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Abstract

A membrane is a barrier that can be passable to some things but impassable to others.

Such things may be molecules, ions, or other small particles. Biological membranes

come with a great variety, ranging from cell membranes, nuclear membranes to tissue

membranes that cover the surface of internal organs. In contrast, synthetic membranes

have been fabricated and utilized by humans for use in laboratories and industry for

filtration and separation.

The scope of this work is to establish and characterize free-standing as well as substrate

supported membranes of the thickness of only a few molecules. The fabrication of

these 2D-nanomambranes was achieved by the Langmuir-Blodgett (LB) technique, by

a horizontal Montal-Mueller method, as well as by crosslinking of selfassembled layers.

Isotherms of monolayer material were investigated at the LB trough. Transferred

to substrates, they were studied with atomic force microscopy (AFM), helium ion

microscopy (HIM), and infrared spectroscopy. Self assembling phenomena of pho-

topolymerizable lipids on HOPG were revealed by AFM in dependence of their degree

of polymerization. Infrared spectroscopy clarified the polymerization process from a

chemical perspective. Free-standing membranes of polymerized lipids could be inves-

tigated by AFM and HIM due to their enhanced mechanical properties.

Free-standing lipid membranes were also fabricated in a fluid chamber. In this aqueous

environment, electrophysiological recordings of lipid bilayer membranes were performed

with the final measurement of free translocation of short DNA fragments through

embedded α-Hemolysin pores. Specific membrane capacitance as well as conductance

of α-Hemolysin were analyzed.

Furthermore, solid-state membranes from selfassembled monolayers were fabricated

and studied electrophysiologically. Ion permeation through these carbon nanomem-

branes (CNM) of various ion species was investigated with respect to their potential

application for filtration purposes.
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1 Introduction and Motivation

Fascinating solutions to various problems have been developed in the process of evo-

lution. And to fully understand complex problems of any kind, one has to explore the

details. This is especially true for modern natural science.

Biophysical processes take place in an environment of high complexity and are always

under the influence of a large number of different factors. Therefore, it is essential to

limit the interactions of a system to a controllable minimum in order to understand the

influence of a certain reaction to the overall picture. This is the birth of the controlled

modern experiment. Only the combination of findings of many such sharply limited

individual experiments gives rise to answers to complex problems.

One of the most fascinating and crucial molecules is deoxyribonucleic acid (DNA),

which can be understand as the blueprint to all known organism.1 Precise knowledge

of DNA sequences has become an important key in numerous fields such as medical

diagnosis,2,3 molecular cloning,4,5 forensic biology,6,7 molecular biology,8 and biological

systematics.9

Starting with the Sanger sequencing technique (named after F. Sanger) in the 1970s,

which is based on the statistical incorporation of chain-terminating dideoxynucleotides

by DNA polymerase during in vitro DNA replication,10 DNA sequencing has reached

the fourth generation by now11 and is dominated by high-throughput techniques, which

are opening fascinating new opportunities.12–14

These latest sequencing technologies are based on nanopore detection of single molecules

and are one of the most powerful sequencing technologies to this day.11 DNA sequenc-

ing using nanopores comes with significant advantages such as label-free,15 ultra-long

reads (up to 1.3× 106 bases),16 high throughput (450 bases of DNA per second per

nanopore),16 and low material requirement.17 Recently, nanopore sensing has been

extended to the field of protein sequencing.18–20

Nanopore sensing is based on the concept of the Coulter counter, which was originally

used to detect cells and particles.21 Two chambers that are filled with electrolyte

solutions are separated by a membrane that contains one or more nanochannels. When
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1 Introduction and Motivation

a voltage is applied across the membrane, an ionic current through the nanopore can be

detected. However, when electrically charged molecules are present, they temporarily

modulate the ionic current as they pass through the nanopore, which allows them to

be detected.22 Membrane materials vary widely but can be divided into solid-state

and biological membranes.

The concept of DNA sequencing by using membranes containing a nanoscopic channel

was formed in 1989 by D. Deamer.23 DNA molecules would be pulled in a linear

fashion through a hole in the membrane, driven by an electrical potential. Based on

the different structures of the four bases, the DNA sequence could be read out by

analyzing the varying current through the nanopore.

In 1996, D. Deamer, D. Branton and J. Kasianowitz published the first demonstration

that nanopore sequencing by using a pore protein (α-Hemolysin) embedded in a lipid

membrane may be feasible.22

The success and the wide range of applications of biological membranes for DNA

sequencing led to the development of solid-state membranes with similar dimensions.

In contrast to biological membranes, which are generally phospholipid membranes and

rather fragile, membranes made from solid-state materials have advanced mechanical

properties. Superior stability and easy producibility are a key feature of membranes

of solid-state materials like silicon nitride,24 graphene,25 molybdenum disulfide26 and

boron nitride.27 Nanopores within solid-state materials are then fabricated via ion

beam28 or electron beam sculpting.29

Membranes are of general use as they are a barrier on one side, but can be passable at

the same time for a selective number of objects. Such things may be molecules, ions,

or other small particles. Besides a great variety in biology,30 membranes have been

fabricated and utilized for a long time by humans for use in manufacturing, industry

and laboratories for filtration and separation.

