. Then, 
a condenser is used to focus the two rays onto the specimen. In which, two rays can 
not exactly focus on the same point, they are slightly apart by ~200 nm. Both rays 
experience different optical path lengths, if the areas they penetrate differ in refractive 
index or thickness. The rays travel through the objective lens, and are recombined by 
the second Wollaston prism into one polarized light ray. The recombination causes 
interference due to the path length difference, which is perceived as (enhanced) 
contrast in the generated image [121].  
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4.3.2 Fluorescence microscopy 
 

Fluorescence microscopy is most commonly used in the biological sciences. It 
requires fluorescent specimen, which are either intrinsically fluorescent, or become 
fluorescent after staining, or labeling, by intrinsically fluorescent molecules. Such 
molecules can absorb light of a suitable wavelength (excitation) and subsequently emit 
light at a longer wavelength (emission). This process of light emission after excitation 
is referred to as fluorescence. The simplified Jablonski diagram in Figure 4-5 depicts 
the principle of fluorescence. After absorption of incident light, electrons are elevated 
from the ground state (S0) into a singlet excited state (S1) of higher energy. The excited 
electrons relax to a lowest energy level in the first singlet excited state (S1) by 
vibrational relaxation on a timescale of 10-12 s. Then, the excited electrons return to the 
ground state (S0), emitting a photon (fluorescence) within 10-7 to 10-9 s. In 
fluorescence microscopy, this light emission is responsible for the, typically, strong 
contrast. The emitted light can be collected and processed to form an image. The 
advantage of this method is the possibility to observe details of samples which show 
no contrast in ordinary light microscopy. 

 

 

Figure 4-5  Simplified Jablonski diagram, depicting the fluorescence process.   

 

High excitation intensities can be achieved by means of laser illumination (laser 
induced fluorescence, LIF). A variety of different wavelengths are today available for 
fluorescence microscopy, such as 488 nm (Ar+) and 633 nm (He-Ne).  
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4.3.3 Confocal laser scanning microscopy 
 

Confocal laser scanning microscopy (CLSM) is a modern fluorescence based 
microscopy technique, which provides exceptionally high optical resolution and 
contrast. Confocal microscopy utilizes point illumination and a spatial pinhole in front 
of the detector to eliminate out-of-focus light in objects that are thicker than the focal 
plane. The principle is illustrated in Figure 4-6.  

 

 

Figure 4-6 Principle of confocal microscopy. The light from the focal plane passes the 
pinhole and reaches the detector, while out-of-focus light is rejected at the pinhole.  

 

In a confocal laser scanning microscope, a laser beam serves as light source. The 
technique use typically 2 or 3 mirrors to deflect the beam, scanning linearly along the 
x and the y axis, in order to move the laser beam across the sample. A fixed emission 
pinhole and detector are used, and the image is constructed point by point, according 
to the mirror movements. Thus, the sampling density is programmable and very high 
resolutions can be achieved. The confocal laser scanning microscopy was the most 
widely used method used in this thesis work. 

 

  



41 
 

Chapter 5 Summary of papers  
 

Paper I. 

Generation of phospholipid vesicle-nanotube networks and transport of 
molecules therein 

 

In Paper I, the fabrication procedures for soft-matter tube & container networks, 
consisting of lipid nanoconduits and surface-immobilized vesicles, was described in 
detail, including lipid and surface preparation, micromanipulation and microinjection 
techniques. The micromanipulation techniques comprised membrane electroporation 
and microinjection, which were applied to effect shape transformations of the 
membrane in order to create tube-interconnected compartments. Passive and active 
transport of molecules and membrane material within the fabricated networks were 
also described, including diffusive, tension driven [122] and electric field-driven [30] 
transport. The vesicle-nanotube networks are suitable model systems for chemical 
reactions in confined spaces, dynamics of bilayer membranes and nanotubes, and 
starting points for various soft-matter nanodevices.  

