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Preface

This book is about human senses and movement, how they function on the nanoscale,
and how they can be mimicked on the nanoscale by technology. It combines viewpoints
and data from a variety of different fields: biology and chemistry, of course, but also
physics and mechanical and electrical engineering. Since these fields are generally
taught separately, many students may find this interdisciplinary presentation chal-
lenging. Therefore, I would recommend this book for senior undergraduate or early
graduate students. While chemistry and biology are the most important fields in this
book, students from any of the above-mentioned fields may read this book. It has been
purposely written in simple language with explanations of the jargon used to make it
accessible to a variety of fields.

The introduction presents the major points of each field needed to understand the
content. Each student can choose the sections needed for their background. Each chap-
ter starts by first looking at the molecular details of the sense or movement, so that it
is clear what exactly is mimicked. The next part of each chapter will look at technology
that uses some of the humanmolecules in nanotechnology. The last part of each chapter
looks at nanotechnology that mimics the function of each sense ormovement, not by us-
ing humanmolecules but chemistry, engineering, biology, and other sciences to achieve
its goal.

Biomimetic nanotechnology is a large, quickly moving field. A lot of exciting new
developments have been added to this edition. For the first time, research attempts to
start with a nanoscale sensor, then to scale it up by self-assembly to a large-scale struc-
ture that includes many sensors, similar to what happens in human organs. This book is
not a comprehensive compilation of all research on the subject; instead, I have chosen
several examples for each chapter that stress the connection between the molecules in
the human body and the human function of the senses and movement.
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1 Introduction

This book is about human senses and movement, how they function on the nanoscale,
and how they can be mimicked on the nanoscale by technology. To understand this sub-
ject, it is necessary to first knowa little aboutwhat happens in the humanbody andwhat
takes place at the nanoscale more generally. This introduction will help you by provid-
ing an overview on several topics. It will also include commonmeasurement techniques
and an introduction to sensors. Feel free to only look at the sections you need help with;
each section should be understandable by itself. References will be provided if youwant
to look into a topic in more detail.

1.1 Introduction to Cell Biology and Cell Communication

Let’s start with some basic physiology [1]. Skin, the biggest organ of the body, surrounds
and protects the other organs, each with their separate function. The skeleton holds up
all of the organs and cells, the brain coordinates reactions to our environment, plans
and regulates movement, the lungs provide oxygen so that fuel can be burnt and energy
for the body created, this fuel is collected and broken down in the stomach, but toxic
compounds and waste are secreted via the kidneys. The liver produces whatever needs
to be produced to make it all work, and the heart is responsible for the transport of
nutrients throughout the body. Why does each function have its own organ?

The short answer is that for each organ to be able to function correctly it needs its
own environment [1]. Each organ has different genes that are active and works with
different chemical compounds in its cells, using a variety of reactions to reach its goals.
And each organ, and the body itself, can only function in very controlled conditions
within a narrow margin. These narrow margins are called homeostasis. The body has
an overall homeostasis or set of requirements and conditions, but so does each organ
and each individual cell.

To maintain those conditions, membranes envelop the body, each organ, and each
cell. These border-enclosed spaces can then be controlled separately. But here is the
problem with this approach: each of those separated spaces, including each cell, must
still work together to create a functioning body. Humans have trillions and trillions of
cells, and yet humans are not just a random heap of cells. The cells organize themselves
into tissues, each tissue is ordered into organs, and each organ is combined to form a
human. Humans have a hard time organizing several people; how can the body orga-
nize trillions of cells? And not only organize the cells into a static structure, but create
an active, environment-responsive, moving and thinking human? The answer is: com-
munication, communication, communication.

Before we get to the communication part, let us look at the structure of a cell and
how it functions (Figure 1.1). The nucleus contains all information for the cell coded in
the double-stranded deoxyribonucleic acid (DNA). The sequence of four different bases

https://doi.org/10.1515/9783110779196-001
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2 � 1 Introduction

Figure 1.1: Cell Structure and Components.

in DNA gets translated into ribonucleic acid (RNA) and then proteins by ribosomes, and
the proteins are distributed to their specific locations in the cell via the endoplasmic
reticulum (ER) and the Golgi complex. Some proteins are structural, creating the dif-
ferent structures in the cell and human body. Most of the proteins are enzymes, i. e.
they catalyze reactions and thus either construct needed compounds in the cell or break
them down to generate energy (anabolism or catabolism, respectively). Some catalysts
are also part of signal transduction pathways and thus part of cell communication.

The place where energy is generated is in the mitochondria. Lysosomes, vacuoles,
and peroxisomes either ingest fuel or break down toxic compounds. The cytoskeleton is
made from structural protein fibers and holds the shape of the cell and act as “roads”
for organelle and other transport throughout the cell. The cell membrane is the barrier
that allows for homeostasis. It contains a lot of proteins which are mostly channels that
allow for very specific and regulated transport in and out of the cell. Other transport
across the membranes operates via vesicles that are endocytosed or exocytosed. Other
transmembrane proteins are designed to transfer signals. Some proteins on the outside
of the cell membrane act as a “marker”, or recognition element, for the cell, and some
cause the cell to adhere to other cells or the extracellular matrix (ECM). ECM consists of
fibers (collagen, elastin) and anamorphousmatrix (proteoglycans, cell-binding adhesive
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glycoproteins, solutes, and water) which together form a cell-support. The mechanical
strength of the tissue depends on both the strength of the cytoskeleton for each cell and
the strength of the ECM. The ordering of cells into tissues is also regulated by the ECM.

Cells are not static structures but grow, develop andmature, andmultiply. They also
react to stimuli, outside forces and conditions, and might even commit suicide (apopto-
sis) if they are irreversibly damagedor are infectedwith adangerous virus or bacterium.
The centriole starts the process of cell division (mitosis) bymaking the spindle fibers that
draw the two strands of the chromosomes (DNA pieces) apart. The cells can then form
two nuclei, one for each cell, by copying the one strand, reforming the complete, double-
stranded DNA chromosome and then forming a nuclearmembrane around it; after that,
the complete cell divides by forming a membrane between those nuclei and separating
the identical cells from each other.

To modify a cell, specifically to modify or remove a specific protein in a cell, the
method of genetic engineering was developed. It has been most widely used in bacteria
and plants. The genetic information for a specific protein, its gene or piece of DNA se-
quence, is excised and modified. To be active in the cell, that piece of DNA needs to be
attached to a promoter sequence that regulates when and how that information is used,
then the DNA is reinserted into the cell. This method works most effectively if one func-
tion is based on only one gene, which is common in simple organisms such as bacteria
but rare for higher organisms.

With this information on cell structure in mind, let us return to cell communica-
tion. The body has two major communication systems: the endocrine system that uses
hormones as its signal and the neuronal system that uses neurotransmitters instead (Fig-
ure 1.2). Hormones are secreted into the blood stream and are widely distributed. They
act on any tissue that happens to have receptors for that specific hormone. Hormones
are generally signals for development, i. e., slower, more long-term processes such as the
signal for a stem cell to develop into a new neuron in the brain, or signals that activate
several organs, i. e. insulin, which activates several organs so that food can be broken
down and converted into energy.

Neurotransmitters will be released into a very small space between two nerve cells
and thus will act only on that subsequent neuron. Release and uptake are fast, and
the neurotransmitter will be destroyed immediately. So these signals are used to react
quickly to the environment or analyze and transmit information in the brain stemming
from the continuous input of our senses.

In either communication system, though, the signal arrives outside of the cell that
is supposed to use that information. So how does the signal on the outside of the cell
effect a change inside of that cell, given that the cell membrane poses such a formidable
barrier? Here, the specific channels or other transmembrane proteins come into play.
The structures andmechanisms of these channels will be discussed inmore detail in the
next chapter (see Section 1.2). The signal binds to a channel or a transmembrane protein
on the outside of the cell. That binding event changes the three-dimensional structure
of that protein so that an enzyme at the inside of the cells gets activated to catalyze a
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Figure 1.2: Signaling between cells; (a) Neuronal
signaling; (b) Endocrine signaling.

reaction. The product of that reaction then binds to another enzyme, which activates it
to perform another reaction, whose product binds and activates another enzyme, and
so on. This process is called a signal cascade.

Why does a signal cascade take place, instead of just one single reaction? Doesn’t
such a complex process create a greater risk of something going wrong? In fact, the
opposite is the case: Each of the steps in the signal cascade can be regulated, thus allow-
ing the signal effect to be tightly controlled. Also, a signal cascade creates many signals
for a lot of proteins in a short time, and thus creates signal amplification, which allows
for fast, coordinated action. For example, within a muscle, a large number of heads of
myosin have to be activated at the same time, otherwise only a fewmuscle fibers would
contract instead of the complete muscle.

We will look at two common signal transduction pathways as examples. The first is
the adenylate cyclase pathway (Figure 1.3). The transmembrane receptor is associated
with a G-protein (a protein that hydrolyses guanine triphosphate (GTP) to guanosine
diphosphate (GDP)). These complexes are called G-protein-coupled receptors, or GPCR.
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Figure 1.3: Adenylate-cyclase signal transduction pathway.

The G-protein is phosphorylated and in turn phosphorylates the enzyme adenylate cy-
clase. The thus activated adenylate cyclase takes adenylate monophosphate (AMP) and
cyclizes it to cAMP; cAMP is an important signal in the cell that can bind and activate
many kinases. Kinases are enzymes that can phosphorylate other enzymes and thus ac-
tivate or inactivate enzymes, thereby allowing or barring specific reactions. Each of the
enzymes in the pathway can be regulated either by binding a different compound into
the active site of the enzyme or by binding to a different site in the enzyme, which is
called an allosteric site. When binding to an allosteric site, the enzyme can still react
with its compound in the active site, but the binding strength and thus the reaction is
modulated (i. e., it slows down).

Another example of a common signal transduction pathway is the phospholipase C
pathway (Figure 1.4). Again, the signal binds to a transmembrane protein that is asso-
ciated with a G-protein, a GPCR. In this case, the G-protein activates the enzyme phos-
pholipase C, which generates two signals, inositol triphosphate (IP3) and diacyl glycerol.
Diacyl glycerol in turn activates kinases as we have seen before. On the other hand, IP3
activates ion channels in the ER that release calcium (Ca2+) ions from storage. Ca2+ ions
are another important internal signal that in turn can activate another set of kinases, but
it can also control muscle contractions. Most of the senses also use signal transduction
pathways like these to react to outside signals.

To understand the signaling process at the nanoscale, it is important to look at the
nanoscale itself and the structures of some of the molecules involved, such as GPCR, in
more detail. This will allow us to then use and control these molecules in nanotechnol-
ogy.
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Figure 1.4: Phospholipase C signal transduction pathway.

1.2 Nanoscale Actors and Their Properties

Nanoscale. The nanoscale is generally defined as anything within the length scale of one
to a hundred nanometers, a billionth of a meter (Figure 1.5). A nanometer is only ten
times larger than an Angstrom, which is the size of a small single atom. There is tech-
nology at this scale at this point, but most small technology officially resides in the mi-
croscale, with some parts operating at the nanoscale. In these cases, the name nanoscale
will be used more loosely.

Why is scale so important? It turns out that the properties ofmaterials changewhen
comparing the nanoscale with the macroscale, or bulk, materials [2]. Looking simply
at geometry, the volume or bulk of a material grows with the cube of the length, the
area only with the square of the length. That means that in a bulk material, there is
mostly bulk (hence the name) and very little surface, while the nanoscale material is
the opposite, a lot of surface and very little bulk. Why is this important? Atoms always
want to bond with all the orbitals they have, which is, when they are at their lowest
energy, the most stable and the least reactive. Atoms on a surface, though, only interact
with the orbitals that face the bulk, the orbitals facing the outside have nothing to bond



1.2 Nanoscale Actors and Their Properties � 7

Figure 1.5: The scale of small things, nanoscale and microscale.

with. Thus the surface atoms are higher in energy andmore reactive. Thismakes a large,
bulk material generally unreactive, and nanoscale material highly reactive. This is also
true for possible reactions on the surface of a material as well as interactions of the
surface with its environment.

This principle leads to some interesting phenomena. To give an example on a still
more human scale, a human will break through the surface of water when stepping on
it, but a water strider cannot, since the strider cannot break the intermolecular forces
on the surface of water that make up its surface tension [2]. The smaller the surface, the
larger the effect that surface tension has. That also changes the flow properties through
small-diameter channels, which will become important for microfluidic devices, since
the intermolecular forces, i. e., viscosity, will become predominant.

Keeping nanoscale properties in mind, let us look at the structure of the molecules
that become important in the body and in nanotechnology. The most important materi-
als in a cell are made from either lipids, nucleotides, sugars, or amino acids. We’ll look
at all of these materials in more detail, starting with lipids.

Structure and function of molecules – lipids and lipid membranes. Themost common
lipids are made from fatty acids that are attached to a head group (Figure 1.6). The fatty
acid is by itself amphiphilic, i. e. it has a hydrophilic head and a long, hydrophobic tail.
Inwater, therefore, fatty acidswill aggregate in such away that they form a phasewhere
the hydrophilic heads face the water and the hydrophobic tails face away from it. This
phase, though, is not a solid phase like a salt crystal, but a liquid crystal phase. A liquid
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Figure 1.6: The structures of the membrane lipids (mostly phospholipids) and their fatty acids determine
the mechanical properties of the membrane.

crystal phase maintains its shape and order at all times, while the individual fatty acids
actually change places throughout the structure, thus behaving like a moving liquid.
A liquid crystal phase can still “melt”, i. e., disintegrate, but the phase transition is not
a melting point, but a glass transition temperature, Tg. The more ordered the phase is,
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as with straight, saturated fatty acids, the higher the Tg. The less ordered the phase is,
as with bent, unsaturated fatty acids, the lower the Tg. A layer of fatty acids can also be
formed at the surface ofwater and then transferred onto a solid surface. These fatty acid
single layers are called self-assembled monolayers (SAM). They are also the reason why
amphiphiles are called surfactants (from “surface active”, or moving to the surface).

Themost common lipids have their hydrophilic head attached to a hydrophilic head
group, thus overall still ending up with an amphiphilic molecule. Here, we will specifi-
cally mention phospholipids, or phosphoglycerides (Figure 1.6), since they are the main
lipids that make up cell membranes and themost commonly used lipids in nanotechnol-
ogy. The hydrophilic head group is phosphoglycerol, the hydrophobic tail contains two
fatty acid tails, either saturated or unsaturated, with somewhat different lengths.

Do to their amphiphilicity, lipids form liquid crystals in water (Figure 1.7). Depend-
ing on the shape of the lipid a bilayer can form, which is the basis of all lipid bilayer
cell membranes. But differently-shaped liquids can also form single-layer or double-
layer spheres, called micelles or liposomes, respectively. All of them have been used in
nanotechnology. The mechanical properties of lipid membranes can be manipulated by
changing the composition of the bilayers. Amembrane containingmore saturated lipids
will have a higher Tg, and thus will be stiffer, than a membrane with more unsaturated
lipids. The large, stiff cholesterol molecules further stiffen membranes, as do proteins,
especially transmembrane proteins, which are proteins that are long enough to cross
the membrane completely.

Figure 1.7: Common liquid crystal structures for phospholipids in water.
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Structure and function of molecules – sugars and polysaccharides. Another important
polymer in the body is made out of sugars. A polymer is a molecule that is made from
many (“poly”) repeating units (“mer”). They can be arranged into a long chain or into a
branched structure. There are a variety of different sugars in the body; they are either
used for energy or for structural polymers. One of the most important sugars in the
body is glucose (Figure 1.8). Glucose is the sugar that is fed directly into glycolysis, one of
the major energy-generating pathways, and which is regulated by the hormone insulin.
Derivatives of glucose are also common structural sugars making up, for example, our
tendons. Additionally, glycogen is a partially branched polymer out of glucose that is
the major energy storage molecule besides lipids. Due to branching and the α-linkages,
glycogen is a soft material (similar to but even softer than starch). It is stored in granules
in cells (especially muscle cells) and enzymatically broken down when needed.

Figure 1.8: Structure of glucose and polymers of glucose (examples for polysaccharides).

Structure and function of molecules – nucleotides and DNA and RNA. Another group of
materials in the body are the nucleotides or the polymers made from nucleotides, DNA
and RNA. In the case of DNA and RNA, the “mers” of the polymer are nucleotides, which
can carry 4 different bases, and in the sequence of these bases the information of genes
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Figure 1.9: Structure of DNA and the base pairs of DNA.

is encoded (Figure 1.9). Additionally, a base can interact with a base on another DNA
strand with specific hydrogen bonds, which are strong enough that another structure
results, the famous double helix. The specificity and strength of the hydrogen bonds is
such that it can be used to translate the DNA information into proteins or create more
DNA that is exactly the same in mitosis (see Section 1.1).

Structure and function of molecules – amino acids, peptides and proteins. The other
important polymers in the body are peptides or proteins, which are made out of amino
acids. Here, the specificity due to hydrogen bonding and other intermolecular forces
continues: Proteins are the specific polymers that DNA information is translated into.
Basically, specific hydrogen bonds of DNA are transcribed into specific hydrogen bonds
of RNA, which then are translated via specific hydrogen bonds to transfer-RNA (tRNA),
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Figure 1.10: The 20 different amino acids that build proteins in humans.
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which carries a specific amino acid that is bonded to form a protein with a specific se-
quence with the help of ribosomes. Since there are 20 different amino acids with differ-
ent side chains (Figure 1.10), and the length of a protein can be anywhere between tens
to thousands of amino acids, the possible range of three-dimensional structures that can
be built is large.

The linear chain of amino acids is called the primary structure (Figure 1.11 a). This
chain forms either an α-helix, a β-sheet, or a random β-turn (Figure 1.11 b, secondary
structure). The α-helix is mechanically elastic and acts like a spring that can stretch
as well as bend. The β-sheet can easily stack and form a strong crystal, creating a
stiff section in the protein. The β-turn is a flexible linker between the different sec-
ondary structures. Additional strength can be gained by disulfide linkages that act as
crosslinks. All these secondary structures combined make up the tertiary structure,
or three-dimensional structure, of the protein (Figure 1.11 a). If several proteins ag-

Figure 1.11: (a) Protein structure; (b) Different secondary structures.
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gregate to form one, big complex, this is called the quaternary structure of a protein.
Hemoglobin is one example, it contains four myoglobins, which aggregate and act
together as one large protein complex to transport the oxygen molecules in blood.

Proteins function mainly either as structures or as enzymes. Many of the fibers in
cells are made of protein, such as the actin fiber that is part of the cytoskeleton and
muscles. Some proteins are active in membrane transport; e. g. a lot of transmembrane
ion channels have a barrel-shape made from β-sheets (Figure 1.11 b). Some proteins are
antibodies, making use of the specificity of the amino acid side chains to recognize struc-
tures from invading bacteria or viruses. A lot of proteins are enzymes, i. e., the catalysts
of the cell. These proteins also make use of the specificity to bind a specific metabolite,
or substrate, in such a way that the following reaction is lower in energy than it would
be unbound (Figure 1.12).

Figure 1.12: The enzyme and its substrate fit together like lock
and key. The specificity comes from specific interdisciplinary forces
(H-bonding, positive and negative charges) at exactly the right three-
dimensional position. The substrate is always positioned so that the
bonds that will be broken and the new ones that will be formed are
activated.

It is important to mention one specific protein in more detail: the G-protein transmem-
brane receptors (Figure 1.13)mentioned before in the signal transduction pathways (Fig-
ures 1.3 and 1.4). Here, a signal has to be transferred from the outside to the inside of the
cell membrane, while at the same time activating an associated enzyme. This is done
by lever action. Basically, the transmembrane part of the protein is stiff, so when the
signal on the outside binds, that binding is transferred by the force of a lever to the in-
side, changing the three-dimensional structure of that inside domain. That force moves
one of the stiff parts of the associated enzyme and thus creates the active form of the
enzyme. This type of lever action is seen in several instances of nanotechnological reg-
ulation. Analogous structure-function relationships of ion channels will be discussed in
more detail in the neuron section (see Section 1.4).