Water purification is a global challenge and membranes are a crucial part of that

technology. While standard purification presses water through membranes with high

pressure to separate its constituents,31 nanotechnology uses submicrometer thick car-

bon membranes that are completely impermeable to liquids, vapors, and gases, but

these membranes allow unimpeded permeation of water.32,33 By using reverse osmo-

sis, these membranes are potent in the separation of inorganic salts and small organic

molecules.34 Nanofiltration membranes have come a long way since they were first

recognized in the late 1980s.35

In this work, various membrane materials were characterized in a free-standing as

2



well as substrate supported manner. The fabrication of these 2D-nanomambranes

was achieved by Langmuir-Blodgett (LB) technique, by a horizontal Montal-Mueller

method, as well as by selfassembled layers. Phospholipids containing diyne groups in

their hydrocarbon chains were used as photopolymerizable material to establish a mem-

brane that is biomimetic but come with advanced mechanical properties over conven-

tional lipid membranes. Their free-standing properties were investigated using atomic

force microscopy (AFM) and helium ion microscopy (HIM).36 Infrared spectroscopy

was used on substrate supported lipid adlayers to study and clarify the polymerization

process from a chemical perspective.36

In a second approach, double layered lipid membranes (bilayers) were fabricated in a

fluid chamber using a horizontal Montal-Mueller method.37,38 In this aqueous environ-

ment, electrophysiological recordings of lipid bilayer membranes made from conven-

tional as well as polymerizable lipids were performed. Specific membrane capacitance

as well as conductance of α-Hemolysin that incorporated into the lipid bilayer were

analyzed. Initial experiments of UV-induced polymerization of lipid bilayers in aque-

ous environments were carried out. Using α-Hemolysin, nanopore sensing experiments

of short DNA fragments were performed.

The third section of this thesis is about carbon nanomembranes (CNM), which are

solid-state membranes made from carbon-rich material. Fabricated and designed by

Prof. A. Gölzhäuser and his group Physics of Supramolecular Systems and Surfaces

of the Faculty of Physics of Bielefeld University, electrophysiological experiments were

performed in a collaboration with Y. Yang. Ion permeation through CNM of various

ion species were investigated with respect to their potential application for osmosis

purposes.33,39





2 Background and Theory

2.1 DNA

If there were a single molecule that is highly symbolic for life - it would be DNA,

short for deoxyribonucleic acid. It is the blueprint of all biological components of an

organism and is present40 in the nucleus of every eukaryotic cell. Through the process

of DNA replication during each cell division, information is passed on from generation

to generation. Information is organized in genes, which are sections within the DNA.

Functional biological molecules like proteins are then generated in a process called gene

expression from a sequence of the DNA.1 The subdivision of DNA into small sections,

called genes, was first suggested by G. Mendel who established the laws of Mendelian

inheritance.41 Because of its fundamental significance in context of full understanding

of living organism, DNA is part of broad scientific research to this day, such as genome

editing technologies,42 sequencing technologies,43 but also nanostructures44 and high

density information storage.45

DNA was first isolated by F. Miescher in 1869, when he isolated phosphate-rich chem-

icals from the nuclei of white blood cells. He named it nuclein, from which nuclein

acid later emerged.46 In 1953, J. Watson and F. Crick proposed the helical structure

of DNA by X-ray diffraction.47 As it proved to be correct, they received the Nobel

Prize for medicine in 1962.

DNA consists of two individual strands, which spiral together around one axis to

form a helix. The polynucleotide chains run parallel to each other but with opposite

directionality, which is referred to as antiparallel. Each of the two chains consists of the

periodic sequence of a phosphate group and a 2-deoxy-β-D-ribofuranose. Ladder-like,

the sugar-phosphate backbones of two DNA strands form a double helix, while the

bases protrude into the interior.48

Consisting of a phosphate group, a deoxyribofuranose, and one of four possible bases

(Fig. 2.1), the smallest subunit of DNA is the nucleotide (Fig. 2.2). Each base is either

a purine (adenine or guanine) or a pyrimidine (thymine or cytosine).
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2 Background and Theory

Figure 2.1: The smallest subunit of DNA is the nucleotide, which is marked by the
dashed circle. It is attached to the sugar of another nucleotide at its phos-
phate group. Two polynucleotide chains are bounded by hydrogen bonds
between complementary bases (red dashed lines). The two polynucleotide
chains are antiparallel. The most stable energy configuration is formed by
a double helix with about 10.5 bases per turn.49

The base is attached to the 1’-C atom of the cyclic sugar, the phosphate is located at the

5’-C atom. The next higher order is achieved when the phosphate group binds to the

ribose of another nucleotide via a phosphodiester bond at the 3’-C atom.50 This results

in a single strand with a sequence of bases that is not necessarily helically ordered.

