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Zusammenfassung
Diese Doktorarbeit befasst sich mit bioinspirierten, sich selbst-verteidigenden Systemen in
Oberflächen mit geschichteten Kompartimenten. Wenn das Mischen der getrennt eingefügten
Chemikalien ausgelöst wird, induziert eine Reaktion einen abstossenden Effekt. Dieser Effekt
wird entweder durch giftige und/oder abstossende Moleküle oder durch die Entstehung von
Hitze erzielt. Die Auslösung kann verschiedenster Art sein, wobei die Gemeinsamkeit im
Aufbruch der unterteilenden Barrieren besteht. Die folgende Arbeit ist in 5 Kapitel unterteilt.
Kapitel 1 gibt dem Leser eine Einführung in biologische Systeme und deren
Verteidigungsmechanismen. Mithilfe einiger Beispiele werden chemische Abwehrstrategien
von Arthropoden und Pflanzen im Detail erklärt. Ein spezifisches Beispiel ist der
Bombardierkäfer, der seine Angreifer mit einem heissen und abstossenden Spray regelrecht
abschiessen kann. Ein Unterkapitel ist cyanogenen Arten gewidmet – den Pflanzen und
Arthropoden, die zum Verteidigungszweck Cyanid freisetzen können. Diese Spezien lagern
ihre cyanogenen Vorläufer in separierten Kompartimenten ab, was ihnen den Vorteil
ermöglicht das Gift nur abzusondern, wenn sie es brauchen. Andere Vorteile der Unterteilung
werden dargelegt und Beispiele von existierenden künstlichen Produkten erläutert. Zuletzt
werden zwei Anwendungsbeispiele, nämlich Saatgutschutz und Sicherheitssysteme für
Bargeld, erwähnt.
Eine vom Bombardierkäfer inspirierte, sich selbst-verteidigende Folie wird in Kapitel 2
präsentiert. In seinem Abdomen hat der Käfer ein Reservoir, das mit einer Reaktionskammer
verbunden ist. Wenn der Käfer gestört wird kann er sein Reservoir kontrahieren und somit
Wasserstoffperoxid und Hydrochinon in die Reaktionskammer drücken. Dort finden stark
exotherme Reaktionen statt: die Zersetzung von Wasserstoffperoxid zu Wasser und Sauerstoff
als auch die Oxidation von Hydrochinon zu Chinon. Beide Reaktionen sind enzymatisch
katalysiert und der entstehende Überdruck induziert den heissen Abwehrspray. Um einen
technischen Nutzen daraus zu ziehen, wird die Idee in einer Folie, die zwei Kompartimente
übereinander beinhaltet, adaptiert. Eine Schicht enthält Wasserstoffperoxid (H2O2) und die
andere Manganoxid, ein Katalysator zur Zersetzung von H2O2. Die Chemikalien sind durch
eine dünne, zerbrechliche Schicht voneinander getrennt. Eine kleine mechanische Kraft
genügt um das Mischen auszulösen. Es entsteht eine chemische Energie, welche die
mechanische Auslösungsenergie um Grössenordnungen übertrifft. Eine Anwendung in
Geldautomaten und Geldkassetten, durch die Zugabe von Farbe und DNS-Markern, wird
erläutert.
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Cyanid produzierende Arten (z.B. Bittermandel) können ihre Feinde erfolgreich vertreiben.
Weizensamen hingegen haben diese Möglichkeit nicht und sind deshalb Pflanzenfressern
ausgesetzt. In Kapitel 3 werden die Verteidigungsmechanismen der cyanogenen Pflanzen
technisch auf Weizensamen realisiert. Ein komplett bioabbaubares Polymer (Polymilchsäure)
dient als Matrix und Trennschicht und wird als Beschichtung auf die Samen aufgetragen.
Mandelonitril, ein cyanogener Vorläufer, und Hydroxynitrillyase, das zersetzende Enzym,
sind in verschiedenen Schichten platziert. Die beschichteten Samen werden bezüglich ihres
cyanogenen Potentials und ihrer Keimfähigkeit getestet. Die Menge der produzierten
Blausäure ist im Bereich von Literaturwerten, bei denen ein Effekt an Pflanzenfressern
beobachtet wurde. Der limitierte Keimerfolg bietet jedoch noch Verbesserungspotential.