Structure and function of molecules – monomers and polymers. So far, we discussed
the main polymers in the body, or biopolymers. In nanotechnology, artificial, or synthe-
sized, polymers are used aswell. Here, the variability of structures is even larger than in
biopolymers, since any reactive repeating unit can be used to create a polymer. Common
polymers are shown in Figure 1.15. The bonds between the repeating units can simply be
carbon-carbon covalent bonds, making the backbone much more hydrophobic in com-
parison to, for example, the amides of a protein backbone. This is possible since most
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Figure 1.13: G-protein-coupled receptor (GPCR), a transmembrane protein crucial in signal transduction
pathways. The transmembrane protein binds a signal at the outside, which triggers a conformational
change across the membrane (via lever action of stiff β-sheet sections of the protein) which then activates
the enzyme that is attached to the GPCR at the inside of the cell membrane.

Figure 1.14: Possible structures of homopolymers and copolymers.
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Figure 1.15: Common synthetic polymers and their repeating units.
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reactions in the organic chemistry toolkit in any solvent can be used as a polymeriza-
tion, which would not be possible in the homeostasis-bound cell. On the other end, the
cell’s enzymes are more specific; in a cell, the length of the polymer is absolutely con-
trolled and there will be no side reactions, which is difficult to replicate in an organic
chemistry laboratory.

Synthetic polymers are usually made with just one or a few repeating units (ho-
mopolymer and copolymer, respectively). Homopolymers can have different structures:
linear of course, but also hyperbranched or dendritic (100% branched) (Figure 1.14).
Copolymers can also be linear, with different repeating units randomly arranged (ran-
dom copolymer), arranged in an alternating fashion (alternating copolymer), or ar-
ranged as blocks of each repeating unit (block copolymer). Alternating copolymers
can also be hyperbranched or dendritic. Block-copolymers can be arranged as graft
copolymers, where a different block is grafted onto a homopolymer backbone.

Generally speaking, the longer the polymer, the higher its Tg or glass transition tem-
perature and the stronger the material. Strength can be further increased by crosslink-
ing the polymer, as already seen with proteins.

As with protein structures, while sections might be crystalline, the rest of it, the ma-
trix, will be amorphous, i. e., an unordered solid with a Tg but no melting point. Linear
polymers will always have a larger Tg than the corresponding branched polymer, and
branched structures will not show a melting point (they don’t crystallize). The toughest
materials are semicrystalline, i. e. contain crystalline regions for strength and an amor-
phous matrix for elasticity. Also, the stronger the intermolecular forces between the
polymers, the stronger the material, i. e., hydrophilic polymers with a lot of hydrogen
bonding are generally stronger than hydrophobic ones that only have van-der-Waals
forces as intermolecular bonds. But hydrophilic polymers generally dissolve in water
unless crosslinked, extremely long, or very crystalline.

A polymer’s solubility depends on its hydrophilicity/hydrophobicity. Depending on
their structure, polymers can also be amphiphilic and/or charged. If the polymer has
conjugated sections, it might be colored (depending on the exact conjugation length).
Conjugated polymers can also be conductors or (more likely) semiconductors. Any twist
in the backbone reduces the conjugation length, therefore the highest conductivity is
found in stiff, crystalline polymers. High crystallinity andmolecular weight reduces sol-
ubility, thus making it harder to process these materials. The conductivity of a polymer
can be further increased by adding conjugated structures such as carbon nanotubes.

Structure and function of molecules – carbon compounds. Carbonmolecules like car-
bon nanotubes are the other set of structures that are common in nanotechnology (Fig-
ure 1.16). All of these structures are based on a single sheet of conjoined aromatic rings
called graphene. If you stack several sheets together, you form graphite (pencil lead).
When rolled up into a tube, it is a carbon nanotube. Shaped into a continuous hollow
sphere, it is called a “fullerene”, after Buckminster Fuller, who identified the structure.
These structures are special in that they are fully conjugated and thus (semi)conduc-
tive. Graphene has been used for electrodes in nanotechnology for that reason. Also,
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Figure 1.16: Structures of carbon compounds, all based on aromatic rings.

these structures are lightweight but strong considering their weight, thus carbon nan-
otubes (as well as larger carbon fibers) have been used as reinforcement or strengthen-
ing agents for polymers. Fibers only reinforce materials, though, when they are evenly
distributed, rather than phase separated, thus “coupling agents” need to also be added
for the strengthening effect. Coupling agents are surfactants, amphiphiles that bind on
one side to the fiber, on the other side to the polymer matrix. They reduce the surface
energy between the two phases and allow the fibers to mix more easily with the matrix.

Mechanical properties of materials. The strength of the material is an important
property. First, let us remind ourselves about mechanical forces. Force is simply mass
times acceleration, F = ma. Themore force I put on an object, themore it will accelerate.
The heavier the object, the more force I need to use to accelerate it.

In the case of machines, even on the nanoscale, usually the force has to be trans-
ferred somewhere to have an effect. Basically, we are talking about a lever that trans-
mits the force (Figure 1.17). One of the requirements to transfer force, though, is that the
lever material is stiff. If the material were flexible, the effect of the force would be to
bend the lever; no force would be transferred to the other side of the lever. If the lever
were elastic like a spring, it would be even worse: the lever would resist and then force
your hand back to where it started (Figure 1.18).

Elasticity is an important property for a material, assuming it is not the material
for a lever, of course. Elasticity is one of the reasons why some materials don’t break
so easily, they just deform and then return to their original form when a force acts on
them. Brittle materials often break more easily.
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Figure 1.17: a) Torque = F•r⊥. r⊥ is the perpendicular distance from the pivot point to the lever arm, the
line of force. Torque is the rotational analogue of force. b) If you make the force perpendicular to the ra-
dius, you maximize r⊥ and thus maximize torque. Your force will be most effective in this case. By increas-
ing the length of the lever, your force also becomes more effective.

Figure 1.18: Elasticity. a) The ball is fully elastic. The energy of impact was converted into usable energy
that carried the ball back up to the height it started from. b) The ball is partially elastic. Some of the energy
was usable and it carried the ball back up part of the way, but not to the starting point. The rest of the en-
ergy was converted into the deformation of the ball and heat. c) The ball is completely inelastic. All energy
of the impact was converted into deformation and heat.

Let us look at the strength of a material in more detail. There are different stresses or
forces acting on a material: tensile stress (stretching the material), pressure (pressing
on the material – let’s start with hydrostatic pressure that equally comes from all sides),
and shear stress that comes to the sample from the side (Figure 1.19). In all cases, the
force results in strain, which is a change in dimensions proportional to the stress or
force. For tensile stress, the sample elongates in one direction, for pressure it becomes
shorter in three directions, and for shear stress the top of the sample elongates more
than the bottom.

Generally, the strength of the material is characterized by the modulus. This de-
pends on the type of modulus that is measured (it is usually the tensile modulus, or
Young’s modulus, E). Note that it is strength that we discuss here, not toughness; we will
discuss toughness a little later. All of these moduli assume that the material is ideal, i. e.,
that if the force/strain is removed, thematerial will go back to its original state instantly.
Formostmaterials, this is only truewhen small stresses are applied. Real materials with



20 � 1 Introduction

Figure 1.19: A force (strain) always has an effect (strain, elongation) on a material. In the ideal case, stress
and strain are linearly related. The conversion factor between stress and strain, the modulus, is a measure
of the material’s resistance to strain, its strength. The calculations for different forces (tensile or elongation,
shear and pressure) are analogous to each other.

larger stresses will permanently deform and/or the effects of stress and strain will take
time. The time-dependence of a stress or strain is usually likened to a viscous flow (Fig-
ure 1.20).

Yes, even for solids it is considered a flow, just a very slow one. For example, when
old window glass sags, it might have taken 100 years to flow, but this movement is
still considered a flow. All materials can thus be described as having viscosity. For real
materials, you need to combine the effects and equations of strength with the time-
dependent effects and equations of viscosity to fully describe their viscoelastic behavior
(Figure 1.21). The time-dependent part of the stress is called creep, the time dependent
part of the strain is called recovery. In addition, real materials beyond the linear, ideal
region of stresses will always end up with some deformation. What is important is that
the material can handle the amount of deformation without breaking.
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Figure 1.20: To more accurately describe non-ideal,
time-dependent mechanical strength, modulus is
combined with viscosity.

Figure 1.21:With the ideal, purely elastic response
all effects are immediate. To describe real be-
havior, the time dependence of the effect has to
be incorporated. This is done by adding viscous
flow behavior to the elastic response. The time-
dependent application of stress is called creep, the
time-dependent removal of stress is called recov-
ery. A large stress past the ideal region also leads to
permanent deformation.

And here is where toughness comes in: toughness is the force/volume needed to break
the material (Figure 1.22). Basically, you measure the real stress/strain curve until the
material breaks and then measure the area under the complete stress/strain curve;
that is toughness. Force is the stress, strength is the modulus in the ideal region of a
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Figure 1.22: Important measures for the strength of a material.

stress/strain curve, and toughness is the area under the curve of both the ideal and the
real region of the curve.

In engineering, it is always important to predict what amaterial is going to do under
ideal and real conditions, and the prediction should be quantitative. So how can one
calculate what is going to happen to a material under certain forces in the future? For
that, mathematical models are needed. Here, only themost basic ones will be presented.

As viscoelasticity is described as the combination of elasticity and flow viscosity,
the models for each will be combined to mathematically express viscoelasticity (Fig-
ure 1.23). A spring following Hooke’s law represents elasticity, and a dashpot (a liquid-

Figure 1.23: Basic models of viscoelasticity to predict stress and strain in materials.
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Figure 1.24:Mathematical models of viscoelasticity to predict stress and strain in materials based on
springs and dashpots.

filled damper) represents viscosity. A Newtonian, i. e. a laminar, ideal flow is assumed.
These two models can be combined mathematically in a variety of ways, the most com-
mon and simple ofwhich are theMaxwell element (spring and dashpot in series) and the
Voigt element (spring and dashpot in parallel) (Figures 1.23 and 1.24). In these models,
the equations for stress and strain becomemathematical combinations of the equations
for ideal elasticity and ideal viscosity.

More complicated combinations of several Maxwell and/or Voigt elements have
been proposed. These models are still approximations; stress strain curves of real poly-
mers are more complicated (Figure 1.25). Therefore, in mechanical engineering error
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Figure 1.25: Realistic stress-strain curves.

propagations and statistical probabilities of failure are usually built into the mathemat-
ical models used.

1.3 Nanoscale Reactions

What are all the chemical reactions these nanoscale actors can perform? Basically, we
are talking about all of organic chemistry, inorganic chemistry, and biochemistry com-
bined…. Many of these individual reactions can be found in textbooks written for those
fields. Here we will only select a few important facts, principles, and reactions that will
help you understand the genius of some of the nanotechnology that will follow.

Let us start with some organic chemistry thatwill helpwith biochemistry aswell, by
looking at the structure-function relationships of organic molecules. Some of the func-
tional groups on an organic or biomolecule are more reactive than others. There are
basically two types of structures that are reactive: Double and triple bonds, and polar
groups. The reactivity ofmultiple bonds comes from the type of bond involved: π-bonds.
π-bonds are formed by the overlap of p-orbitals. This overlap is energetically a lot less
than the overlap between s-orbitals that form σ-bonds. One shouldwatch out for the fact
that a double bond consists of a σ-bond and aπ-bond, not twoπ-bonds. Also, σ-bonds can
be formed by the overlap of hybridized orbitals, such as the sp3-hybridized orbitals that
from the bonds in CH4. π-bonds, though, can only be formed by the overlap of p-orbitals.
Thus they will always be weaker and more reactive.

The reactive functional groups have in common that they contain polar bonds. Po-
lar bonds are bonds between atomswith significantly different electronegativity or elec-
tron density, such as O–H and C=O. The atom with the higher electron density is always
the nucleophile, the one with the lower electron density the electrophile. Nucleophiles
also have electron pairs that can be used to form bonds, and the electrophile is the re-
ceiver of that bond. Hydrogen atoms are generally not considered electrophiles; it is
more important to know about hydrogens if a functional group is acidic or basic, i. e.,
if the proton can leave or get taken up. Polarity and acidity determine partial and full
charges; generally, the more charge there is, the more reactive the functional group.
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To evaluate the strength of the nucleophile or charge, resonance structures have to be
taken into account when applicable; resonance structures distribute charge along sev-
eral atoms, thus lowering the charge on the specific nucleophile. Another factor that
modifies reactivity is steric hindrance, or howcrowded a functional group is. A crowded,
sterically-hindered functional group is less reactive simply because it is less likely that
the other reactant is going to find it.

Another important property of organic and biomolecules is their specific 3-dimen-
sional structure or stereochemistry. When the specificity of binding is mentioned, stere-
ochemistry is a big part of that. For example, the body only produces L-amino acids,
D-amino acids are toxic.

There are a variety of stereoisomers (Figure 1.26). Some only change in the rotation
of a bond. That is not a different compound, but in instances of e. g. a substrate binding

Figure 1.26: Different stereoisomers of organic structures. Cells can distinguish between all of them.
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an enzyme, even that is important. Usually, the enzyme ensures that the substrate binds
correctly by offering corresponding functional groups creating the correct intermolec-
ular forces, such as a hydrogen donor opposite to a hydrogen acceptor.

Whether double bonds are cis or trans (or E and Z for more highly substituted dou-
ble bonds) makes a big difference, as can easily be seen in the structure of fatty acids.
Cis-isomers are bent and thus have a lower Tg than trans isomers, which are straight
chains and crystallize well (Figure 1.6). Using that fact, a membrane can control its stiff-
ness by choosing the correct composition of its lipids.

Stereoisomers that do not change the properties of themolecules but still are crucial
in binding and recognition events are compounds with chiral centers, i. e., carbons that
contain four different substituents. With one stereocenter or chiral carbon, these two
compounds are enantiomers, or mirror images from each other (like our hands, which
is why this property is also called “handedness”). The more stereocenters a molecule
has, the more compounds there are; if they are not fully mirror images anymore they
are either diastereomers or meso-compounds (Figure 1.26).

We looked at the properties and reactivities of organic andbiomolecules.What reac-
tions can these molecules perform? There are two broad categories of reactions: radical
reactions or polar reactions, i. e., reactions moving one electron versus two electrons,
respectively. In Organic Chemistry, radical reactions mostly react with multiple bonds
(unless youwork with very harsh reaction conditions). With radical reactions, you need
an initiating radical (often an initiator molecule split evenly into two), then the reaction
propagates itself and only ends when two radicals combine or the monomer runs out
(Figure 1.27). The majority of vinyl polymers are prepared in this fashion. In Biochem-
istry, some oxidation and reduction reactions are also radical reactionswith the help of a
cofactor or catalyst that can feed or take one electron at a time. CytochromeP450 is such
an enzyme. CytP450 oxidizes foreign compounds in the body to make them hydrophilic
enough to be excreted in urine (i. e. water soluble). In most cases, these cofactors have
metals in their center that have several oxidation states and with that can remove or
donate electrons one at a time.

The large majority of Organic Chemistry or Biochemistry reactions, though, are po-
lar reactionswhere a nucleophile reactswith an electrophile. Organic Chemistry catego-
rizes these reactions by the types of mechanisms (e. g. electrophilic addition to multiple
bonds, nucleophilic substitution, carbonyl condensation reaction); biochemistry catego-
rizes reactions by the effect the reaction has on the carbon skeleton of the compound
(e. g. isomerization, group transfer reactions, condensation, hydrolysis). Regardless of
how the reactions are called, the mechanisms are the same. In Biochemistry, though,
most reactions occur via a catalyst, an enzyme. This allows the reaction to take place in
water at 37 °C, regardless of what the exact solubility and reactivity is under these condi-
tions. In fact,most biochemical reactions are faster andhave less side products than they
would in Organic Chemistry because of the enzyme. The other advantage of the enzyme
is that it can be precisely regulated, either by binding different substrates differently or
not at all, or by binding other factors allosterically (at a different part of the enzyme)
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Figure 1.27: An example of a radical reaction (radical polymerization of polyethylene).

and modulating the activity of the enzyme itself. In Organic Chemistry, reactions have
to be regulated by environmental factors such as solvent polarity or temperature. And,
in almost all cases, the products of Organic Chemistry reactions have to be purified from
side products.

One of the most important reactions in both Organic and Biochemistry is the reac-
tion of an acid or a base with water or with each other. The reason for that is first of all
that acids and bases change the pH of the aqueous solution. In a cell, this could easily be
deadly; remember, cells and organs have to work within the tight confines of homeosta-
sis. Conversely, the pH of the environment changes the reactivity of the molecules in a
solution by changing the charge of the molecules, and with that their nucleophilicity or
electrophilicity. Since most reactive functional groups are at least somewhat acidic or
basic, this interplay has to be taken into account and tightly managed. In the cell that is
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Figure 1.28: Example of a titration curve to determine the buffer capacity of acetic acid.

usually done by having the cell-solution (cytosol) have a certain buffer capacity, so that
acids and bases only change the pH slightly when reacting (Figure 1.28).

In Organic Chemistry, when it is necessary to increase the energy of a starting ma-
terial the reaction is usually heated. This is obviously not possible in a cell. In Biochem-
istry, the compound is therefore reacted with the “energy-storage molecule” adenosine
triphosphate (ATP), and thus a high-energy bond to a phosphate is added to themolecule
(Figure 1.29). When this phosphate is then exchanged with a different functional group,

Figure 1.29: Adenosine triphosphate (ATP) is used as the energy storage molecule in the cell.
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Figure 1.30: NADH+H+ and FADH2 are the reducing agents in the cell.

the reaction is spontaneous, because the product is a lower-energy compound. The other
important co-factors in Biochemistry are NADH and FADH2, the reducing equivalents
stored in the cell (Figure 1.30). One of the common pathways to generate ATP, NADH,
and FADH2 is to go through glycolysis and the citric acid cycle.

Another way to store energy in the cell is to store the molecule that energy is made
from. These can be lipids or glycogen. The overview of glycogen and lipid metabolism
is shown in Figure 1.31.

Inorganic Chemistry reactions will not be discussed here beyond the oxidation and
reduction of metal ions mentioned before. There is, however, an important point to be
made about metal nanoparticles: Due to the particles’ small size, they consist of a lot of
surface and very little bulk. As discussed in Section 1.2, this makes nanoparticles very
reactive. Also, when nanoparticles are distributed in a different matrix or phase, due to
the large amount of surface area between those two phases thismixture is a high-energy
system. The first thing that would happen if left alone is that the system would reduce
its energy by aggregating all of the small particles into a large, phase-separated bulk.
But since the particles are supposed to stay small, so that they can perform a specific
reaction or strengthen thematrix of a polymer, this needs to be avoided. There are a few
methods to keep the nanoparticles from aggregating. One is to “pacify” the surface, i. e.
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Figure 1.31: Overview of glycogen and lipid metabolism.

surround it with a surfactant that lowers the surface energy. Another is to surround the
particle with a surfactant that is charged, so that the particles, all with the same charge
on the surface, will repel each other (“charge-stabilization”). One can also simply cover
the surface of something bulky, like a polymer that not only reduces the surface energy
but also hinders interaction between the particles due to sterics (“steric stabilization”).
The same principle can be used for all nanoparticles, not only metal ones.