Only the interaction with a second, complementary strand leads to the expression

of the double helix. This second strand is orientated antiparallel to the first and

contains a sequence of complementary bases, which is given by the sequence of the

first strand. The formation of hydrogen bonds between two bases is called base-pairing

and establishes only between matching partners. Due to their chemical structure,

two (adenine-thymine) or three (guanine-cytosine) hydrogen bonds are formed. The

presence of thousands of such hydrogen bonds in a DNA molecule contributes greatly

to the stability to the helix.51 Van der Waals interactions between the aromatics of

adjacent base pairs stabilize the DNA additionally.48

From a hypothetical point of view, DNA could be arranged in a simple ladder design,

with the paired bases being the steps and the phosphate the rails. It is known from

elementary chemistry that the distance between adjacent sugars or phosphates in the

DNA chain is 0.6 nm. But the distance between each base pair in a DNA molecule is

found to be 0.33 nm.52 This would leave a gap of 0.27 nm between the stacked bases. To

minimize this space, DNA could form a skewed ladder, with no gaps between the paired

bases. But this would lead to many unacceptably close contacts between neighboring

atoms.53

6



2.2 Nanopore Sensing

Figure 2.2: A nucleotide contains the five-carbon sugar deoxyribose in a circular con-
figuration, a nitrogenous base attached to the 1’-C of the sugar, and one
phosphate group attached to the 5’-C atom of the sugar. The deoxyri-
bose sugar joined only to the base forms a nucleoside, whereas the whole
structure along with the phosphate group is a nucleotide.

In the accepted double-helix shape of DNA, a complete turn is achieved after 3.6 nm in

a right-handed double helix. In solution, this section averages about 10.5 phosphates

per turn.54 Therefore, two bases exhibit an angle of 32.3◦ to each other. The diameter

of the double helix is about 2.4 nm.53

High solubility of the DNA in an aqueous environment results from the spatial arrange-

ment of the base pairs in the interior and the phosphate backbone on the outside. The

double negatively charged phosphate group makes DNA a polyanion. This charge is

shielded by a layer of water molecules, as well as by divalent cations.55 A completely

extended polymer would bind numerous water molecules. From the perspective of

the principle of maximum entropy, a compact polymer structure is energetically fa-

vorable. Therefore, a sufficient length of DNA strand forms a random coil in aqueous

solutions.56

2.2 Nanopore Sensing

Nanopore sensing is based on the concept of the Coulter counter, which was originally

used to detect cells and particles. Two chambers that are filled with electrolyte solu-

tions are separated by a membrane that contains one or more nanochannels. When

a voltage is applied across the membrane, an ionic current through the membrane

can be detected. However, when electrically charged molecules are present, they tem-

porarily modulate the ionic current as they pass through the membrane, which allows

7



2 Background and Theory

them to be detected. The advantages of this nanopore technology are single-molecule

sensitivity at low cost and label-free detection without molecular amplification.57

Nanopore sensing has become a very successful technique in the field of nanotechnol-

ogy and molecular biology with its high sensitivity and versatility.12,13 It provided

a detailed insight into nanoscale molecular transport mechanisms.58 Transposition of

ions and molecules through the biological cellmembrane via ionchannels is essential for

life. The passage of messenger RNA from the cell nucleus into the cytosol is controlled

by nuclear membrane pores. Proteins are secreted across pores in the membranes of

cell organelles, and viruses dump their genomes into cells via pores that they insert

into the cell membrane. Some of the transport through pores is passive, although most

of it is actively controlled.59

In 1989, D. Deamer formed the concept of DNA sequencing by using a nanoscopic

channel.23 DNA molecules would be pulled in a linear fashion through a hole in a

membrane, driven by an electrical potential. Based on the different structures of the

four bases, the DNA sequence could be read out by analyzing the varying current

through the nanopore (Fig. 2.3).

Figure 2.3: This is part of the original sketch of D. Deamer for the detection of in-
dividual bases in a DNA sequence by translocation through a biological
nanopore embedded in a lipid bilayer. In the lower part of the figure, an
electrical readout is shown with each base affecting the current in a distinct
way, which allows the read out of the bases. Dated June 25, 1989.23
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2.2 Nanopore Sensing

In 1996, D. Deamer, D. Branton and J. Kasianowitz published the first demonstration

that nanopore sequencing is feasible using the pore protein α-Hemolysin (α-HL).22

Since the first use of α-HL as a nanopore, additional biological nanopores with varios

characteristics have been developed and utilized in many sensing applications. These

protein pores, which are also called porins (Fig. 2.4), were used in the detection of metal

ions,60 small molecules,61 nucleotides,62,63 and proteins64,65 as well as differentiation

between classes of nucleotide conformations.66

The success and the wide range of applications of biological nanopores led to the

development of solid-state nanopores with similar diameter. In contrast to biological

pores, which have to be embedded in a rather fragile lipid membrane, membranes made

from solid-state materials have advanced mechanical properties. Superior stability and

easy producibility are a key feature of membranes of solid-state materials like silicon

nitride,24 graphene,25 molybdenum disulfide26 and boron nitride.27

Figure 2.4: Three of the most commonly used biological porins and some of their spec-
ifications. Subdomains are illustrated by a colorscheme. Inspired by a
Figure in Shi et al.14,67
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