 

Figure 5-1 The soft-matter fabrication process for the generation of nanotubes-vesicle 
networks (I-V), and three individual modes of transport of small molecules and 
membrane material within the networks (VI).  
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Paper II. 

Spontaneous shape transformation of free-floating lipid membrane 
nanotubes 

 

The dynamics of free floating lipid nanotubes was reported in Paper II. A 
nanotube was pulled from a surface-adhered giant unilamellar vesicle in a buffer 
droplet, using a glass microneedle, and separated from both the needle and the vesicles 
by means of an electric pulse. After the release, the lipid nanotube, measuring several 
hundreds of micrometers in length, floated freely in the aqueous buffer droplet. Shape 
transformations through different stages were observed and characterized and the 
influence of membrane-embedded molecules on these transformations were 
established. To minimize the surface free energy, which is high in the free nanotube 
compared to a vesicle of the same surface area, the tube undergoes shape 
transformations, which proceed through several stages. Stomatocyte-like structures 
were determined as the final shapes. This stage was reached without any significant 
volume change, but under high curvature energy consumption during the 
transformation.  

In the experimental work, membrane dyes (FM1-43 and Texas Red DHPE) were 
used to monitor the shape transformation dynamics, and quantitative fluorescence 
intensity analysis was employed to study membrane translocation inside the structures. 
Transformation rates were estimated. Nanotubes labelled with a water-soluble styryl 
dye, FM1-43, transformed approximately five fold faster than nanotubes labelled with 
the phospholipid conjugated dye Texas Red DHPE.  
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Figure 5-2 Folding model for shape transformation supported by snapshots of 
corresponding structures from recordings of the SPE-FM nanotube transformation.  (A) 
A free-floating nanotube is formed. (B) Disc-like structures appear on the tube. (C-D) The 
disc-like structures begin to curve and develop into stomatocytes connected to a nanotube. (E-
G) A double walled tube is formed after the entire nanotube being consumed. (H-J) Disc-like 
thickening appears, and bends to a stomatocyte. The scale bar corresponds to 10 µm in (A), 
and 5 µm in (B-J).  
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Paper III.  

Artificial nanotube connections and transport of molecular cargo between 
mammalian cells 

 

In Paper III, open nanotube connections are generated between a glass 
microneedle and a human embryonic kidney (HEK293) cell, and in between two cells. 
The micromanipulation techniques are adapted from Paper I. After construction of the 
needle/cell-to-cell connection, intercellular transport of molecular cargo was studied. 
In the experiments, calcium ions and pre-fluorescent enzyme substrate are transported 
to the connected cell by diffusion through the tube. In each of the experiments, the cell 
health status after generation of the nanotube was evaluated by means of superfusion 
of the cells with the diazo dye Trypan blue. Cell survival after nanotube formation was 
confirmed. This cell model can greatly facilitate fundamental studies of cell-to-cell 
communication, the exchange of cell constituents and components, and the dynamics 
of biochemical reactions in native network environments.  

 

 

Figure 5-3 DIC images depicting the generation of an intercellular nanotube (white 
arrow) between two individual human embryonic kidney (HEK 293) cells. Scale bar: 10 
µm. (A) A glass microneedle was used to penetrate the upper cell, and to draw a nanotube 
from it, using the micropipette procedure described in the text.  (B-C) The needle is being 
translated towards the target cell, elongating the tip-attached nanotube. (D) By bringing the 
needle tip (red arrow) in contact with the cell and applying an electric pulse, the tube connects 
permanently to the cell membrane. (E) The glass micropipette tip has been retracted and 
disconnected from the cell, leaving behind an intercellular tube.   
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Paper IV.  