1.4 The Brain and the Functioning of Nerve Cells

When talking about sensing and movement, one has to also talk about the human ner-
vous system (NS, Figure 1.32). A bit of vocabulary first: “Sensory” (or “afferent”) neurons
carry information into the central nervous system from sense organs. “Motor” (or “ef-
ferent”) neurons carry information away from the central nervous system (for muscle
control). “Somatic” neurons connect the skin ormuscle with the central nervous system.
“Visceral” neurons connect the internal organs with the central nervous system.

Automatic responses are carried out by the autonomic peripheral NS (Figure 1.32).
The analysis of the senses and controlled, planned movement are performed in the
brain. The midbrain controls sensory processes. It relays signals concerned with motor
function to other sections in the brain. The cerebrum contains two hemispheres con-
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Figure 1.32: The different sections of the human nervous system.

nected by the corpus callosum. The cerebrum is covered by the cerebral cortex. The left
hemisphere is connected with the right side of the body and vice versa.

In most people, the left hemisphere controls verbal skills and logic, the right hemi-
sphere spatial perception, art, and music. Each hemisphere is divided into 4 lobes:
frontal, parietal, occipital, and temporal.

The cerebral cortex is only 2mm thick, but is responsible for cognitive functions,
such as speech, emotions, memory, and voluntary movement. The cortex is involved in
problem solving, emotion, complex thought, coordination of complex movement, initi-
ation of voluntary movement, processing tactile, visual, and sound quality stimuli, pro-
cessing ofmultisensory information, and language comprehension and production (Fig-
ure 1.33).

Figure 1.33: The different sections of the cerebral cortex.
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Figure 1.34: The structure of a neuron.

All of these complex functions are performed with the help of a specialized cell, the
neuron. There are several different neurons, but they all have the same basic structure
(Figure 1.34). The cell body (soma) has two major extensions: dendrons that receive in-
formation from other neurons and axons that deliver information to the following neu-
rons. The incoming information from several neurons will be processed in the soma.
If the resulting membrane potential (see below) at the axon hillock is large enough, an
action potential (see below as well) will be sent to the following neurons via the axon.
The transmission is sped up because of the myelin sheath; basically, the potential can
jump from one node to the next.

A “potential” at a membrane is an imbalance of compounds at one side of the mem-
brane in comparison with the other side. This can obviously only happen if the mem-
brane itself is a good barrier and is very selective in what it lets through. This is true for
all membranes, but specifically for the membranes of neurons. This imbalance is called
“potential” because it is actually a form of energy – potential energy. This “potential”
has the potential to perform work, i. e. it is the driving force to balance out the com-
pounds on each side. In the case of the neuron membrane, the” potential” is specifically
an electrochemical potential, where not only the number of compounds, but the num-
ber of charges is in imbalance. That means that one side has more negative, the other
side more positive charges (Figure 1.35). This electrochemical potential at the neuron
membrane is generated by having different amounts of specific positive and negative
ions on each side, specifically, sodium, potassium, calcium, and chloride ions. To regu-
late this potential, the neuron membrane contains specific ion channels. Some of them
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Figure 1.35: The membrane potential of a neuron
membrane.

only need to open for a specific ion to equalize. Another one must put in a lot of energy
to regenerate the imbalance, the potential.

The sudden, very short equalization of the potential is the “action potential”, which
is the piece of information sent through the brain (Figure 1.36). Then the original or

Figure 1.36: The resting potential and the action
potential that transmits information along the
neuron membrane.
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“resting” potential is built up again, so that the neuron can be ready for the next piece
of information or action potential. Only two ion channels are part of this process, the
sodium channel that releases the potential and the potassium channel that builds it up
again. This readiness of each neuron is a high-energy process, which is why the brain
uses 70% of the energy available to the body.

How do these ion channels work? Here is the example of the voltage-gated sodium
channel, i. e., the channel that only lets sodium through, but even that only when the
membrane potential suddenly changes at the part of the protein that senses voltage
(Figure 1.37). Most ion channels have several transmembrane peptide helixes, in this
case six helixes together form one subunit, and four subunits together form the chan-
nel. The structures in between the subunits fold onto the channel opening; with that the
channel is generally closed. One of those sites has a lot of charged amino acids on the out-
side, which constitute the voltage sensor (Figure 1.37). With a change in voltage comes a
change in charge, which changes the three-dimensional structure of the voltage senor.
Themovement of one section initiates the change in structure of the units that block the
channel, thus opening it. The opening of the channel equalizes the sodiumconcentration
on each side, thus starting the action potential.

Figure 1.37: How a “voltage-gated” ion channel
works. Basically, the channel is normally closed.
When the voltage sensor senses a change in the
amount of ions, the barriers move away and the
channel opens.



1.4 The Brain and the Functioning of Nerve Cells � 35

There are similar mechanisms for ion-channels not gated by voltage but by other forces.
For example, ion channels in the inner ear are opened by having the “plug” pulled
away by mechanical forces. And for heat sensing neurons, the ion channel is opened
by a structure change initiated by temperature. Other channels open when a specific
compound binds (ligand-gated ion channel). In all cases, the opening (or closing) of the
channels changes the membrane potential, which either directly creates an action po-
tential in the following neuron, or sometimes first releases a compound that then re-
leases a neurotransmitter, which then generates an action potential in the following
neuron.

To fully understand that last paragraph one has to know how the signal is trans-
ferred from one neuron to the next, or more specifically, from a neuron’s axon to the
next neuron’s dendrite (Figure 1.38). That end of the axon, the gap between the two neu-
rons called the synaptic cleft, and the beginning of the following neuron’s dendrite to-

Figure 1.38: How information is transmitted from
one neuron to the next by the synapse.
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gether are called the “synapse”. The membrane of the axon before the synapse has an
electrochemical potential, as we have been discussing. That potential is temporarily re-
versed by an action potential. When that change in potential reaches the tip of the axon,
another voltage-gated channel opens and in this case it allows calcium ions to enter. The
increase in calcium concentration inside triggers the release of the neurotransmitter
acetylcholine into the synaptic cleft via exocytosis (more about exocytosis and neuro-
transmitter a little later). The acetylcholine is now in the little space between the two
neurons, the synaptic cleft. It travels over to the other side of the cleft and binds to a
transmembrane receptor – which also happens to be an ion channel. In this case, it is a
ligand-gated ion channel and the ligand is acetylcholine. The channel opens and potas-
sium and sodium ions enter the dendrite of that neuron. Since the dendrite also has a
potential across its membrane, the influx of all of these positive charges changes its po-
tential and this initiates an action potential that carries the information to the soma of
the neuron, where all incoming action potentials are processed. If the processing results
in an action potential at the axon hillock, that action potential moves along the axon to
the next synapse and the process repeats.

What is exocytosis? Basically, at the axon side of the synapse there are a lot of small
vesicles that are held tight by the cytoskeleton (Figure 1.39). They are filled with com-
pounds called neurotransmitters. Neurotransmitters, as their name suggests, transmit
information between neurons. There are different neurotransmitters for different types
of neurons; also, some of the neurotransmitters will make it more likely and some less
likely that the following neuron will end up with an action potential. In the example
above the neurotransmitter was acetylcholine, a common neurotransmitter that results

Figure 1.39: Exocytosis into the synaptic cleft.



1.5 Machines and Computers on the Microscale and Nanoscale � 37

in muscle contraction. Other neurotransmitters are epinephrine and norepinephrine
(also called adrenalin and noradrenalin, respectively), which are both part of the fight-
or-flight response, dopamine and serotonin, which are part of mood regulation, as well
as histamine, γ-aminobutyric acid (GABA), glycine, glutamate, aspartate, and nitric
oxide (NO).

When an action potential arrives at the end of the axon and the calcium channel is
opened, the calcium does not only change the membrane potential but the ions them-
selves also bind to the proteins that hold the neurotransmitter vesicles to the cytoskele-
ton, thus releasing the vesicles. The vesicles now act like any small particle phase in a
matrix (here the solution). The vesicle membranes are hydrophobic, so with the release
of the vesicles there is suddenly a high amount of hydrophobic surface in the hydrophilic
solution of the nerve ending. To release that high-energy state, the vesicles move to and
merge into the synapse membrane. The vesicle and synapse membranes have very sim-
ilar compositions and can simply merge; this automatically releases their contents, the
neurotransmitter, into the synaptic cleft. The neurotransmitter then diffuses to the other
side, initiating the action potential in the dendrite, as discussed above.

This is the barebones description of what happens at a synapse. In reality, there
are many regulatory mechanisms going on at the same time using other ion channels
or transmembrane channels, also signal transduction pathways that modify the activity
of the synapse itself, directly or allosterically, all in the name of homeostasis as well as
analysis of the incoming data. Here, “analysis” also stands for higher-order thinking,
memory, and consciousness. Only a fraction of these details and processes are currently
fully understood.

1.5 Machines and Computers on the Microscale and Nanoscale

Machines on the microscale and nanoscale usually end up being based on computer
chips. Why is that and how do they work? Let us start with what they made from: semi-
conductors. In conductors, usually metals, valence electrons have the energy needed to
conduct, i. e., are in the conduction band (Figure 1.40).

When the conduction band is energetically somewhat removed from the energy
of the valence electrons, you have a semiconductor (Figure 1.40). You can get electrons
moving in semiconductors by heating them, to get them energetically into the conduc-
tion band. More commonly, voltage is used as energy. To increase the number of charges
that are conducted, semiconductors are usually doped.

The most common semiconductor material is silicon, which has a valence of 4. If
silicon is doped with atoms with a valence of 3 (e. g., boron) you create “electron holes”
and with that a p-type semiconductor. Doping with atoms of a valence of 5 (e. g., phos-
phorous) will result in an n-type semiconductor that is conducting electrons.

Many parts of electric circuits can be built from semiconductors. An important one
is the transistor. A transistor can be both a switch and an amplifier. An example of a
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Figure 1.40: Comparison between insulator, semiconductor, and conductor. In a conductor, the energy of
the electrons is high enough to be in the conduction band. In a semiconductor, energy has to be added be-
fore electrons conduct (i. e., overcome the band gap). In an insulator, the band gap is so high that electrons
will not reach the conduction band.

Figure 1.41: An example of a transistor. A transis-
tor combines n-type and p-type semiconductors.
The current will only flow when the gate-voltage
is high enough to provide more electrons than
there are “holes” in the p-type semiconductor.

transistor is the field-effect transistor (Figure 1.41). Basically, a secondary voltage turns
the circuit either off or on,which iswhy they act as switches. The secondary voltage adds
enough electrons to neutralize the positive charges of the p-type semiconductor, and
when more are added, they create a channel for negative charges, creating the primary
voltage. The secondary voltage can also be increased, adding to the primary voltage.
At that point, the transistor is not only a switch but also an amplifier. Transistors are
often named for thematerial that they aremade of, e. g., MOSFET stands formetal-oxide
semiconductor field-effect transistor.

Transistors are often used as switches in logic gates (Figure 1.42). Logic gates add
two inputs together (the inputs are always either 0 or 1, as is the output); different logic
gates use different Boolean algebra operations. An “And” gate, for example, multiplies
the two inputs; the output of that logic gate will always be 0 unless the input consisted
of two 1s, in which case it will be 1.

Other important electronic components are resistors that modulate current, capac-
itors that store charges, and diodes. A resistor lowers the amount of current that passes
through (Figure 1.43). Resistance ismeasured in ohms. According to Ohm’s law, the resis-
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Figure 1.42: Logic gates, including their symbols and truth table.

tance can be defined as voltage per unit of current. The resistor heats up in the process
of hindering the electrical flow; this has led to the resistor’s use in heaters as well as
light bulbs, in addition to their regulation of current flow.

Diodes are made from a p-n-junction, or the interface between a p-type and an
n-type semiconductor, and can transmit electricity only in one direction (Figure 1.44).
If the recombination of an electron and hole at the interface results in light emission
instead of voltage, the diode is called a “light-emitting diode” or LED.

Capacitors can store charges (Figure 1.45). A capacitor is made up of two metal-
lic plates with a dielectric material in between the plates. A dielectric is an insulator
that can be polarized by an electric field to hold charges (air is a common example).
When you apply a voltage over the two plates, an electric field is created. A positive
charge will collect on one plate and a negative charge on the other, thus separating the
charges.

If you integrate several components into one discrete circuit it is called an “inte-
grated circuit” (IC), or “(micro-)chip”. If the system involves a micro-sized or nano-sized
moving part, the chips are called micro-electrical-mechanical systems (MEMS) or nano-
electrical-mechanical systems (NEMS), respectively. One common moving, or mechani-
cal, device often incorporated in a circuit is a piezo-electric material, i. e., a material that
generates a current when mechanically stressed.

Besides LEDs, there are also phototransistors, photodiodes, and photoresistors. All
work the same way as their electronic counterparts, but they are initiated by light in-
stead of voltage. All can be incorporated into ICs.

Other possible components of ICs are optoelectronic devices, display technologies,
magnetic (inductive) devices, or, if you are talking about sensors, sensing or detection
elements, transducers, and detectors. In other words, an IC could contain a complete
sensor. We are going to talk about sensing or detection elements, transducers, and de-
tectors further below (Section 1.7).
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Figure 1.43: Resisters control the amount of current flowing through a circuit. a) Classification of resistor
types; b) Components of a resistor (here: carbon film resistor).

When talking about energy storage, batteries are important (Figure 1.46). They aremade
from electrodes (anode and cathode) in contact with an electrolyte, together called an
“electrochemical cell”. In the battery, an oxidation reaction occurs that generates elec-
trons and thus a current. In rechargeable cells, the oxidation is reversible. A commonly-
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Figure 1.44: Diodes are “PN Junctions”, i. e., the interface between a p-type and an n-type semiconductor.
a) Diodes allow the current only in one direction; b) In light-emitting diodes (LED) the recombination of the
electron with the hole results in light emission.

used electrode is the indium tin oxide (ITO) electrode, since it is very conductive yet
transparent.

Nowadays, chemical reactions can also be performed on or in chips (lab-on-a-chip).
The technology to create small channels in silicon exists due to chip manufacturing.
Therefore, it is possible to flow one starting material in one channel, another in a sec-
ond channel, letting those two channels meet and the starting materials react, and then
flow out the product. This can also be combined with a sensor, e. g., an IR detector that
determines if the reactionwas successful. There is one caveat that should bementioned:
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Figure 1.45: Capacitors are two conductive plates with a dielectric (insulator) between them. The plates can
be holding charges, one plate for positive and the other for negative charges, thus separating the charges.

Figure 1.46: Batteries perform chemical reactions at the electrodes to generate electricity. With recharge-
able batteries, the reactions at the electrodes are reversible.
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on this small scale, as always, surface effects predominate. That could lead to unintended
consequences, e. g., a startingmaterial reactswith the silicon channel surface, the rough-
ness of the surface creates turbulent flow, hindering the reaction, or the resulting vis-
cosity stops all flow.

The analysis of any sensor signal is important; youmust not only detect a signal, but
also know what the signal means. Looking at vision, for example, the only things eyes
detect are a large number of photons of different energy. Only after analysis takes place
in the brain, will you know that these photons mean that a lover is handing you a red
rose. That brain analysis is also the basis of intelligence and consciousness.

“Artificial Intelligence” (AI) is the attempt to mimic intelligence with computers. It
started out by optimizing the logic operations and algorithms to make each of the oper-
ations faster. This allows for quickly comparing different options and then choosing the
“best” option based on a set of parameters. Another AI method works with networks,
as the brain works with neural networks. A set of inputs acts on a lot of “neurons”, that
layer of operations then operates on the output layer of the network. These networks
can be optimized by “learning”. One common and established way to “machine learn” is
by pattern recognition (Figure 1.47). The computer basically “memorizes” themost com-
mon output patterns, and that information is fed into the intermediate network layer
via a feedback loop. Themore operations that are performed, themore common outputs
identified, and thus the output becomes more accurate. This is how the computer Deep

Figure 1.47:Machine learning workflow.
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Blue defeated the grand master Garry Kasparov in chess. More effective techniques of
computer learning coupled with smaller and smaller transistors, and thus faster and
faster processing speeds, have resulted in constant improvement and are impressive
feats of artificial intelligence.

1.6 Detection Methods

Before a signal can be analyzed, it has to be detected. But before a compound can
be detected it often has to be isolated or purified. In Organic Chemistry, one of the
most common separation techniques is column chromatography (Figure 1.48). Column
chromatography uses a solid and a liquid phase. The sample mixture is dissolved in
the liquid phase, then moved through the solid phase. Interacting with the solid and
the liquid molecules, the different compounds are held back differently and thus are
separated. That interaction can be based on different polarity, charge, or size. High-
pressure liquid chromatography (HPLC) is a column-chromatography that is based on
polarity differences, gel-permeation chromatography (GPC, also called size-exclusion-
chromatography, SEC) is based on size differences (Figure 1.49), and ion-exchange chro-
matography (IEC) is based on charge differences. Sometimes, special solid phases are
prepared that are molecularly imprinted. Basically, the polymer for the solid phase is

Figure 1.48: Column chromatography. The different components of the loaded sample adhere differently
to the solid and the liquid phase. Compounds with good solubility in the liquid phase and poor adhesion to
the solid phase will elute first.



1.6 Detection Methods � 45

Figure 1.49: Gel permeation chromatography (GPC), also called size-exclusion chromatography (SEC). The
solid phase of the column contains pores of a specific size. Molecules of a size smaller than the pores are
often retained, and thus are eluted last.

synthesized in the presence of a small molecule template. The template is then washed
out, but the imprint specific to the template stays behind. Thismethodwas originally de-
signed to separate out enantiomers but nowhas also been developed for enzymemimics
and other applications. In all chromatography, the different fractions are collected and
then analyzed by a variety of methods and detectors.

There are a large variety of detectors. Most of them are based on weight, light, pres-
sure, or electricity output. For nanotechnology applications, the most common detector
based onweight is the quartz crystal microbalance (QCM) (Figure 1.50). It does not really
measure the weight of the crystal but its resonance frequency, and the resonance fre-
quency is dependent on the weight of the sample. So, if something binds to the surface
of the crystal, a shift in resonance frequency is detected.

There are a variety of detectors based on light (Figure 1.51a). Light absorbance can
bemeasuredwith anUV/Vis spectrometer, light emission by a fluorimeter. Absorbance is
based on the composition and concentration of a sample. Therefore, the absorbance can
also be used to measure concentration using Beer’s law. Fluorescent molecules, when
excited with a specific wavelength, emit light in a different and higher wavelength (Fig-
ure 1.51b). Fluorescence is used in a variety of ways. There are fluorescent dyes that
change their emission spectrum when they are in different phases. That can be used
to measure the formation of a specific lipid phase. Fluorescence is often used to detect
the location and concentration of a metabolite in a cell by using fluorescent antibodies
(Figure 1.51c). Luminescence can be used similar to fluorescence. Specific fluorescent
or luminescent dyes are used; dyes for a large variety of experiments have been devel-
oped.
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Figure 1.50: The quartz crystal microbalance (QCM) consists of a quartz crystal sandwiched between two
electrodes. What is measured is the resonance frequency of the crystal, which changes depending on the
weight put upon the crystal.

The most commonmethod to detect pressure on the micro- and nano-scale is piezoelec-
tricity. As already explained in Section 1.5, a piezo-electric material generates a current
when mechanically stressed. There are different piezo-electrical materials, and each
material can be calibrated, resulting in very sensitive pressuremeasurements for awide
variety of pressures.

The most common output for sensors is a specific electrical voltage or current, or a
charge on a surface. Potentiometers of all sizes can be used to measure voltages. Static
charges can be measured by coulombmeters (Figure 1.52). Measuring the current of a
living cell, a cell membrane, or an ion channel is somewhat more complicated. For that,
the patch-clamp technique is used (Figure 1.53). Basically, an electrode in the form of a
pipet is attached to a membrane section, and the current of that electrode is compared
with the current of a reference electrode in the surrounding solution. There are some
electrodes that can also be used to measure currents inside a cell.
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Figure 1.51a: These are all possible types of light emission. All are used in analytical measurements for
different applications.

Figure 1.51b: Fluorescent molecules when excited with a specific wavelength emit light in a higher wave-
length.
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Figure 1.51c: A fluorescent antibody is emitting
when biding to another antibody, which is bound to
a specific protein. This can be used to determine the
concentration of a specific protein in a mixture or
even in a cell.

Figure 1.52: A coulomb meter measures the voltage across a capacitor.

Another electrophysiological methodmentioned in this book is the electroantennogram
(Figure 1.54). Basically, the difference of voltage between the two ends of an insect an-
tenna is measured. Antenna are the noses of insects, therefore, electroantennograms
are used to determine how the olfactory sense works in insects and what insects can
smell. It has been used to detect a variety of chemicals.

1.7 Sensor Elements and Testing on the Nanoscale

This is a long introduction, and we haven’t really talked about what it is all about yet!
The book is about human senses and movements, how they work in the nanoscale, and
how they have been mimicked on the nanoscale. Therefore, we need to talk a little
more about sensors in general before we can start describing current knowledge and
approaches.
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Figure 1.53: The patch clamp technique is used to measure the current of a living cell, a cell membrane, or
an ion channel in a cell membrane.

Figure 1.54:Measuring an electroantennogram. The voltage activity of an insect antenna will be measured
by connecting each end of the antenna to a different electrode.
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Sensors always have several elements: the sensing or detection element, the transducer,
possibly an amplifier, and an analysis element. What does that look like?

In humans, the sensing elements, or detectors, are the eyes, nose, ears, and the me-
chanical and temperature sensors in the skin. The transducers are often receptors or
ion channels that change the original signal into an electrical signal, more specifically
a membrane potential. That membrane potential is or initiates an action potential that
is sent to various places in the brain. In the brain, the signal will be analyzed and made
sense of. The brain also initiates actions based on the sensor input, i. e., your handmight
take the rose your lover hands you. And it will often have some memory of the signal
and can learn from it.

In technology, sensors work very much in the same way. The signal is generally
transduced into another signal that can be analyzed more easily. The fuel gauge in your
car is a good example (Figure 1.55): the fluid level is hard to measure, but when trans-
duced to an electrical signal via a resistor it is easy to analyze. The most common am-
plifier in (nano)technology is the bipolar junction transistor. An additional voltage is
adding to the charges of the transistor output, and thus amplifies the signal.

Figure 1.55: Example of a transducer: the fuel level is sensed, then transduced into an electrical signal via a
resistor, which is then analyzed and displayed on the dashboard of your car.

In biomimetic nanotechnology, there are a variety of sensing elements, but in a lot of
cases the original signal is translated into an electrical signal that is transferred into a
computer for analysis and recognition. Nowadays, computersmight even remember the
signal or a signal pattern and learn from that “experience”.

When developing and creating a new sensor in the nanoscale, one always has to
prove that one actually made what one wanted to make as well as calibrate the sensor.
Therefore, the new sensors always have to be characterized. There are only few tech-
niques that can characterize materials on such a small scale. For conductive and semi-
conductivematerials, themost common technique is the scanning tunnelingmicroscope
(STM) (Figure 1.56). When two conductive surfaces are getting very close to each other,
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Figure 1.56: In a scanning tunneling microscope (STM), the tiny tunneling voltage between the atomically
sharp tip and the surface is measured and amplified. With a precise control over the distance between the
tip and the surface, this can be used to characterize the topography of the sample.

a tiny voltage between the two surfaces develops (the “tunneling voltage”). This voltage
can be amplified and measured. The STM keeps the tunneling voltage constant while
measuring the height of the tip very accurately and with that can scan the surface and
characterize the topography of the sample.

A similar method can be used for nonconductive surfaces: An atomic force micro-
scope (AFM)measures the repulsive force between two surfaces bymeasuring themove-
ment of the tip with a laser (Figure 1.57). The AFM keeps the repulsive force constant,
while measuring the height of the tip very accurately and with that can scan the surface
and characterize the topography of the sample. But since the measurement is based on
a force, AFM can also be used for force measurements on the nanoscale (Figure 1.58).
Depending on in which direction the force of the tip is applied, friction (via intermolec-
ular forces on the surface) or elasticity can be measured. The tip can also be used to
measure ligand binding by attaching a ligand to the tip. An example how these forces
are measured by the tip movement is shown in Figure 1.59.
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Figure 1.57: The atomic force microscope (AFM) can measure the topography of a surface down to atomic
resolution by using the repulsive force between two atoms. That force is measured by the movement of the
laser on the back of the tip.

Figure 1.58: These are the different forces an AFM can measure.
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Figure 1.59: The AFM can measure forces on the nanoscale by comparing the adhesion and retraction
forces of the tip while keeping track of distances in the z-direction accurately.

There is another method I need to mention when talking about measuring in the
nanoscale: microfluidics. When working with solutions in very small diameter tubes,
the flow will be laminar, unless the system includes specifically designed intersections
that will mix the new solvent/compound in the channel (Figure 1.60). Microfluidics can
be used for very precise sequential synthesis, but it is mostly used to detect specific
compounds with, e. g., a fluorescent label. With that you can detect, i. e., cancer cells or
infectious bacteria, in very low concentrations or identify a specific protein within a
cell.

Figure 1.60: Example for a microfluidic testing system. A) Solution with labeled cells is flowing through
a very narrow tube with laminar flow. B) The crossing with a junction of a channel containing solvent will
dilute the solution and force the cells to flow in a line. C) A laser beam excites the fluorescent label of the
cell; the fluorescence will then be measured.
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Figure 1.61:Microfluidic system that can manipulate single droplets via electric fields.

A special application of microfluidics uses the small diameter tubes to isolate and ma-
nipulate single droplets via an electric field (Figure 1.61). That can be used in synthesis
but also in force measurements.

In this book, the analogies between the human andmachine processes will be high-
lighted, not only because they are exciting but also because we can learn from them.
The human system has been evolving for millions of years, so the sensor and analysis
processes are comparatively simple in structure and function yet powerful and effective
in very complex situations. Analogies can highlight how technology can take advantage
or mimic these processes, and thus build more effective nanosensors.

The chapters will cover human motion, vision, hearing, smell and taste, and me-
chanical and heat sensing in skin. In each chapter, we will first look at how human mo-
tion or the human sense works on the molecular scale. Then, we will explore how tech-
nology has used the humanmolecules of motion and senses in nanotechnology. The last
part of the chapter looks at technology that does not use the same molecules, but does
mimic the same function through nanotechnology. There is a lot of ongoing research
on these topics; here, only examples are presented that highlight different approaches,
specifically approaches that remain close to the original structure and function of hu-
man senses and motion.
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2 Movement

2.1 Human Movement and Muscles on the Molecular Scale

In this chapter, voluntarymovement is discussed. Aswith the human senses, human vol-
untary movement happens in response to a signal. When the signal occurs, the muscle
contracts. Depending on the muscle force needed, a different number of muscle fibers
contract. In most cases, this contraction takes place over a short time period and the
muscle will quickly return to its extended, relaxed state.

Molecularly-speaking, how does a muscle contract? A muscle contains bundles of
parallel muscle fibers called fascicles (Figure 2.1a) [1]. Eachmuscle fiber is actually a cell
with its own cellmembrane andnucleus, aswell as storage granules containing glycogen
(see 1.2, Structure and function of molecules – sugars and polysaccharides). The muscle
cell has several important special features: it contains the sarcolemma, which is a large,
membrane-covered storage space for calcium ions (in fact, there are basically no cal-
cium ions present in the cell with the exception of the calcium ions in the sarcolemma).
Additionally, the cell membrane of muscle cells is special in that it is charged, and it can
change its charge as a nerve cell does by pumping sodium and potassium ions in and
out of the cell.

The signal for contraction comes from nerve cells originating in the spinal cord. If
these nerve cells release their neurotransmitter acetylcholine, which activates ion chan-
nels in the cell membrane, ions will be released and thus the charge on the membrane
is changed (depolarization) (Figure 2.1b) [1]. As soon as the charge of the membrane
changes, calcium channels in the membrane are activated to pump a small amount of
calcium ions into the muscle cell. Those few calcium ions are sufficient to activate cal-
cium channels in the sarcolemma, which then pumpmany calcium ions into the muscle
cell. As seenwithmany signals in cells, the stepwise activation leads to the amplification
of the signal and thus a fast change, as needed for voluntarymuscle contraction [2]. Now
that we have the signal, how does the signal lead to an actual force?

To understand that, another special set of features of the muscle cells must be ex-
plained: themyofilaments in themyofibrils, actin andmyosin (Figure 2.1). Actin is a fiber
that is stiff and fixed in the cell. Myosin is also a stiff fiber but has a lot of heads that can
move [3]. Myosin can walk with those heads along the actin fibers and pull the whole
fibers and thus cells with it, 10 nanometers at a time (Figure 2.2). This occurs via lever
action, part of themyosin head protein being built like a lever [4–6]. So eachmuscle con-
traction is a combination of a lot of concurrent 10 nm lever actions all parallel to each
other and in the same direction [7].

When the muscle is at rest, the actin fiber is covered and does not allow the myosin
to bind [1]. Calcium ions in the muscle cell essentially pull the covers of the actin fibers
away, exposing binding sites for the myosin heads. The myosin heads are always acti-
vated, i. e. ready for the next pull, when the muscle is at rest. Therefore, as soon as it
is possible, the myosin heads will bind the actin fibers and move the head so that the

https://doi.org/10.1515/9783110779196-002
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Figure 2.1: (a) Muscle structure and (b) muscle contraction from the human to the nanoscale (adapted
from [1]).
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Figure 2.2: The myosin head walks along the actin fiber, acting as a lever and thus creating the force in
muscle contraction (adapted from [5]).

muscle fibers get shorter. After that, the energy of the myosin head is spent. It will be
immediately recharged while the muscle is at rest.

What kind of energy are we talking about? In the body, energy comes from oxidiz-
ing the foodmolecules, sugar (glucose) and fat (Figure 1.31). Usually, oxidizing chemicals
results in heat (a fire is a rapid oxidation that can be prevented by blocking access to oxy-
gen). In the body oxidation results in specific controlled chemical reactions that generate
reducing agents (nicotinamide adenine dinucleotide, NADH) (Figure 1.30) and adenosine
triphosphate (ATP) (Figure 1.29) for future reactions. So essentially, NADH and ATP are
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the short-term energy storage molecules in the body. NADH can be used in reductions,
which generate the different chemical compounds needed for building cell parts. The
phosphate from ATP can be transferred to a variety of compounds in the cell, generat-
ing a bond so high in energy that with its release another high-energy bond, and thus
another needed compound, can bemade. During the muscle contraction, a phosphate is
added to the myosin head, and its release allows the head to move 10 nm, creating the
force [8]. To be recharged, another phosphate is added to the myosin head.

Muscles require a lot of energy, which is where the glucagon granules come in.
Glucagon is easily split into its glucose components, and glucose is oxidized through
just a few reactions, generating ATP quickly (Figure 1.31). Fat is a lot slower; it is stored
in special fat cells far away from the muscle cells; signals thus have to travel via the
bloodstream to the fat cells first, and then fat or its components must travel back via
the blood stream, where any cell on its way can take some of that energy. This process
would be too slow and too diffuse to work for the quick-acting muscle cells. Therefore,
the two different energy storagemolecules actually have different functions in the body.

Any signal that needs to act fastmust also be short in duration. The cell accomplishes
this by destroying the acetylcholine very quickly, as well as by pumping the calcium
back into the sarcolemma immediately. This removes the signal on both ends of the
amplification chain simultaneously.

In summary, muscles contract because many high-energy myosin heads pull for-
ward 10 nm with force along a stiff fiber, actin. The energy of the myosin head comes
from the short-term energy-storagemolecule ATP and is replenished as soon as it is used
up. This occurs in response to signals that start fast and end fast.

There is another type of motor movement on the molecular level: the transport of
cargo (organelles, chemical compounds) within cells (Figure 2.3) [9]. The outcome of
these two motor systems is very different: carrying an organelle from one end of the
cell to the other takes place on the nanoscale, while a muscle contraction and force gen-
eration takes place on themeter scale. Nevertheless, the actual molecules and force gen-
eration mechanisms are very similar [9].

For cellular transport, a motor protein “walks” on a microtubule, carrying its spe-
cific cargo. The walk of the motor consists of one of the stiff protein subunits binding to
themicrotubule and using force tomove for a short distance, using up ATP energy in the
process [10–13] (Figure 2.4, A-E) [10]. When the energy is used up, the subunit releases
the microtubule via a hinge, moving to the next location on the microtubule (“step”).
The process then repeats. Both kinesin and dynein have two subunits involved in this
stepping, so that one is always connected to themicrotubule. Those steps, though, might
be coordinated in a different way [10]. (Figure 2.4, F-G).

The cargo might have to go into a different reaction, and this is possible: the mi-
crotubule is actually continuously made or polymerized on one end (the “+” end) and
broken down or depolymerized on the other end (the “–” end). There are specific mo-
tors that will only go from the + to the – end and others that work the other way around
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Figure 2.3:Motor proteins also transport cargo (organelles, chemical compounds) in the cell (adapted
from [9]).

[9] (Figure 2.3). There are different motor proteins for different cargo. Kinesins trans-
port intracellular organelles, move parts of the spindle during spindle formation, and
separate the DNA strands in mitosis and meiosis [14]. Dynein, on the other hand, is re-
sponsible for sliding microtubules against one another to generate ciliar and flagellar
movement (axonemal dyneins), or for most minus end-directed cargo transport along
microtubules (cytoplasmic dyneins).

In summary, transport occurs on microtubule tracks with motor proteins carrying
cargo and moving it in either direction. The kinesin and dynein motor proteins work in
a very similar manner as actin does during muscle contraction: the “stroke” that moves
the fiber forwards is performed by a stiff protein subunit that is powered by ATP. The
subunit then detaches and moves to the next site of the fiber, thus taking a “step” of
8–10 nm. This process proceeds across the fiber.
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Figure 2.4: The mechanism of cellular transport on a microtubule. A-E: a stiff protein subunit binds to
the microtubule, moves for a short distance using force, using ATP as energy. The subunit then releases,
moving to the next location, completing a step. F-G: Different motors coordinate the steps in different ways
(adapted from [10]).

2.2 Movement Using Biological Molecules and Methods

Figure 2.3 [9] suggests themost common use of biologicalmotor proteins: carrying cargo
in a controlledmanner on a track in the nanoscale. The track is the actin or microtubule
fiber, the motor protein (myosin, kinesin, and dynein are the most common ones, but
bacterial motors are used as well) should be controllable, and the cargo can be anything
with the right size scale that binds to the motor proteins [9] (Figure 2.5). Ideally, the
system should be easy to assemble and then remain stable.

This is where things become a bit more complicated: The track needs to first be as-
sembled somehow. The cell does this actively when needed in the directions needed;
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Figure 2.5: Design of nanoscale transport systems based on biological motor proteins (adapted from [9]).

these needs are communicated by chemical and mechanical signals [1]. In artificial sys-
tems, this process needs to be controlled, and ideally, in the future, automated. How can
we control fiber synthesis, composition, and stability?

Different groups have found different solutions to this problem. Actin monomers
self-assemble into linear fibers, and depending on the exact protein composition and
salt composition in the solution the fibers might be of different length or might even
aggregate into fiber bundles [15]. These fibers or bundles can be aligned by shear forces.
For further stability, these fibers can be chemically cross-linked.

Tubulin can be prepared in the same way to create microtubules [15]. In this case,
however, the fibers are continually polymerized on one end and depolymerized on the
other while transport happens, so the system has to be able to handle (or welcome) this.

A very accurate but difficult way to create the “streets” is using “tweezers” made
from a MEMS (micro-electrical-mechanical-systems) chip: due to polarity differences in
the microtubule as well as the chip the “tweezers” pick up a microtubule and drop it at
a precise location [16].

The transport system can also be inverted: the motor proteins can be attached to
a surface and then act as the track on which actin fibers or microtubules move. Motor
protein attachment often occurs via micropatterned (or nanopatterned) surfaces with
hydrophilic and hydrophobic regions [17]. Usually, the proteins are attached to the bot-
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tomof a linear groove that guidesmicrotubulemovement. In such a set up,microtubules
can even “climb up” walls up to 286 nm.

If there is no groove, a different guiding system is needed. One example is the at-
tachment of carbon nanotubes that aremodifiedwithmotor proteins, and thus the track
for the microtubules [18]. The carbon nanotubes can be aligned by applying a voltage.
A nanopatterned surface combined with this specific track allows the microtubules to
move past corners and curves. The speed of the movement is based on the ATP concen-
tration, but the direction is random.

One example used kinesin as the ATP-powered motor and microtubules as the car-
rier (Figure 2.6) [19]. The microtubules carried multilamellar vesicles. Due to the move-
ment of themicrotubules several vesicles hit each other with enough force to fuse into a
lipid tube network several hundredmicrometers in size. These tubular structuresmimic
the cellular endoplasmic reticulum (ER) and can be used to isolate and trap nanoparti-
cles, as the ER does [19].

How can the cargo be attached? Genetically engineering the motor proteins to add
a functional group that reacts easily is one possibility [9]. Equally, a microtubule could
be modified with a functional group to attach cargo to it [20]. Biotin-streptavidin, two
proteins that bind to each other strongly, have also been used for attachments in various
systems.

Now, some sort of traffic control has to be created and the synthesis of the system
must be automated. This is obviously the hardest part. A combined microtubule-actin
system took the first steps toward traffic control [21]. Since there are two types of tracks,
several motor protein shuttles canwalk at the same time. The traffic control comes from
using motor proteins that walk in opposite directions. It does not seem to be a major
problem for them to move past each other, as they do in life cells. That mechanism,
though, is not well understood and has limits.

The first reported automatic assembly of a motor protein transport system used a
lab-on-chip [20]. The different components of the system were added to different wells,
and the microfluidic system operated them in order to prepare the track, attach the
cargo onto the motor, and then move the motor onto the track (Figure 2.7). This system
allowed them to sequentially attach two different cargos as well.

Moving cargo around is not the only possible application for molecular motors. An
intriguing example for other applications is the assembly of a nanosized force meter
[22] (Figure 2.8). Here, a microtubule is attached to the end of a bead and fixed there.
Another microtubule walks around on kinesin molecules. When the twomeet, the fixed
microtubule is bent and the resulting force can be measured (it is in the range of pico-
newtons).

All of these applications are still on the molecular or nanoscale. The body uses
its nanosized motors and builds across scales to produce muscle tissue. A similar self-
organized systemwas used to build artificial cilia (Figure 2.9) [23]. Fluorescence-labeled
microtubules were attached to polystyrene beads. Kinesin motors were attached to mi-
crotubules. When ATP was present, the kinesin motors walked along the microtubules,
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Figure 2.6: (a) Kinesin motors on a surface create a street and move attached microtubules. The micro-
tubules carry multilamellar vesicles. (b) The kinesin can move the microtubules, and with that the vesicles
move so fast that the vesicles hit each other with enough force to fuse into a lipid-tube system that mimics
the cellular endoplasmic reticulum (ER) (adapted from [19]).
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Figure 2.7: First reported automatic assembly of a motor protein transport (adapted from [20]).

Figure 2.8: Nanosized force meter based on motor
protein [22].

which produced a flagella-like motion that could be monitored via fluorescence. Methyl
cellulose was used to control the viscosity of the solution and to measure the beating
strength of the artificial flagella.
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Figure 2.9:Microtubules are attached to a polystyrene bead. Kinesin is attached to the fluorescence-
labeled microtubules via SNAP proteins. When the kinesin motors walk along neighboring microtubules,
a flagella motion develops that can be monitored by fluorescence (adapted from [23]).