Microgap closing by cellular processes-critical length-scales and membrane 
morphology 

 

Paper IV reports a study on the capability of adherent filopodia of human 
embryonic kidney (HEK 293) cells to bridge Teflon AF microgaps. The purpose of the 
study was to determine if  there exists a critical length scale beyond which cells cannot 
probe free space, as well as to investigate the morphological features of the gap-
spanning membrane, i.e., to investigate if nanotubes can be formed on microgaps in a 
controlled way. To achieve this goal, the lithography method is applied to micro-
patterned substrates fabricated from glass and amorphous Teflon AF in the fashion 
described in Paper III. We grew HEK 293 filopodia on 2 µm wide glass 
microchannels intersected by Teflon AF microgaps of different lengths: 2, 4, 8, and 16 
µm, respectively. After 1 day incubation, we observed that cell protrusions were able 
to span gap sizes of 2 and 4 µm in nearly all experiments, but larger gaps less 
frequently. Cell extensions crossing microgaps generally appeared as nanotubes in 
approx. 30% of all observed cases. By means of a microfluidic superfusion device, 
which was utilized to chemically porate one cell, and deliver a fluorescent compound 
to it, and the transport capabilities of cell-to-cell connections established in this way 
were probed. Figure 5-4 

 

 

Figure 5-4 An example of chemical transport between two cells through a tubular 
interconnection, following directed growth of the cell-to-cell connection on glass 
microchannels, which are separated by a Teflon AF microgap. (A) Brightfield DIC image 
of a tubular interconnection across a 2 µm gap between two cells. (B) Hindered transport in 
the interconnection, which features a junction between the connected cells, visualized by 
fluorescein internalized in one of the cells. Scale bar: 10 µm. 
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Chapter 6 Conclusion and Outlook 
 

In this Ph.D. work, we investigated the formation and dynamics of artificially 
created lipid nanotubes, and explored the on-demand generation of intercellular 
nanotubes. Methods and techniques to produce networks of phospholipid vesicles and 
lipid nanotubes, as well as networks of biological cells and lipid nanotubes, are 
described in this thesis. It also covers means to transport membrane material and 
internalized molecules and particles through the nanotubes, both in biomimetic 
networks, and between biological cells. The capabilities, limitations and experimental 
requirements of the techniques used in this work are described in detail in Paper I. 
Thereafter, the dynamics of individually generated nanotubes was investigated. 
Starting from simple networks interconnecting two giant liposomes, free-floating lipid 
nanotubes were produced, and the fate of the liberated nanotubes was determined. 
After releasing a lipid nanotube of several hundreds of micrometers in length from its 
suspension points, which was achieved by electrofission on both ends of the tube, 
shape transformations through different stages could be observed and characterized, 
and the influence of membrane-embedded molecules on these transformations were 
established (Paper II). 

Paper III demonstrates the on-demand generation of nanotubes between 
biological cells by means of micromanipulation and microinjection techniques 
originally developed for vesicle-nanotube networks. These new model structures have 
the potential to greatly facilitate fundamental studies of cell-to-cell communication, 
the exchange of cell constituents and components, and the dynamics of biochemical 
reactions in native cell environments. It is the first report on cell-to cell connectivity 
established artificially. In Paper IV we focused on the cells' capability to probe free 
space in its immediate vicinity. We designed a micropatterning strategy for selective 
cell immobilization and directed cell growth. A new microfabrication protocol for 
high-resolution pattern-generation of Teflon AF was developed for that purpose. The 
new surfaces enabled growing cells in specific orientations to each other, which 
allowed us to determine the distance-requirements for tunneling nanotube (TNT)-like 
conduit formation. This work improves the performance of previous cell-nanotube 
platforms [84], and opens new possibilities.  

The research results assembled in this thesis represent a systematic approach 
towards on-demand generation and application of intercellular lipid nanotube 
connections, which is of importance for the understanding, and perhaps eventually, for 
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the full control over cellular communication networks. In future work, more 
sophisticated cell-to-cell communication methods have to be developed, including 
communication by means of electrical signals. It is the cytophobic Teflon AF material 
which has proven to be of particular utility for directed growth and tubular 
interconnection formation. The fabrication strategies presented in this thesis provide a 
solid foundation for current and upcoming experimental studies.   
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