Figure 2.10:Microtubule “asters” are held together by DNA bundles. Multimeric kinesin linkers then walk
on the microtubules, thus contracting the artificial muscles (adapted from [24]).
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A similar approach can be used to scale up artificial muscles (Figure 2.10) [24]. This is
another kinesin-microtubule microtubule/kinesin system that self-organizes from the
nanosize to tens of millimeters. Microtubule structures called “asters” (after the flower)
are held together by DNA bundles. These self-assemble via single-stranded DNA into
larger-scale structures. Multimeric kinesin linkers then walk on the microtubules in the
presence of ATP, thus contracting the “artificial muscles”.

To summarize, most applications of molecular motor proteins take advantage of
their movement. Several methods have been developed to control the direction of their
movement, even when more than one cargo is moving at the same time. An automatic,
more general assembly has now been reported as well. Cargo attachment, however, is
still a rather involved process, and large-scale preparation or long distance and long
term transport are still difficult. Initial work has been done to create self-organizing
structures across scales to create microscopic artificial flagella and muscles.

2.3 Biomimetic Movement

There are currently different approaches that use molecules for movement. One inter-
esting approach is to use random Brownian motion as the driving force (e. g., [25, 26]).
Another approachuses catalysts (e. g., [27]). Thesemethods have not achieved a purpose-
ful direction or transport of other molecules yet and, therefore, will not be described in
detail here.

Instead, we will select approaches that are based on small molecules and have al-
ready achieved some movement control. The first approach works with rotaxanes. Ro-
taxanes aremolecules that consist of two parts: a dumbbell-shapedmolecule and a free-
floating ring around the dumbbell that is small enough in diameter that it cannot escape
at the ends of the dumbbell (Figure 2.11). Movement occurs when the ring moves from
one end of the dumbbell to the other. This can be controlled via several mechanisms. In
one example, thismovement is initiated by a redox reaction on part of the dumbbell [28]
(Figure 2.11). The ring consists of positively-charged, aromatic compounds. The dumb-
bell contains an electron-rich and a neutral aromatic site. The ring will reside on the
electron-rich site and will only move after that site has turned positive via a redox reac-
tion. This is a reversible process, thus the redox reaction acts as a switch. Thismovement
could be used, e. g., for transport if the ring can be fixed to a surface.

The group of Huang has also worked with a rotaxane containing two rings [29] (Fig-
ure 2.12).

The two rings of the rotaxane are connected to an AFM cantilever. With an oxida-
tion, the two rings move from the outside to the inside of themolecule, thus bending the
cantilever (Figure 2.13). It has been demonstrated that the movement of the rings can be
translated into a force, in this case bending a cantilever. Unfortunately, after 20 cycles
or so the rotaxane degrades and the bending stops.
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Figure 2.11: Controlled movement of a ring of a rotaxane in a specific direction (adapted from [28]).

Figure 2.12: A rotaxane containing two rings (adapted from [29]).

Another group used a pseudo-rotaxane dimer to achieve linear movement in one
molecule [30] (Figure 2.14). Rotaxane dimers including transition metals work by the
same principle ([31] and references therein). Other molecules use light energy to move
the ring.

Another approach is using self-assembling structures to create movement on the
microscale. One example for that is to use interlocking DNAmolecules to create tubes in
the range of 0.3–3 µm (Figure 2.15) [32]. The piston that is moving within the tube can be
monitored using fluorescence. Speeds up to 0.3 µm2/s and up to 3 µm total displacements
have been achieved, which is similar to molecular motors.
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Figure 2.13: The movement of the two rings on the rotaxane in Figure 2.12 is detected by the deflection of
the AFM cantilever [29]. (a) Initial cycles, (b) after 20 cycles.

Figure 2.14: Linear movement with a pseudo-
rotaxane dimer (adapted from [30]).

In another system, self-assembled asymmetric polymer particles are being propelled
via enzymes and a chemical potential (Figure 2.16) [33]. Asymmetric polymer particles
(“polymersomes”) are self-assembled and incorporate enzymes. In this example, glucose
oxidase is combined with catalase. When the substrate, glucose, is introduced, glucose
oxidase produces hydrogen peroxide, which in turn is the substrate for catalase, which
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Figure 2.15: (a) Interlocking DNA is used to create tubes (0.3–3 µm) and a “piston” to move within the
tubes. (b) Fluorescence is used to show the piston moves within the tube [32].

Figure 2.16: (a) Asymmetric polymer particles (“polymersomes”) incorporate two different enzymes. When
given their substrates, gas will be produced that will propel the polymersome forward. (b) The movement
of the polymersome is directional due to its asymmetric structure [33].
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will produce oxygen gas. The gas will propel the polymersome forward. The movement
of the polymersome is directional due to the asymmetric structure of the particle. This
results in movement mimicking chemotaxis and can be used to carry drugs to diseased
sites in the body.

2.4 Summary and the Bigger Picture

Humanmovement on themolecular scaleworks by the stiff “head” of amolecularmotor
moving along a fiber as if it were a street. The head movement is fueled by ATP, and
controlled by fast concentration changes of ions inside and outside of the muscle cell
that contains the walking head. The duration and the strength of muscle contraction
can also be controlled in this system. This system self-assembles to create muscles that
function on the macroscale.

Motor proteins and their corresponding fiber “streets” have been used extensively
innanotechnology research. It is nowpossible to automate the assembly of such systems,
as well as to control the direction of several cargo “trucks” moving at the same time. It
is still difficult to load the motor protein or truck, however. In addition, the problems
of large-scale and long-duration movement have not yet been solved. Initial work has
demonstrated that some systems can be scaled up to micrometer size by self-assembly.

Biomimetic movement withmolecules has not achieved purposeful carrying capac-
ities yet. But an initial self-assembled system allowed for movement in a tube. Another
systemwas able to use a sequence of enzymes to achieve chemotaxis that could be used
in drug delivery.

It is even more difficult to mimic motor-movement with other molecules. The only,
rather short, “street” that has been shown to give directional, planned movement is the
length of a rotaxane-type molecule. Only a few nanometers of movement is possible in
these systems. It is also difficult to load cargo onto the ring of a rotaxane.
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3 Vision

3.1 Human Vision on the Molecular Scale

All sensors, biological or technological, have several elements: the sensing element that
senses the signal, the transducer that transfers the signal, and an amplification and/or
analysis/reporting element that increases the signal and/or analyzes it. In human vi-
sion, the sensing element is the eye (Figure 3.1a). On the molecular scale, the sensing
elements are specifically the molecules rhodopsin and iodopsin in the rod and the cone,
respectively, which are activated by light photons (Figure 3.1b). Rhodopsin and iodopsin
contain 11-cis retinal derivatives bound to different proteins called opsins. Light activa-
tion turns 11-cis retinal into 11-trans retinal, changing the molecule from a bent, bulky
molecule into a long, thin one. The opsin, though, cannot bind the long, thin molecule
well anymore, and thus releases it and changes its own conformation in the process.
This new opsin conformation fits and bindswell to a specific G-protein-coupled receptor
called transducin [1, 2] (Figure 3.1b). As the name suggest, this is the initial stage of trans-
ducing the signal. In this case, the signal is amplified by a signal transduction pathway
that eventually closes an ion channel, which hyperpolarizes the outer cell membrane
of the rod or cone. The amount of change in membrane potential is dependent on the
amount of light activation and is transferred not via action potentials but as a current in
the cytoplasm [3]. This current induces the rod or cone to release less of the inhibitory
neurotransmitter glutamate, thus activating the following nerve cell. In the brain, these
activated and firing neurons lead to the analysis of the original signal; e. g. with quick
scanning and temporal resolutionwe now understand that we saw a red rose. This anal-
ysis might even connect to other neurons in the brain that tell you that the young man
giving you the red rose wants to say that he is in love with you.

Let us summarize what happened here: a photoreceptor (11-cis retinal bound to
a protein) was activated by photons, which resulted in a change of protein conforma-
tion, which started a signal cascade that amplified and transferred the signal to an ion
channel, which changed the potential of the cell membrane. This potential change was
further transferred to the brain, where the signal was analyzed and recognized as a red
rose. Is it possible to use themolecules andmethods of the human vision system tomake
an artificial, molecular-sized photosensor with similar functions?

3.2 Photosensors Using Biological Molecules and Methods

It is not easy to keep native protein structures in an artificial system; in most cases pro-
teins denature, i. e., they lose their specific structure and become random, losing their
function in the process. In the specific case of rhodopsin, not only does the native protein
structure need to be preserved but the structure must also cycle through two specific
conformations repeatedly, which is difficult to achieve.

https://doi.org/10.1515/9783110779196-003
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Figure 3.1: The structure of the eye and the molecular process of seeing (adapted from [3]). (a) Large-scale
structure of the eye; (b) the photopigment rhodopsin changes its structure when reacting with light, and
the change starts a signal cascade in the rod cell.
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One group successfully used bacteriorhodopsin, a rhodopsin that can be found in pho-
toactive bacteria called Halobacterium salinarum, for a photosensor [4] (Figure 3.2).
The sensor uses a photocell with two ITO electrodes, one of them coated with bacteri-
orhodopsin. An electrolyte solutionmaintains the native structure of the protein. A laser
beamwas used to activate the rhodopsin; the laser beamwas expanded so that the com-
plete sensing area was irradiated. The amount of light the laser beam emitted was inde-
pendently monitored via a photodiode. The photocurrent from the bacteriorhodopsin
was measured by an oscilloscope and amplified electronically.

Figure 3.2: Set-up and signal of a photosensor that uses bacteriorhodopsin on an electrode (adapted from
[4]). (a) Set-up of the photocell; (b) generated photocurrent based on the amount of light irradiation.

As with the human visual system, this sensor reacts to changes in the amount of light,
instead of measuring continuously the amount of light coming from the source. This
makes this sensor specifically good at reacting to movement (similar to human vision).
When the bacteriorhodopsin film is patterned correctly, the direction of movement can
be determined as well. The authors are developing this optical sensor for robots; with
this sensor, robots could react to sudden changes of light, and thus dangers [4].

The above sensor used the biological sensing molecule and built it into a common
digital photocell. Photocells are used, e. g., in the sensors that turn streetlights on auto-
matically when it is getting dark. But with a biological sensing material functionality
can be expanded to detect sudden directional changes and movements, mimicking the
function of human eyes instead.
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For accurate vision and analysis, the brainmoves the eyes to scan an area with a lot
ofmicromovements [5]. Thesemicromovements in scanningweremimicked by another
group using a very basic artificial sensor (tiny lens, two digital pixels) [6]. The resulting
sensor is more sensitive than related sensors since it detects contrast via movement on
top of the number of photons. It was also able to locate a much smaller object than the
lens should allow for by looking for contrast. The authors are currently refining this
technology so that it can also be used in robotics. It would be powerful to combine both
technologies, but nothing to that effect has been reported so far.

Modified rhodopsin can also be used to measure voltage or ions instead of light. To
image voltage in life cells in real time, a genetically modified rhodopsin was expressed
in neurons or muscle cells in Caenorhabditis elegans, a common animal model in neuro
and cell biology (Figure 3.3) [7]. It was possible to measure voltage, and with that muscle
and neuron activity, in-vivo.

Figure 3.3: All-trans retinal (ATR) is used to image intrinsic muscle
activity of the pharyngeal muscle under a fluorescence microscope [7].

Iterative directed evolution coupled with protein structure modeling created a rho-
dopsin variant that measures chloride concentration instead of light (Figure 3.4) [8].
The variant was expressed in E. coli cells that now function as life, in-vivo chloride
sensors.

Figure 3.4: Confocal fluorescence microscopy is used to measure chloride in-vivo in E. coli cells: (A) 0mM
and (B) 400mM sodium chloride. For each panel, the emission from a control (red, left) and from the mod-
ified resorcinol (cyan, right) are compared (scale bar = 5 µm). (C) Boxplots show the normalized emission
response (FGR2/FCFP) of each cell analyzed from four biological replicates (with permission from [8]).
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3.3 Biomimetic Photosensors

There are a lot of photosensors that mimic some or all functions of the human vision
system (eye combined with brain) with artificial systems: light detection, signal trans-
duction to electric signal, amplification of the signal, and analysis of the signal.

There is a large variety of chirooptical switches, where a specific wavelength in-
duces a change in the three-dimensional structure of the molecule, mimicking the
change the retina makes in response to light ([9] and references therein); in this case,
the chemical structure changes to a different enantiomer. This change is reversible
with a different wavelength light and quite fast. These switches are not connected to
any further action or analysis. Instead, they are expected to be implemented as optical
computer memory.

Solution processable organic field-effect transistors (OFETs) can also be used as op-
tical sensors called “organic phototransistors” (OPTs) (Figure 3.5) [10]. In this example,
the ionic hydrogel containing silver nanowires is a transparent, flexible gate electrode.
The pyrrole-thiophene copolymer is a narrow band-gap polymer with high hole mobil-
ity that is photosensitive. Therefore, when light hits the copolymer the holes will move
toward the drain, generating current, with that transducing a light signal into a current
output. Polyimide is an organic semiconductor to complete the transistor. The sensitivity
of this photosensor can be tuned, as well as amplified, by the gate voltage.

Figure 3.5: (a) Example of an organic field-effect transistor (OFET) that can be used as an optical sensor
(“organic phototransistor”, OPT) (adapted from [10]). The sensor is the pyrrole-thiophene copolymer, which
transduces the light signal into a current output (b). The sensitivity of this photosensor can be tuned (and
amplified) by the gate voltage (adapted from [10]).

Another organic phototransistor can react differently to two wavelengths, and thus can
be used as an optical logic gate (Figure 3.6) [11]. Dependent on the wavelength, the tran-
sistor is an “and” or “or” logic gate, while at the same time still transducing the optical
signal to a current output and possibly even amplifying the signal at the same time.
These logic gates mimic some of the functions of the brain, where signal output is ana-
lyzed by a variety of the following neurons.



78 � 3 Vision

Figure 3.6: (a) Current output for an organic phototransistor that can react to two different wavelengths
(365 nm and 450 nm) differently. As with all transistors, this can be used as a switch, but with the different
outputs, this one transistor can be used as an “or” or “and” logic gate, dependent on the wavelength that
is used (b). (c) shows the truth table for the logic gates (adapted from [11]).

An optical mimic of rods was developed not from a phototransistor but from a mod-
ified pyrrole N’-1,N’-6-bis(3-(1-pyrrolyl) propanoyl) hexanedihydrazide (DPH) that self-
assembles into rod-like, long structures that are a few nm in diameter [12] (Figure 3.7).
These rods are photoluminescent; their signal was enhanced in the presence of a sensi-
tizer. These rods have been effectively used to selectively measure the concentration of
pyrrole. So, here the detector is the photoluminescent rod. Detection occurs via chang-
ing the optical properties (i. e., quenching the fluorescence) of these rods by changing
the excited state energy of the molecule, instead of by changing its three-dimensional
structure. The light energy-level is then detected and analyzed.

An example of a chemical structure change coupled with a signal is the use of
fluorescence-labeled liposomes as intracellular biosensors [13] (Figure 3.8). Here, a lipid
is labeled with the fluorescent dye Nile-Blue and incorporated into liposomes. The li-
posomes can easily be taken up into cells. A different pH in different cells creates a
different protonation state of the dye, which results in a color change (Figure 3.7). Ana-
lyzing the specific color results in ameasurement of the internal cell pH, and thus acts as
an indicator of various diseases (e. g., cancerous cells often have a lower pH). Therefore,
this sensor does not measure light, but rather uses light (fluorescence) to measure pH.
This is different from the human visual system, where light is detected and the signal is
transduced and analyzed as an electrical signal.

These few examples already show that there are endless possibilities to create
biomimetic photosensors. Most of them are based on specific compounds binding to a
detector surface, thus measuring the amount of a compound in solution, with a light or
color output. Only two examples will be highlighted here.
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Figure 3.7: A photo-luminescent rod-mimic that detects pyrrole [12]. (a) Luminescence of the rod;
(b) different concentrations of pyrrole result in different amount of luminescence; (c) luminescence and
pyrrole concentration are linearly related; (d) the luminescence at each concentration is constant over min-
utes.

In one case, columns are packed with a solid phase of molecularly-imprinted particles
(MIPs), whose imprints are specific for antibiotics [14]. A fluorescent analogue to each
antibiotic is synthesized. Then a known concentration of a fluorescently-labeled antibi-
otic will compete with the nonfluorescent antibiotic in binding to the specific, imprinted
sites of the column. To determine the amount of antibiotic in a sample, the fluorescence
of the solution exciting the column is measured. In this case, the sensing element is then
the imprinted site, the transduction is the competing molecule, and the analysis is per-
formed by fluorescent light.

In another example, the binding surface is polyacetylene combined with a lipid
monolayer [15]. The color of polyacetylene is based on the conjugation length of
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Figure 3.8: Photosensor that uses light (fluorescence) to measure pH (adapted from [13]).

the polymer, which in turn is dependent on how much the perfect alignment of the
π-orbitals in the chains is disturbed by bending or stressing the polymer chains through
outside forces. In this case, the binding of bacterial products by the lipid monolayer can
be detected as a simple color change from blue to red. This technology could be used
to develop sensors in the packaging of food that identifies, for example, spoiled meat.
In this case, the sensing element and the transducer is the polyacetylene layer, and the
signal is a simple visible color change.
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3.4 Summary and the Bigger Picture

The eyes are human photoreceptors; detection occurs, however, via a change in the
three-dimensional structure of a molecule. This change in the shape of the molecule
initiates a change in the shape of a protein, which initiates a signal cascade that am-
plifies the signal and activates an ion channel, which changes the membrane potential,
which initiates the signal transfer to the brain and with that the analysis of the signal.
Analysis here does not only imply the recognition of a specific shape such as a rose, but
it also means the creation of a connection with the rose to the feeling of love, also using
memory in the process.

Using the actual molecules in the process for nanosized photosensors is difficult,
since proteins denature and lose function easily in environments other than the natural
one. Nevertheless, bacteriorhodopsin has been successfully attached to an electrode,
which created a sensor that reacted not to the amount of light itself but the change in
the amount of light, as does the human vision system. Rhodopsin can also be genetically
modified to measure other things than light, such as voltage or chloride concentration.

Another function of the human system has beenmimicked: the constant movement
of the eyes to create amore accurate picture and to assist with the analysis of this picture
(e. g., by identifying different distances for the various parts of the picture). The combi-
nation of both processes should create an even more powerful artificial photosensor.

When developing photosensors on the nanoscale thatmeasure light, the options are
endless and a large variety of systems have been reported. They range from chemical
or electrical sensors that measure a change in light absorption or fluorescence to the
opposite case, where a change in a chemical or current is reported as a color change.
What is less common is the connection of sensing to amplification and analysis within
one system. Phototransistors have been developed that achieve this. Other examples
will be touched on in the following chapter on smell and taste.
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4 Smell and Taste

4.1 Human Smell and Taste on the Molecular Scale

All sensors, biological or technological, contain several elements: the sensing element
that senses the signal, the transducer that transfers the signal, and an amplification
and/or analysis/reporting element that increases the signal and/or analyzes it. Smell and
taste are humans’ chemical sensors. The sensing elements for chemicals are G-protein-
coupled receptors (GPCR) [1, 2] (see Section 1.1, Figure 1.13). For taste, the taste molecules
directly diffuse into the taste pore that contains the GPCR (Figure 4.1) [3–6]. The trans-
fer of the odor molecules to the sensor site is more complicated, since they are a gas
and need to be captured first. An odorant-binding protein (ODP) binds themolecule and
transports it to the GPCR on the surface of the olfactory bulb (Figure 4.2). Different re-
ceptors are concentrated in different areas of the bulb [7]. Sometimes, a surfactant is
needed to aid the odor molecule in diffusing to the ODP, so that it can then bind and be
transported to the receptor. These surfactants are part of the constant secretion in your
nose.

Once the odorant or taste molecule is bound to the GPCR, the receptor is activated
and a signal transduction pathway is started; for taste, it is the phospholipase pathway
(Figure 1.4), and for smell it is the adenylate cyclase pathway (Figure 1.3). As with all
signal transduction pathways, the signal is amplified in the process.

The amplified signals eventually open sodiumand calcium channels that depolarize
the cell membranes of these specialized nerve cells, thus triggering an action potential.
The action potential is processed in the brain via the gustatory afferent nerve in case of
taste and the olfactory bulb and olfactory cortex in the case of smell.

Though we have described how the signals travel from molecule to molecule, we
have not discussed yet how a few different receptors can lead to the detection and iden-
tification of a large number of complex smells and tastes. Some of the details of these
processes are not yet known, but principally speaking this happens via each molecule
binding to each receptor but with different strengths, and the combination of signals for
one molecule results in a more complex sensation [8, 9]. Detection and identification is
also combined with memory. Humans avoid chemicals toxic to our body and seek out
“good chemicals”, i. e., food and clean water, using smell and taste. The pathways in the
brain for this memory have been identified [10].

Let us summarize what happened here: odorants and taste molecules bind to
G-protein-coupled receptors in a combinatorial manner in the nose or tongue that are
part of specialized neurons. When bound, these molecules activate the receptor and
start a signal cascade, which then results in an action potential, and is then sent to
the processing part of the brain. Is it possible to use the molecules and methods of the
human chemical senses and make an artificial, molecular-sized chemical sensor with
similar functions?

https://doi.org/10.1515/9783110779196-004
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Figure 4.1: The human sense of taste and its molecular actors (adapted from [2]).

4.2 Chemical Sensors Using Biological Cells, Molecules, and
Methods

Liu et al. present an excellent overview of the approaches that have been used to build
artificial gas sensors out of biological taste and smell cells and molecules—even includ-
ing sensors with live insects [11] (Figure 4.3).

We will not discuss live insects here, but one interesting approach used insect an-
tennae as the sensor [12]. Different antennae from different insects were used, so that
each antennae would create a different signal for one compound, as well as different
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Figure 4.2: The human sense of smell and its molecular actors (adapted from [2]).

Figure 4.3: Overview about approaches to develop an “artificial nose” (adapted from [11]).
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types of signals for different compounds. The signals were detected by measuring an
electroantennogram (the electrical activity of an antennae); a programwas used to reli-
ably learn the different signals from each antennae and correlate them to the presence
of a specific chemical with the four different elecroantennograms for it. After training,
the sensor was able to distinguish between eight different odors reliably. Background
molecules sometimes interfered with the identification, but not the detection of a com-
pound. Unfortunately, antennae, when removed from the insect, only last 60–90min.
After that, another sensor needs to be built and trained.

A different approach using insect antennae is demonstrated with Drosophila flies
that can detect cancer by its smell [13]. Drosophila’s odor receptors use cAMP as a sig-
naling molecule. These flies are a model organism for genetic engineering; in this case,
flies were developed that have cAMP fluorescentlymarked. TheDrosphila antennae has
different receptors in different regions that react to cancer cell odors differently. When
imaging all regions of the antennae, a difference map can be developed, which is highly
sensitive to the odor changes of people with cancer [13].

A rat taste neuronwas used both to study taste cell responses as well as to develop a
sensor for sour taste [14]. The set-up is similar to a patch-clamp system (see Section 1.6),
but instead of rupturing the membrane to measure the transmembrane potential, the
potential change due to the change in ion concentrations ismeasured on the outside. The
sour taste neuron was grown on a silicon chip, in this case a light-addressable potentio-
metric sensor (LAPS) chip [14] (Figure 4.4). This system was stable for up to 30 minutes.
Different types of signals were measured; the signal had to be analyzed either in the
time or the frequency domain for optimal results, depending on the type of signal. Sour
signals between pH 2 and 4 could be detected. When several cells with all types of taste
receptors were used as the sensor, time histograms and interspike histograms combined
could be used to identify specific stimuli (e. g., sweetness) [15].

A similar system was used for the detection of smell [16]. A mixture of different rat
olfactory neurons was grown on a LAPS chip until maturity (3 days), and then their sig-
nals were recorded. A significant difference between inhibitory and stimulatory signals
could be detected. Tomake the sensor specific, the neurons were genetically engineered
to express a specific odorant receptor, ODR-10 [17]. The result was a sensor that was spe-
cific for diacetyl, the natural ligand of ODR-10. The sensor also exhibited different fir-
ing frequencies for different concentrations of ligand. The detection range was 0.1mM
to 100mM, but with limited reproducibility. To make each different cell separately ad-
dressable, each cell was immobilized onto a microelectrode of a microelectrode array
(MEA) chip via a DNA strand [18]. With improved sensitivity and reproducibility, this
system could result in a nanosensor that can detect more complex smells for some time.

All cells react to chemical stimuli (food, hormones, signal transduction molecules),
and thus can be used as chemical sensors. One example is a sensor based on endothelial
cells detecting the signal transduction molecule nitric oxide (NO) [19] (Figure 4.5). The
cells were immobilized onto graphene using the RGD peptide (RGD stands for arginine,
glycine, and aspartic acid and is a common part in cellular recognition) and kept alive
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Figure 4.4: A rat taste neuron is grown on a silicon chip and used as a chemical sensor (adapted from [14]).

with a cell culture medium. NO was detected using double potential step chronoamper-
ometry; the specificity was excellent even while being in solution. The detection limit
was 25 nM and 80 nM of NO for a biofilm and separate cultured cells, respectively.

Instead of using cells, receptors and ion channels can be used directly as the sens-
ing element. Here, two examples with different transducer elements will be highlighted.
In one case, the goal was to detect two alcohols, 3-methyl-1-butanol and 1-hexanol, since
salmonella bacteria release themwhen infecting beef [20]. To that end, a peptide, part of
an odorant-binding protein from Drosophila called LUSH, was used as the sensing/bind-
ing element. The peptidewas deposited on a quartz crystalmicrobalance (QCM) (see Sec-
tion 1.6) and allowed to self-assemble. The change of resonance frequency of the sensor
with and without bound alcohol was measured.
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Figure 4.5: Cells are immobilized onto graphene and used as an NO sensor. NO is detected via chronoam-
perometry [19]. (A) Photograph of graphene biofilm. Side-view (B and C) and top-view (D) SEM images of
the graphene biofilm. (E) IR spectra of (a) pyrenebutyric acid functionalized graphene film and (b) RGDpep-
tide covalently bonded graphene biofilm. (F) Fluorescence staining of graphene biofilm.

A common signal is shown in Figure 4.6 [20]. A concentration of 10 ppm of the alcohols
(and possibly less) could be identified in about 20 s. Different sensors gave repeatable
results within an acceptable error. When measuring mixtures of alcohols, the different
alcohols could not be identified but the mixtures could still be measured. So, the sensor
is not specific, but could be used in combination with specific sensors to increase the
sensitivity of detecting rotting meat.

In another example, mouse G-protein-coupled receptors (GPCR) were used [21].
Three different receptors were coupled to carbon nanotube resistors. Since GPCRs are
membrane proteins, they need to be stabilized inside a membrane. In this case, a “nan-
odisc” was used (Figure 4.7) (in nanodiscs, a lipid bilayer is surrounded by membrane
scaffolding proteins that stabilize a small area of lipid bilayer). A change in current is
measured when an odorant binds the receptor.

These devices are stable for at least a month. There is a significant drift in the re-
sponse baseline, but that canbe accounted for if one records the percent change from the
baseline current (% ΔI/I). Since the variability between different sensors is also a change
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Figure 4.6: An odorant-binding protein peptide from Drosophila is deposited onto a quartz crystal mi-
crobalance to create a sensor for rotting meat smells (adapted from [20]). (a) Set-up of the biosensor;
(b) signal of the sensor with alcohol present.

in baseline, this calculation makes different sensors comparable and reproducible as
well. Each of the different GPCR sensors reacts differently to different chemicals, each
in a concentration-dependentmanner. Therefore, this sensor could in the future be com-
bined with combinatorial identification capabilities, chemicals could thereby be identi-
fied out of mixtures.

That is already being attempted in the following example: The recognition element
in that sensor is the sweet receptor binding domain, stabilized by a membrane that is
immobilized on a gold electrode [22]. The transducer is a carbon nanotube field effect
transistor. Binding of different sugars to the receptor domain changes the transistor cur-
rent output, which can be analyzed. This sensor was independently verified by fluores-
cence quenching as well. This sensor was able to measure “sweet” in solution mixtures
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Figure 4.7: G-protein-coupled receptors (GPCR) are
stabilized inside a membrane and attached to car-
bon nanotube resistors to create an artificial nose.
Odorant-binding is detected via a change in cur-
rent [21]. (a) Schematic of nanodisc sensor. (b) AFM
image showing the attachment of nanodiscs to nan-
otubes. (c) IV curves of the same nanotube device
as-fabricated (red), after functionalization (green),
and after incubation in a solution of receptor protein
micelles (black).

in femtomolar concentrations. It demonstrated oneweird effect, though: chamomile en-
hances specifically the sucrose signal, even though chamomile itself does not bind to the
sweet receptor binding domain [22].

So far, actual insect and mammalian cells and receptor molecules were used as the
sensing element and connected to a transducing element, and thus detected. But how
could one mimic the function of smell and taste detection and identification (i. e., the
detection and identification of chemicals in gases and liquids, respectively) with nonbi-
ological sensor molecules?

4.3 Biomimetic Chemical Sensors

To mimic smell and taste, several functions have to be incorporated: The chemical has
to be taken up from water (taste) or air (smell), the molecule has to bind to a sensing
molecule, and then the binding has to effect a change in a signal. The signal is then trans-
duced or transferred to an analysis thatmakes sense of the signal. Not all of the functions
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are incorporated into all biomimetic sensors, but there are a large variety of different
approaches for “artificial noses” and “artificial tongues” that have been reported. In this
chapter, only a small selection will be described.

A common setup is shown in Figure 4.8 [23]. Some sensing molecule binds a specific
compound or a specific type of compound with different strengths. The binding results
in a changed signal. The signal is compared to a calibration and, in the case of multiple
compounds, the binding molecule is identified through pattern recognition.

Figure 4.8: Common set-up for “artificial noses” and “artificial tongues” (adapted from [23]).

In the case of human smell and taste, the sample air or water is actively transported
past the gas sensors in the nose (by breathing in air) and the aqueous sensors in the
tongue (by swallowing the sample). Only a few of the reported sensors have tried to
mimic this active obtainment of themolecule. In amicrobead chemical sensor, capillary
forces actively pull the sample into the microfluidic sensor [24]. In another example,
channels were created that included the binding molecules in their inside wall [25, 26].
Thismethod additionally results in size control—particles larger than the pore sizewere
excluded from the sensor.

Mucin has also been used to recreate the active “catching” of the molecule [27].
An “E-tongue” was developed to identify bitter and astringent tastes only. It consists of
and elastic hydrogel from a copolymer of acrylamide and acrylate mixed with chitosan.
Mucin strongly binds the model substances for bitter taste (quinine sulfate) and astrin-
gent taste (tannic acid), but only weakly the model substances for sour taste (tartaric
acid), and not at all the model substance for sweet taste (sucrose), salty taste (NaCl),
and umami taste (monosodium glutamate). When measuring the voltammograms in
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different solutions, the sensor can determine different concentrations of bitter and as-
tringent tastes in solution but is less effective when additional tastes are added to the
mixture [27].

There is a large variety of different sensing molecules for different applications.
A common method is a calorimetric sensor array using metalloporphyrins, solva-
tochromic dyes, or pH-sensitive dyes, which have been used for artificial noses [24,
28–30] and artificial tongues [31, 32]. Other optical sensors are based on fluorescence
[33, 38] or luminescence [33]. Light sources, when needed, can be LEDs of different col-
ors. Detectors are often photomultiplier tubes or CCD cameras [24, 32, 33]. An example
for such a sensor is a calorimetric sensor developed for identifying different types of
green tea [30] (Figure 4.9). The 36 sensor elements were different porphyrins that each
reacted with a slightly different color to the different tea samples. A CCD camera took
a picture before and after the sample and the difference between the two signals was
identified in a difference map for all sensing elements, which was used to identify the
tea sample.

Figure 4.9: Calorimetric sensor with 36 sensor elements. Compounds are identified via pattern recognition
of difference maps [30].

A similar sensor is used to identify gut bacteria (Figure 4.10) [34]. Twelve different fluo-
rescence monomers in a PEG-block-PLL polymer are used as the sensing molecules. The
fluorescence spectra are measured, and the difference pattern is analyzed by artificial
intelligence for identifying different amounts and types of gut bacteria. The same sensor
is used to identify differentiated stem cells [35].

An optical sensor is also used to measure glyphosphate concentration in solutions
[36]. The sensing molecules are immobilized enzymes that have glyphosphate as their
substrate. These enzymes are combined with competing glyphosate-functionalized
poly(ethylene glycol) colloidal probes. Reflection interference contrast microscopy was
used to measure interactions with a sensitivity down to 100 pM. This is a relatively low-
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Figure 4.10: Twelve different fluorescence monomers in a PEG-block-PLL polymer bind gut bacteria differ-
ently. The fluorescence spectra are measured and analyzed by AI to identify different amounts and types of
gut bacteria [34].

cost sensor that could eventually be used to develop an onsite sensing technology for
food and water [36].

Instead of using enzymes as the sensing molecule, one can use an “enzyme mimic”:
imprinted polymers. Imprinted polymers are polymers synthesized around a template,
which is then washed out, leaving a site specific for binding that template. In this exam-
ple, a sensor for mycotoxin was developed using an imprinted polymer [37]. Mycotoxin
is a toxin secreted from a fungus that attacks grain.

Mycotoxin fluoresces when irradiated with UV light, and a phone app was used to
determine the amount of fluorescence. The best detection limit achieved was 20 ng/mL.
Unfortunately, one needs to first prepare a grain extract to be able to use it, but this is a
big step toward a cheap, effective mycotoxin sensor for grain and food.

Besides optical sensing methods, gravimetric sensors [32], specifically the quartz-
crystal microbalance (QCM) [39], have been used for artificial tongues and noses. Elec-
trical sensors [32, 33], based on semiconductors, MOSFETs (Metal Oxide Semiconductor
Field Effect Transistors), conductive polymers, piezoelectricity, or carbon nanotubes, as
well as gas chromatography have also been used [23].

An example for a QCM sensors uses self-assembled N-Acetylglucosamine (GLcNAc)
monolayers [39]. GLcNAc is only part of the natural ligand for flu viruses, but even so
the sensor can identify three different serotypes of the flu virus (Figure 4.11).

Applications for artificial noses and tongues are quite varied. In the food indus-
try, it is used for process control, freshness determination, and authentication [23, 40].
Environmental and industrial monitoring is a common use for artificial noses, ranging
from local monitoring of pollutant gases such as NOx, SOx, and CO from car and power
plant exhausts or monitoring odors from landfills ([32] and references therein) to the
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Figure 4.11: QCM sensor data differentiating be-
tween three serotypes of the flu virus. The sensor
uses self-assembled N-Acetylglucosamine (GLcNAc)
monolayers, which are part of the natural ligand for
flu viruses as the sensor element [39].

detection of heavy metal ions [38]. The military is trying to use artificial noses to detect
explosives and chemical warfare agents [32]. The other large and growing area of their
application is in medical diagnostics [32]. These applications include the diagnostics of
diseases from the patient’s breath or the detection of different bacteria by looking at
how they bind to different receptors.

4.4 Summary and the Bigger Picture

Of all the human senses, smell and taste have so far been most successfully mimicked,
insofar as the terms of “artificial tongue” and “artificial nose” have been given to many
nanosized chemical sensors regardless of whether they actually mimic the human pro-
cesses or not. Chemical sensing methods are the furthest developed, often already com-
bining multiple sensing elements with a transducer and an analysis element (generally
a form of pattern recognition). Some of these sensors have already made it into indus-
trial use. Even so, they still face a common problem: competing binding from unrelated
chemical compounds reduces the specificity and reliability of analysis and compound
identification. A preceding separation step could alleviate this problem.
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5 Hearing

5.1 Human Hearing on the Molecular Scale

All sensors, biological or technological, have several elements: the sensing element that
senses the signal, the transducer that transfers the signal, and an amplification and/or
analysis/reporting element that increases the signal and/or analyzes it. In the case of
hearing, the energy of a soundwave (which could also be called the vibration of air)
is turned into the vibration of the eardrum or tympany, which vibrates small bones
to transfer the vibration into the liquid of the inner ear (Figure 5.1) [1, 2]. These bones
are necessary because air and water have different properties, and if the vibration was
transferred directly from air to water the majority of the sound energy would be lost.
The ear drum is the connection between the outer and the middle ear. The oval window
is the connection between themiddle ear and the inner ear, which is anothermembrane
transferring vibrations. The inner ear contains the cochlea, which contains three differ-
ent compartments with different liquids. Two of these compartments are separated by
the basilar membrane (Figure 5.2). On the surface of that membrane, the transduction
from vibration to electrical signal takes place: Hair cells contain bundles of cilia or hairs
of different lengths, and the top of each bundle is connected to a neighboring bundle via
a helical protein that can stretch and relax (Figure 5.3). Vibration of the basilar mem-
brane coming from the soundwavesmoves the hair bundles toward anothermembrane
(tectorialmembrane), which bends the larger bundles before it reaches the smaller bun-
dles. That stretches the helical proteins at the line between bent and straight bundles.
When the connection is stretched, it opens mechanoelectrical transduction (MET) ion
channels on the top of the hair cells, transporting potassium ions into the cells. There is
now an imbalance of charge across the membrane, i. e., the membrane is depolarized.
Depolarization causes glutamate, a neurotransmitter, to be released into the surround-
ing area close to a cochlear nerve cell. The membrane of the nerve cell becomes depo-
larized, thus starting an action potential that transfers to the brain. A combination of
brain cells then allows for the interpretation of the original signal (the sound waves),
thus you now hear a certain tone, chord, or sound.

Even bending the hairs for only 1 nm creates a signal, and thus “hearing” [3]. The
frequency of opening the ion channel is likely going to aid in hearing different tones. The
exact ion channels involved have not been identified yet, but there are likely at least two
different types.

Why is there such a long, arduous path for the signal, transporting the signal from
air through liquid via several membranes? This is important because the majority of
sounds are a mixture of wavelengths. The cleanest way to transport and identify their
mixture is to separate out the different wavelengths so that each can be identified sepa-
rately, and then put only back together into the original sound in the brain. The basilar
membrane plays a role in this “mechanical filtering” [4]. The interaction of the hairs
with the tectorial membrane is part of the amplification of the signal. This combination
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Figure 5.1: The structure of the human auditory system and how hearing works on the molecular scale
(adapted from [1]).

of separating each wavelength and then amplifying themmakes our hearing a lot more
sensitive.

How can a lipid bilayer membrane perform such functions as separating out wave-
lengths and amplifying them? This process is not fully understood but it is based on the
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Figure 5.2: The inner ear with the basilar membrane.

membrane stiffness. The membrane can control the stiffness of its different sections by
first modifying the composition of a section (i. e., more cholesterol generally stiffens a
membrane) as well as anchoring it at specific points to the cytoskeleton at the inside of
the cell and possibly the outside via special proteins [5]. Stiffer parts dampen vibrations,
softer ones enhance them.

Let’s summarize: sound waves in air are transferred into sound waves in liquids,
which makes membranes vibrate. The long path of the vibrations results in the sepa-
ration and amplification of the different wavelengths of the sound. The transduction of
the vibration to the electrical signal occurs because stretching of a protein according to
those vibrations mechanically opens an ion channel, which releases a neurotransmitter
that starts the electrical transduction throughout the nerves and brain. Only the work-
up of the electrical signal puts all of the wavelengths together again and identifies the
original signal as a specific sound. Can the molecules and methods of the human audi-
tory system be used to make an artificial, molecular-sized auditory sensor with similar
functions?
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Figure 5.3: Vibration of the basilar membrane results in bending hair bundles, which opens ion channels
on the top of the hair cells, which eventually starts an action potential.



100 � 5 Hearing

5.2 Vibration Sensors Using Biological Cells, Molecules, and
Methods

Receivers and microphones are a mature technology and have been well miniaturized,
so that the need for nanovibration sensors using biological molecules and cells is small
and only very few examples exist. The majority of these sensors are developed to study
the human ear itself, specifically its hair cells.

One of the problems in studying hair cells is that it is necessary to stimulate and then
monitor the hair cells at specific frequencies to understand their mechano-electrical
transduction. Ideally, the force should be delivered instantaneously by a spring of a very
precise stiffness (spring constant), and the effect of the stimulation should be measured
by a rigid fiber. Such a system has been developed using nanomechanical force probes
[6] (Figure 5.4). These nanomechanical force probes included integrated piezoresistive
sensing and piezoelectric actuation. The spring constant was in the necessary range and
the probe was capable of delivering mechanical stimuli with sub-10 µs rise times in wa-
ter.

Figure 5.4: A nanomechanical force probe is used to measure the mechano-electrical transduction of the
hair cells at specific frequencies [6].

Another approach to controlling the hair bundles of the hair cells is to use magnetic
particles [7] (Figure 5.5). The control is supposed to be remote, reversible, and localized.
This has been achieved by coating specific hair cells with cubic nanoparticles; each cell
could then be stimulated to remotely open and close its MET ion channel at time scales
that varied from a few seconds to 100 µs. The effect could bemeasured bymeasuring cal-
cium ion flows via a fluorescent probe. This systemwas effective for studying individual
hair cells as well as other systems with mechanosensitive ion channels.

In summary, no reports were found in which biological molecules or cells were
used to create a biomimetic sound receiver. But with the research done to study the
mechanosensitive-electrical transduction process of the ear it might be possible in the
future to mimic the wavelength separation and amplification of the membranes, thus
leading to more sensitive receivers on the nanoscale.
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Figure 5.5:Magnetic nanoparticles are used to control the opening and closing of the MET ion chan-
nels connected to hair cells at time scales that varied from a few seconds to 100 µs (adapted from [7]).
(a) Schematic drawing and microscope image of a magnetic probe activating a single hair bundle.
(b) Schematic diagram of the EM probe stimulating a single hair bundle with magnetic particles. (c) Mo-
tion of a single hair bundle deflected by the EM probe. Black line: tracked bundle displacement, red line:
current applied to the EM probe. Application of (i) static and (ii) 5 Hz square wave current. (d), (e) Varying
frequency stimulation. (f) Fourier transform spectra of oscillation shown in (e). (g) FT spectrum of bundle
motions at 10 000Hz.

5.3 Biomimetic Acoustic Sensors

The most common biomimetic (nano) technology for hearing is the microphone. It con-
tains a diaphragm, which mimics the eardrum of the oval window, which vibrates ac-
cording to the sound in the environment. The mechanical movement of the diaphragm
is then converted into an electrical signal. The diaphragm could be part of a plate capac-
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itor, in that case the electrical signal would be caused by the difference in voltage due to
the different distance [8]. Alternatively, a material with a permanent charge (an “elec-
tret” of “ferroelectric” material) could be used with the same effect [9]. These methods
are commonly used in microphones.

On a smaller scale, vibration can also be captured by a piezoelectric crystal [10].
Piezoelectricity by definition is a transducer of vibration/pressure to electricity—these
materials emit voltage when under pressure. In a piezoelectric microphone, the trans-
ducer is such a crystal.

Microphones can also be so small that they can be part of amicroelectromechanical
system (MEMS), a special type of computer chip [11]. In this case, the pressure-sensitive
diaphragm is directly etched out of the silicon in the chip. Microphones made in this
way are digital microphones.

Here, I would like to focus on biomimetic acoustic sensors that are either im-
plantable, mimic the attributes hearing possesses additionally to microphones, or use
the acoustic sensor for a different application.

As an example of implantable microphones, Lee’s group is in the process of devel-
oping an artificial hair-cell microphone based on a flexible, piezoelectric film [12] (Fig-
ure 5.6). This system exhibits some of the frequency separation and selectivity of the
basilar membrane. It was possible to align the distribution of vibration displacement

Figure 5.6: Artificial hair-cell microphone based on a flexible, piezoelectric film developed for implemen-
tation [12]. (a) Experiment setup for measuring the vibration amplitude of the flexible piezoelectric film
in response to a sound. (b) The film is scanned to detect vibrations by using scanning points. (c) Peak of
vibration over all scanning points in (i) first harmonic mode and (ii) second harmonic mode.
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from the frequency separation closely with that of the piezoelectric signals. The same
effect could also be produced with different-length beams on a field-effect transistor as
part of a MEMS acoustic sensor [13].

It is useful tomeasure vibrations of a variety of wavelengths for an array ofmedical
applications. For wearable sensors, they have to bemade from flexible materials and be
very sensitive. One example uses a network of multiwalled carbon nanotubes (CNT) in a
suspendedmembrane (Figure 5.7) [14]. The cracks in theMWCNT layer increase flexibil-
ity and change the resistivity, increasing the sensitivity of the sensor (Figure 5.7:(a)i). The
suspension of the membrane allows for larger vibrations and with thus increased sen-
sitivity as well (Figure 5.7:(a)ii). This sensor can be used for a large range of frequencies,
but also for the detection of different arm movement.

Vibration sensors can also be used tomeasure flow (Figure 5.8) [15]. In this example,
a hair is incorporated into the bilayer interface, and electrodes are fed into each aqueous
phase, resulting in a sensitive flow sensor.

Figure 5.7: (a) Scheme of the layers and set up of the vibration sensor. (i) MVCNT layer with cracks in a sus-
pended membrane (ii) vibration enhancement due to the suspension of the membrane. (b) Sensor output
for a large frequency range. (c) Sensor outputs for arm movement (top) and different sounds (bottom).
With permission from [14].
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Figure 5.7: (continued)
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Figure 5.8: A hair is incorporated into the bilayer interface, and electrodes are fed into each aqueous
phase, resulting in a sensitive flow sensor.

Figure 5.9: Artificial hair cells used as flow sensors (adapted from [16]).

Another flow sensor uses a silicon beam accompanied by a piezoelectric strain sensor
[16] (Figure 5.9). The sensor was mechanically stable even at a high flow velocity. This
artificial hair cell was also able to sense the flow direction and low frequencies in water.

In a different system, vibrations are not measured, but their energy is harvested to
create a “battery” for implanted devices such as pacemakers and deep brain stimulation
devices [17]. Conventional batteries are problematic for these devices because they are
bulky and have to be replaced regularly. It would be a lot more effective if an energy
source could be harvested that is already part of the body and could be used to power
these devices. To develop such a system, a film of a piezoelectric material on a flexible
substrate could be used, which allows the piezoelectric material to react to any bending
by generating an electric signal. Vibrations are sufficient to generate a signal, which
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Figure 5.10: A piezoelectric material on a flexible substrate is used as an energy source for implanted
devices [18]. (a) Schematic illustration of the fabrication process and biomedical application of flexible
PMN-PT piezoelectric energy harvester. (b) Cross-sectional SEM image of the PMN-PT thin film on a PET
substrate. The inset shows an XRD pattern of PMN-PT thin film. (c) Raman spectrum obtained from PMN-PT
thin film. The indexed sharp spectra agrees well with the typical features of perovskite PMN-PT.

makes it also effective as a vibration sensor. But the film can also be used as an energy
source for implanted devices (Figure 5.10) ([17] and references therein).

5.4 Summary and the Bigger Picture

Our acoustic sensor, the ear, is actually rather complicated: vibrations in air are con-
verted into mechanical vibrations in a membrane, into vibrations in water, back into
mechanical vibrations of a membrane that then are transduced into electricity via the
bending of fiber that mechanically opens an ion channel. Why is the ear so complicated,
when a microphone can record sound much more easily and still produce excellent
sound quality? Basically, the sensitivity of the ear is important because any sound is
a mixture, and the basilar membrane is able to separate out the wavelengths and am-
plify and detect each of them separately. Thewavelengths are onlymixed together again
in the brain to create the original sound.

There is research currently being carried out into biomimetic hair cells to try to
copy these additional features on several length scales, but no one has yet achieved a
microphonewith the efficiency of the basilarmembrane. Additionally, vibration sensors
can be used as flow sensors and energy harvesting devices.
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6 Skin, The Body’s Largest Organ

6.1 Human Skin on the Molecular Scale

All sensors, biological or technological, contain several elements: the sensing element
that senses the signal, the transducer that transfers the signal, and an amplification
and/or analysis/reporting element that increases the signal and/or analyzes it. Skin is
the largest and most complex organ in the body. It has a variety of sensor functions,
each with a transducer that transfers and possibly amplifies the signal. These signals
are then analyzed and identified in the brain.

The main sensors in skin are touch (mechanical forces), and heat/cold (tempera-
ture). Additionally, there are sensors for chemical stimuli. For all sensors, there are also
pain receptors that might be the same or a different set of receptors. Both are connected
to automatic actions of the body: avoidance, in the case of extreme heat or cold and
chemicals; but also, the active temperature and fluid/electrolyte regulation of the body
that skin is mostly responsible for—in the case of pressure, whatever action needed to
release the pressure/avoid the pain. All of these actions are part of the skin’s response
to the outside environment, which skin is also responsible for, since it is closest to the
outside environment.

One of the biggest other functions of skin, besides sensing and body regulation, is
protection. Skin contains the organs so that they can function under precise conditions,
called homeostasis. At the same time, skin protects from injury (including temperature
and pressure), but it also protects from bacteria and viruses that could lead to disease.
When injury does occur (not everything can be prevented), skin starts a self-healing
process to contain and then heal the injury. Skin also has additional functions such as
Vitamin D production.

All of these functions are contained in a relatively thin, two-layer membrane [1]
(Figure 6.1). The structure is rather complex, but optimized for the combination of all
the functions. This chapter will talk about the molecular structure of the senses in the
skin first, then describe briefly the body regulation system in skin, the healing process,
and the structure of skin that makes all of these functions possible.

Temperature is sensed by afferent neurons in the peripheral nervous system, i. e.,
the neurons that bring sensory information from the outside (skin) to the brain and
spinal cord. There is only limited information on the neurons that sense temperature.
It was originally assumed that the nerve endings for temperature sensing had to be dif-
ferent, but research shows that the difference mostly lies in the type of ion channel [2].
One type of ion channel that was identified and researched is the family of transient
receptor potential ion channels. First found in the drosophila fly, by now four channels
for heat and two for cold were found in humans (Figure 6.2). As the graph suggests, not
only does each receptor have a specific temperature range it reacts to, each also reacts to
specific chemicals. The chemicals are generally the ones that leave either a cooling or a
burning sensation on the skin, whichmakes sense since they are primarily temperature
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Figure 6.1: The structure of skin and the molecular function of its senses (adapted from [1]).
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Figure 6.2: Four channels for heat and two for cold were found in the nerve endings for temperature sens-
ing in the skin (adapted from [2]).

Table 6.1: Each receptor reacts to specific temperature ranges and specific chemicals. The channels that
react to the chemicals are the noci-receptors of the series, i. e., the pain receptors [2].

Channel Temperature
Sensitivity

Common Nonthermal
Agonists

Tissue Distribution

TRPV1 ≥ 42 °C Capsaicin, acidic pH,
allicin, camphor

PNS, brain, spinal cord, skin, tongue, bladder

TRPV2 ≥ 52 °C Growth factors PNS, brain, spinal cord
TRPV3 ≥ 33 °C camphor PNS, skin
TRPV4 27 °C–42 °C Hypotonic PNS, brain, skin, kidney, inner ear, liver, trachea,

heart, hypothalamus, fat
TRPM8 ≤ 25 °C Menthol, eucalyptol PNS, prostate
TRPA1 ≤ 17 °C Cinnamaldehyde,

mustard oil, allicin
PNS, hair cells

TREK-1 cold Membrane stretch,
intracellular pH

PNS, brain

P2X3 warmth ATP PNS
BNCI,
ASIC

cold PNS

sensors. The channels that react to the chemicals are the noci-receptors of the series, i. e.,
the pain receptors (Table 6.1). So “pain” is basically sensed as the extreme of a normal
sensation, such as heat or cold, and thus is sensed by the same receptors using the same
principles. Generally, the ion channel opens at a specific temperature. The mechanism
by which the channels open and close is still under debate, but the thermodynamics of
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the three-dimensional channel structure seems to be at least part of the cause [2]. Most
of these channels are also voltage dependent, and the voltage does change the tempera-
ture range somewhat. There are additionally some chemicals that allosterically regulate
temperature range and/or voltage dependency. Even though each channel has its own
temperature range, the actual sensation of heat can usually only be explained by the
combination of several channels.

The ion channels that react to noxious (painful) temperatures seem to also be the
ones that react to noxious chemicals, such as capsaicin from hot chili peppers [3] or
acid in concentrations that cause burns [2] (Table 6.1). At the same time, each of these
channels are located not only in skin, but also, e. g., in the tongue, some organs, and the
central nervous system. Inside of organs, the channels seem to be connected with the
inflammation response.

As soon as the channel is activated, the signal is either transferred directly to an-
other neuron, and thus to the brain via a synapse, or transferred indirectly via a chemi-
cal release of the skin cell to activate another neuron that then has a synaptic connection
to other neurons and the brain [2]. Skin cells can produce cytokines, neural growth fac-
tors, and neurotransmitters that all could function as an indirect signal. One path for the
signals to the brain includes the limbic system, which generates an emotional response
to pain [4].

Some of the channels seem also be part of the temperature regulation of the body
as a result of sensing the temperature [2, 5]. At least locally, some of the channels initiate
blood vessel dilation or restriction, which regulates temperature in that area of skin.
The temperature control cycle is then connected to other homeostasis cycles, such as fat
cycles in the brown adipose tissue that is used to internally create heat [6]. The details of
most of these processes are not yet understood. Questions that remain are the specific
gatingmechanism of these channels, how they are regulated by noxious chemicals, how
their function differs in different organs, and how the transfer of signals occurs. As soon
as signal transfer has occurred, however, the actions are, as always, controlled by the
spinal cord or the brain.

The signal for mechanical pressure and its pain is sensed in an analogous fashion.
There are a variety of nerve fibers that sense pressure; in fact, some of the nerve fibers
sensing temperature also sense pressure (Figure 6.3) [7–9]. There are different sensory
corpuscles present in human hairy skin [9]. Low threshold mechanoreceptors contact
with epithelial Merkel cells or Schwann-like cells formingMerkel cell neurite complexes
(slowly adapting), Meissner corpuscles (rapidly adapting), Pacinian corpuscles (rapidly
adapting), and Ruffini endings (slowly adapting). Hairs contain several nerve endings;
occasionally, hairs have associated Merkel cells, Ruffini and even Pacinian corpuscles.
These sensory nerve cells are concentrated in “touch domes”, slight dermal protrusions
or bumps [10]. Touchdomes also includeMerkel cells.Merkel cells are specialized cells in
the epidermis that sense light touch via an indirect pathway, i. e., theMerkel cells release
a chemical that only then will activate a nerve cell (Figure 6.1). Merkel cells react to light
touch slowly, since the signal needs to diffuse first to neurons before it can be detected.
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Figure 6.3: Scheme of the different sensory corpuscles present in human hairy skin. Low threshold
mechanoreceptors contact with epithelial Merkel cells or Schwann-like cells forming Merkel cell neurite
complexes (slowly adapting), Meissner corpuscles (rapidly adapting), Pacinian corpuscles (rapidly adapt-
ing), and Ruffini endings (slowly adapting). Hairs contain several nerve endings; occasionally, hairs have
associated Merkel cells, Ruffini and even Pacinian corpuscles. (adapted from [9]).

As with temperature, extreme pressure will be sensed as pain. When pain is sensed
it is highly regulated. There are additional receptors that can up- or down-regulate
the pain sensation; some of these receptors are also located at the nerve ending of the
sensory neuron [11]. One example is the endothelin-1 receptor (Figure 6.4). Up- or down-
regulation usually occurs via a signal transduction pathway and has several points
where a variety of different chemicals can modulate transduction, either directly or
allosterically. Some of these are redundant pathways. One such regulation is the in-
creasing pain you feel when pressure is applied for a long time, but also the reduction
of pain after an initial, short-term stimulus. Additionally, heat might modulate pain
perception as well, which might explain why some sensor elements are activated by
both.

One of the multifunctional sensor elements we have already seen: Transient re-
ceptor potential ion channel TRPV4, which is one of the channels for sensing heat (see
Figure 6.2, Table 6.1) [12]. It is one of the channels opening at higher temperature that
is also linked to pain and activation by chemicals (specifically capsaicin). It is widely
distributed. TRPV4 mutations in humans lead to impaired bone development, motor
dysfunction, sensory loss of the combined thermal/pain sensation, abnormal sensation
of osmolarity and blood salt concentration, hearing impairment, bladder dysfunction,
and airway dysfunction [12]. Mutations in animals suggest even more functions, includ-
ing the barrier function of skin, insulin secretion, and liver function—there might be
more. The connection of all of these dysfunctions to the heat andmechanical sensor are
still under debate. TRPV4 works with several signal transduction pathways; these path-
ways give some hints as to how this might be possible (Figure 6.5). Additionally, there
are different mechanical stimuli that the ion channel reacts to differently: membrane
stretching, membrane press or pull, shear stress, and swelling of the cell in hypotonic
solutions.
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Figure 6.4: A specific pain receptor, the endothelin-1 receptor is up- or down-regulating via a signal trans-
duction pathway (adapted from [11]).

Figure 6.5: Different signal transduction pathways of TRPV4, resulting in this heat and mechanical sensor
being connected to other functions of skin, including its barrier function, as well as functions all across the
body, including bone development, motor dysfunction, abnormal sensation of osmolarity and blood salt
concentration, hearing impairment, bladder dysfunction, and airway dysfunction (adapted from [12]).
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One of the dysfunctions, hearing impairment can be explainedmore easily: TRPV4 is one
of the ion channels in the hair cells in the cochlea that we discussed in Chapter 5.1. So,
these ion channels are not only part of the sensation of touch, they also detect pressure
in the hair cells, and thus are part of the indirect signal transduction in hearing [12].

These ion channels are part of neurons that are part of skin (or another organ),
which means that the pressure the ion channels feels first has to be transduced through
a layer of skin. Therefore, there will always be a filtering effect by the mechanical prop-
erties of the skin or organ. The effect of the tissue has mostly been studied in animals,
and in a few cases, it has been found that the tissue can amplify the signal, instead of
the more common dampening effect that occurs [13].

Let us look at the indirect method of the mechano-sensation, which are the Merkel
cells (Figure 6.1) [14]. Merkel cells react to light touch, but they react slowly and continue
to fire with long stimulation with action potentials across their cell membrane. Their
firing pattern is irregular. There is likely a link betweenMerkel cells and nerve terminals
that use glutamate as their neurotransmitter. There seem to also beMerkel cells without
a connection to nerve cells; at that point, the signal might be an exocytosed chemical
diffusing into the environment. So far, though, there is no evidence of exocytosis.

Besides being a large area with different sensing neurons, skin’s other important
function is to protect against infection and injury. How does skin fulfill all of these dif-
ferent functions simultaneously? Its structure plays a key role here (Figure 6.1) [15]. The
top layer, the epidermis, is the toughprotective layer. It consists of deadkeratinocyte cells
that are stacked like bricks to reduce pathways for disease agents to enter the body. Ad-
ditionally, between the dead cells, there is an extra-cellular matrix (ECM), a mixture of
fibers (collagen, elastin), and amorphous matrix (proteoglycans, cell-binding adhesive
glycoproteins, solutes, water) that acts as a mechanical support and surface to anchor
cells. The ECM also determines cell orientation, controls cell growth and differentiation
via signals, and scaffolds the three-dimensional structure for optimal tissue environ-
ment and signal transport.

When an injury occurs, skin has the ability to heal itself also due to its complex
structure [15, 16]. Blood clotting is the first step in the process (Figure 6.6), a signal cas-
cade that creates a thrombus or clot. The thrombus is the initial matrix and initiates
inflammation, which starts the healing process. The matrix of the clot is reorganized
while signals recruit fibroblasts, which themselves release more signals. The reorganiz-
ing matrix also helps with building a specific structure by providing attachment points
for migrating cells. Inflammation occurs via several pathways, each of which is a sig-
nal cascade with a variety of regulation points (Table 6.2) [15, 17]. Inflammation also
initiates the innate and adaptive immune system to combat any disease-carrying bac-
teria and viruses that might have come in through the breach in the skin. Therefore,
the automatic healing system is a complex, overlapping system that is highly controlled
and adaptive to the actual injury and specific environment. Not only will blood clotting
quickly stop the bleeding, but the basic fibers will be reorganized so that cells can at-
tach to them in an organized fashion, recreating an organized tissue with blood vessels,
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Figure 6.6: The blood-clotting cascade that creates the blood clot, the first step in healing a wound
(adapted from [15]).

Table 6.2: The different pathways of inflammation, the next step in the healing process of skin after the
bleeding is stopped [15].

Mediators Examples

Vasoactive Agents Histamines, serotonin, endothelin, thromboxane α2
Plasma Proteases Bradykinin, complement system C3a, C5a, C3b, C5b-C9, fibrin degradation

products, tissue plasminogen activator
Leukotrienes Leukotriene B4
Lysosomal Proteases Collagenase, elastase
Oxygen-Derived Free Radicals H2O2, superoxide anion
Platelet Activating Factors Cell membrane lipids
Cytokines Interleukin-1, tumor necrosis factor
Growth Factors Platelet-derived growth factor, transforming growth factor, epithelial

growth factor
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nerves, and other specialized cells for all the functions of skin. Over time, the system
no longer works perfectly, thus resulting in scars. In addition, when all layers of skin
have been destroyed by an injury (e. g., in the case of a third-degree burn), the scars still
allow for survival but a few of the functions of skin will not be perfectly recreated (such
as cooling or sensing). Even so, functional skin will be regrown automatically, in spite
of the possibility of wound and other complicating factors.

Let us summarize how our human temperature and touch sensors work: Both
senses are imbedded in nerves that include special ion channels that open in response
to a heat or touch signal. Temperature-sensitive channels openusing a thermodynamics-
basedmechanismwhose details are not known yet. In the case of themechano-sensitive
ion channels, the stretching of the skin-environment physically opens the channel, thus
creating amembrane potential that can directly or indirectly initiate an action potential
in the next nerve cell. This starts a path to the brain, where analysis takes place, which
includes the possible sensing of “pain” or either of these senses (in fact, pain can also
occur in hearing; however, this only takes place in rather extreme circumstances). Some
of the same channels that react to temperature or pressure also react to chemicals that
create a burning or cooling sensation. The sense of temperature or pressure leads to
some automatic avoidance movements or conscious decisions and behaviors.

At the same time, the organ with these sensing neurons happens to be skin, the
biggest organ that has additional functions, such as maintaining homeostasis, tempera-
ture control of the body, protection from injury, bacteria and viruses, and VitaminD pro-
duction. It is involved in the large majority of adaptive behaviors of the body (which is
how skin maintains homeostasis), since it is the organ that borders the outside environ-
ment. In other words, skin is many different sensors embedded in a “smart”, adaptive
matrix. Could we use molecules and methods of the human senses to make an artificial,
smart, sensing material with similar function(s)?

6.2 Chemical, Thermal, and Pressure Sensors Using Biological
Cells, Molecules, and Methods

Remember how the two main sensors in skin worked: For temperature, an ion channel
in a nerve cell opened based on temperature via a (so far) unclear mechanism. No lit-
erature was found about using the nerve cells or ion channels in artificial temperature
sensors. This is likely due to the fact that a) the channel mechanism is not known, and
thus difficult to control outside its native environment and b) there are other highly de-
veloped temperature sensors already on the market, thermometers, with even more in
development, even on a very small scale.

Thermometers on a large scale use liquids that change their volume with temper-
ature. On the microscale (i. e., when they are small enough that they fit on a computer
chip), most temperature sensors are thermocouples [18]. A thermocouple combines two
differentmetals (often two small wires).When heated, a small voltagewill be generated,
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and the relationship between voltage and temperature can be calibrated. An analogous
method can be used with semiconductors in P-N junctions. Since P-N junctions are the
basis of several chip building blocks (e. g., for transistors), with the right circuit design
the circuit can function as intended and measure the temperature at the same time.
These measurements are digital, and thus easy to incorporate into an analysis system
as they are in the skin/brain connection.

Pressure-measurements are common on the microscale as well. In that case,
piezoelectric materials are used as already seen in Chapter 5.3 [19–21]. There are a vari-
ety of piezoelectric materials such as perovskites (e. g., [22] and references therein) for
a variety of applications, such as energy harvesting (e. g., [23] and references therein),
high-temperature transducers and actuators (e. g., [24] and references therein), and
tissue regeneration (e. g., [25] and references therein), and more are being developed
(e. g., [26]). Due to the availability of a large amount of piezoelectric materials, there was
no need to use an ion-channel that opens when the surrounding membrane stretches—
a channel that is likely to be difficult to maintain and control in a nonnative environ-
ment.

There are a large number of different “smart”, or environment-responsive, materi-
als that have been reported, some of them containing polysaccharides or proteins. Some
of these examples will be discussed in the following biomimetic skin section, 6.3.

6.3 Biomimetic Skin

The function of skin that has beenmost oftenmimicked is touch. This could include sim-
ple piezoelectric materials sensing pressure, as mentioned in the preceding section. But
touch is a lot more complex: Touch also senses surface texture and helps with gripping.
And gripping is automatically adjusted based on the strength of the material and the
weight of the sample. This is important for artificial limbs and robots.

An example for a system that mimics the structure of skin to develop a touch sensor
with a sensitivity approaching that of human skin is discussed here [27] (Figure 6.7). This
sensor includes several design elements of skin: The surface contains ridges that are

Figure 6.7: A touch sensor that mimics the structure
of skin to develop a sensitivity approaching that of
human skin (adapted from [27]).
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mechanically stiffer than the rest of the surface, as the epidermis does, and the pressure
sensing elements are placed in the same position relative to the ridges as the human
Merkel discs in skin. Additionally, the strain sensors show different strain values based
on the direction of the stress, which with the right algorithm can be translated into the
sensation of surface properties. The “skin” material is easily deformable, allowing for
strain transduction. Research results demonstrate that ridges enhance sensitivity and
add information about the three-dimensional structure of the surface as human touch
is able to do.

Tomimic skin, pressure-sensingneeds to be scaledup to larger areas. A sensor based
on carbon nanotubes is attempting this (Figure 6.8) [28]. The sensor contains single-
walled CNTs in a cellulose layer. This layer can be spray-coated, allowing for facile fab-
rication for larger sensors. Additionally, the electrodes that will transduce the pressure
into an electrical signal via resistive measurements can be ink-jet printed, which can
also be scaled-up easily.

Figure 6.8: Piezoresistive flexible cellulose pressure sensor containing single-walled CNTs (with permission
from [28]). (a) Schematic of the layers of the sensor. (b) Schematic of the fabrication process of spray coat-
ing the CNT/cellulose sensing film onto the protective polyimide film. (c) Schematic of inkjet printing the
interdigitated silver electrode.

Another group is connecting temperature sensing with actuation: at a low temperature,
thematerial sensor will bend [29]. Adding electrodes to an asymmetric graphene-coated
paper becomes a flexible piezoresistive strain sensor. When coating this film with a
porous hydrophilic cellulose fiber network, the adding/removing of water at different
temperatures makes the film bend, thus adding actuation to the sensor film.

Layering two sensor films on top of each other created a film that canmeasure both
temperature and pressure (Figure 6.9) [30]. A capacitive pressure sensor array in a di-
electric elastomer is placed between two electrodes. On top of that, a layer with a tem-
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Figure 6.9: Fabrication scheme of a multifunctional layered sensor (with permission from [30]): (a) Fabrica-
tion of a capacitive pressure sensor array with a dielectric elastomer placed between electrodes; (b) fabrica-
tion of temperature sensor array by drop casting CNTs over contact electrodes; (c) integration of tempera-
ture and pressure sensor layers.

perature sensor using CNTs drop casted over contact electrodes is placed. Those two
layers are now a film that could, for example, be used as the “skin” of robots.

In a different approach, the combination and management of a large amount of
pressure sensors has been investigated [31] (Figure 6.10). Here, an integrated circuit is
designed tomanage a large amount of sensors on a chip, concentrating on how all of the
sensors can be packaged, networked, and their signal transduced on a chip. It might be
interesting to combine that management with the earlier sensor designs, since in skin a
large amount of pressure and other sensors need to be managed and analyzed.

In skin, the sensing of temperature or pressure leads to a related action in the body,
which could be an adjustment to maintain homeostasis, a movement, or an action the
brain thought of. This responsiveness to the environment has been mimicked in mate-
rials in various ways with a variety of polymeric structures, called “smart” materials
([32] and references therein) (Figure 6.11, Figure 6.12). The stimuli for response are most
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Figure 6.10: An integrated circuit manages and analyzes a large amount of pressure sensors. The sensors
are networked and transduced in a similar complexity as seen in skin (adapted from [31]).

Figure 6.11: “Smart materials” can be made from a
variety of different structures (adapted from [32]).

commonly temperature and pH, but they could also be a specific binding event. The
triggered action can be a conformation or phase change, a polymerization or polymer
degradation, or a color change due to a change in conjugation length. The “read-out”
after transduction could be the change in color, or could involve fluorescent molecules
that are sensitive to different pHs or phase states. These responsive materials are often
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Figure 6.12: “Smart materials” react to a variety of stimuli with several different responses (adapted from
[32]).

made from biological polymers formedical applications tomake themmore biocompat-
ible ([33] and references therein).

A lot of smart materials were developed for drug delivery ([34] and references
therein) (Figure 6.13). Generally, these are polymeric capsules that rupture upon a spe-
cific signal. Therefore, they releasemore specifically next to/inside of a target tissue/cell,
and thus reduce the side effects of drugs that are caused by the drug’s distribution into
healthy tissues and cells.

To make drug delivery even more specific, the body’s system of molecular recogni-
tion and specific transport can be used. One such method is to use the cell’s host-guest
interactions to only release in the presence of a specific cell marker or metabolite ([35]
and references therein). This specific recognition is then transduced to either a read-out
(whenused in sensors) or is a trigger for release (whenused indrugdelivery), sometimes
even in self-healing applications.

Another method to use the body’s specificity is to make the action responsive to an
enzyme reaction ([36] and references therein). Here, the trigger includes an enzyme that
only acts in a specific cell or disease state. In enzyme-responsive systems, it is possible to
also diagnose a disease and only act after diagnosis has occurred, if the enzyme happens
to be a marker for a specific disease.

The other important property of skin, self-healing, has also been mimicked; a large
number of different approaches for different materials and applications have been re-
ported (see recent review and references therein [37]). Only a small number of examples
are highlighted here.

The first generation of self-healing materials was designed for structural materials
[38, 39] (Figure 6.14). Basically, the polymeric material contains capsules with monomer
(labeled “healing agent” in the graph) and in its matrix also a small amount of catalyst.
When a crack develops, it opens a capsule with monomer, which is a liquid that will
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Figure 6.13: Drug delivery with smart materials (adapted from [34]).

start flowing. It will flow past a catalyst, which will start polymerization, forming new
polymer in the crack, thus “healing” the matrix. In a lot of cases, healing additionally
requires heat or light, since most polymerization initiators require heat or light for acti-
vation. A lot of research has been performed to optimize the outer capsule membrane,
the distribution of catalyst and capsules in the matrix, the kinetics of the healing poly-
merization, and the strength recovery for thematerial [38, 40]. Analogouswork has been
done for supramolecular systems, i. e., systems based on intermolecular forces instead
of covalent bonds [41], as well as for nanostructured materials [42].

For biomaterials that will be used inmedicine, it is important that thematerial used
is a hydrogel so that it can take advantage of water-based transport. At the same time,
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Figure 6.14: Approaches for self-healing structural materials (adapted from [39]).

the healing process needs to operate at physiological conditions, i. e., 37 °C and a neutral
pH. An example of such a system is zwitterionic hydrogels [43] (Figure 6.15). Basically,
the healing process is based on charge attraction; charged polymers are flexible and
have a large driving force to recombine with the opposite charge. Therefore, healing
is automatic and fast. It is important, though, to create a material that is stable at a
temperature above body temperature.

So far, the important properties of skin, its function as a platform for sensors, its re-
sponsiveness to the environment, and its self-healing abilities, have been investigated
separately. But is there a material that is as complex in its structure and functions as
skin that can do all of this at the same time, as skin can? The short answer is: not yet.
There are a lot of examples of biocompatible hydrogels in the tissue engineering litera-
ture (e. g., [44] and references therein) that encourage the redevelopment of the tissue
structure. Water and chemical transport in hydrogels [45–47] and the exact mechanical
properties [48] have been investigated aswell. However, these are just platforms that the
other properties (sensing and responsiveness to the environment) can be built upon. In
addition, as materials go, scaffold hydrogels are not yet self-healing.
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Figure 6.15: A self-healing hydrogel for medical applications. This is a mimic for skin without the sensing
and other functions of skin [43]. (a) Different healing behaviors of single-charged, nonionic and zwitterionic
materials. (b) Chemical structures of the different materials used. (c) How the different blocks combine to
form the block hydrogel. (d) Individual hydrogel building blocks dyed with different colors. (e) A completed
block hydrogel. (f) The block hydrogel upon stretching. (g) The block hydrogel upon bending.

6.4 Summary and the Bigger Picture

To summarize, skin is the largest and most complex organ with the most different func-
tions and the largest amount of different sensors in the human body. The sensing mech-
anisms have not yet been fully worked out in detail, neither for temperature nor for
pressure. Additionally, these sensors are also part of chemical sensing and part of the
sensation of pain; and all of this sensing is so sensitive that the details of surface prop-
erties can be distinguished in a three-dimensional manner. Additionally, these sensors
are built into a complex structure that also acts to maintain homeostasis and self-heals
when the barrier to the outside environment is breached. Some of these functions have
been mimicked in materials but generally separately. There has been progress of build-
ing sensor arrays on a large scale, including progress of addressing each of the sensors
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separately, as the human body does as well. No material has so far been reported with
the same functionality as skin.
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7 Future Developments

This book is about human senses and movement, how they function on the nanoscale,
and how they can be mimicked on the nanoscale by technology. As we have seen, hu-
man and human-made sensors always have several elements: the sensing or detection
element, the transducer, possibly an amplifier, and an analysis element.

The human sensing elements, eyes, nose, ears, and themechanical and temperature
sensors in skin, are connected to receptors or ion channels as transducers that change
the original signal into an electrical signal. This initiates an action potential, which is
sent to the brain for analysis and possible action/reaction based on need or memory/ex-
perience. In technology, sensors work in very much the same way. The sensing element
is translated into an electrical signal that is sent to a computer for analysis and recog-
nition. Nowadays, computers might even remember the signal or a signal pattern and
learn from that “experience”.

Human motion is based on two stiff, molecular molecules, one that is the “street”,
and the other that uses energy to “walk” on that street. A large amount of thesemolecules
combine in a muscle. The duration and the strength of muscle contraction can be con-
trolled in this systemby controlling thesemolecules. In nanotechnology, thesemolecules
have been successfully used to transport nanosized cargo. The system can now in a few
cases be automated—with the exception of loading the cargo onto themotor protein. Ini-
tial work has been successful in scaling upmovement by self-assembly, but the problem
of large-scale and long-duration movement has not yet been solved. Mimicking motion
with other chemicals is still in its infancy, since there has not been an effective street/mo-
tor connection developed with the exception of rotaxane-based molecules. But those
molecules limit motion to a few nanometers and do not allow for continuous, linear
motion. Some self-assembled systems using DNA or vesicles are trying to create con-
trolled larger-scale movement in tubes. Rotary motion is easier with chemicals, but it is
difficult to connect these chemicals to a controlled energy source.

In the eyes, the human photoreceptors, detection occurs via a change in the three-
dimensional structure of a molecule. The change in shape initiates a signal cascade that
amplifies the signal and transfers the signal to the brain. Using the actual molecules in
the process for nanosized photosensors is difficult, and has only rarely been successful.
There is a large variety of nanotechnological photosensors. They range from chemical
or electrical sensors that measure a change in light absorption to fluorescence sensors
where a chemical or current is reported as a color change. What is less common is that
sensors are connected to amplification and analysis within one system. Phototransistors
are trying to start to achieve that integration. Another function of human system has
beenmimicked, however—the constantmovement of the eyes to create amore accurate
picture and to help with the analysis of it. Combining all of these properties wouldmake
for a much more powerful photosensor in the future.

Smell and taste have beenmimickedmost often, and chemical sensing methods are
the furthest developed among approaches to replicating theses senses. These methods
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often combine multiple sensing elements with a transducer and an analysis element
(generally a form of pattern recognition). The specificity of binding/sensing is currently
still the biggest problem that must be overcome.

Hearing on the molecular scale is actually rather complicated: Vibrations in air are
converted into mechanical vibrations in a membrane via various steps andmembranes
and eventually are transduced into electricity via the bending of fiber that mechani-
cally opens an ion channel. The advantages of this complicated set-up can be seen in the
human ear’s excellent sensitivity, since wavelengths are detected separately and only
recombined during the analysis-step in the brain. Since this system is so complicated,
there has not been much research into using these membranes or sensors in nanotech-
nology, but so far largely only investigations into the system itself. On the technology side
of things, microphones and receivers are commonplace on any scale. However, none
of these has so far achieved the efficiency of the basilar membrane. Acoustic sensors,
though, are starting to be used in different applications, such as sensing flow.

Skin is the largest and most complex human organ with the widest variety of func-
tions. The temperature or pressure sensors are specialized neurons and contain 3D in-
formation. Additionally, these sensors are also part of chemical and pain sensing. These
sensors are built into a complex structure that self-heals and maintains homeostasis.
Some of these functions have been mimicked in materials, but only one function at a
time has been successfully reproduced. Layered sensor films are starting to integrate
sensors on a larger scale.

In humans, all of the senses are combined into one structure, our bodies. All of the
sensor elements are analyzed by the same entity, the brain. Analysis here does not only
imply the recognition of a specific shape such as a rose, but it also implies the creation of
a connection between the rose and the feeling of love, also usingmemory in the process.
Robots are the technological answer to such a complex system and they use quite a few
senses. However, no robot has yet used senses that are as equally fine-tuned as the hu-
man senses on the molecular scale in combination with rational thought and complex
action based on that thought.
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