Eine zweite Generation der Saatgutbeschichtung ist in Kapitel 4 geschildert. Hier wird
Amygdalin, ein stabilerer cyanogener Vorläufer, anstatt Mandelonitril in das System
eingefügt. Wie in der ersten Generation dient Polymilchsäure als Träger für den cyanogenen
Stoff und als Trennschicht zur Umwelt. Der Keimerfolg ist stark verbessert und erreicht fast
100 %. Durch Füttern behandelter und unbehandelter Samen an Mehlwurmlarven wird der
Effekt auf typische Fressfeinde getestet. Mit behandelten Samen wird eine kleinere Aktivität
bezüglich Fress- und Fäkalmasse nachgewiesen. Zusätzlich wird herausgefunden, dass
obwohl Weizensamen keine cyanogenen Vorläufer haben und diese deshalb künstlich
hinzugefügt werden müssen, die Samen ein Enzym zur katalytischen Zersetzung von
Amygdalin zu beinhalten scheinen. Dieses Wissen macht es möglich, das System noch weiter
zu vereinfachen: jetzt braucht es nur noch eine Schicht Amygdalin in der Polymilchsäure
Matrix. Neben dieser Vereinfachung bringt das Weglassen von β-Glucosidase auch einen
ökonomischen Vorteil.
Kapitel 5 beinhaltet ein allgemeines Fazit der Doktorarbeit und schildert Perspektiven der
sich selbst-verteidigenden Folie und der cyanogenen Saatgutbeschichtung.
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Summary
The present thesis covers bio-inspired, self-defending systems applied in surfaces with
layered compartments. Upon triggering the mixing of separately incorporated chemicals, a
reaction to produce a repulsive effect is induced. This effect is either due to toxic and/or
repellent compounds or the generation of heat. The triggers can be of different nature but they
have in common that they rupture the compartmenting barriers. The following work is divided
into 5 chapters.
Chapter 1 introduces biological systems and their defence mechanisms. Chemical defence
strategies of arthropods and plants are discussed in more detail and several examples are
given. One specific example is the bombardier beetle that can literally shoot a hot and
repellent spray upon predators. A whole subchapter is devoted to cyanogenic species – plants
and arthropods, which are able to release cyanide for defence purposes. These species store
the cyanogenic precursors in separated compartments, which gives them the benefit of being
able to release the toxin only when needed. Other advantages of compartmented systems are
presented and examples of existing artificial devices are given. Last, two fields for
application, namely crop protection and cash security, are shown.
A self-defending foil, inspired by the bombardier beetle is presented in chapter 2. In its
abdomen the bombardier beetle holds a reservoir connected to a reaction chamber. When
disturbed, the bombardier beetle actively contracts its reservoir in order to push hydrogen
peroxide and hydroquinone into the reaction chamber. There, highly exothermic reactions
take place decomposing hydrogen peroxide into water and oxygen and oxidizing the
hydroquinone to generate quinone. Both reactions are catalysed by corresponding enzymes
and the resulting overpressure induces the hot defence spray. To take technical advantage of
such a system, the idea is adopted for a foil design which contains two separated
compartments. One contains hydrogen peroxide (H2O2) and the other one manganese dioxide,
a catalyst for the decomposition of H2O2. The chemicals are separated by a thin and brittle
layer. A small mechanical force is sufficient to trigger the mixing. Compared to the
mechanical trigger, the energy released from the so induced reaction is higher by orders of
magnitude. An application by means of ATM and money cassette security is presented with
the incorporation of colour and forensic DNA markers.
Cyanide producing species (e.g. bitter almond) effectively repel their enemies. Wheat
seeds in contrast do not have this possibility leaving them vulnerable to herbivores. In
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chapter 3, the adaptation of defence mechanisms of cyanogenic plants is technically realised
on wheat seeds. A fully biodegradable polymer (polylactic acid) acts as matrix and is applied
as a coating on the seed. Mandelonitrile, as a cyanogenic precursor, and hydroxynitrile lyase,
as the degrading enzyme, are placed within different layers. The coated seeds are tested by
means of cyanogenic potential and germination success. It is shown that the amount of
hydrogen cyanide produced by the system is in the range of literature values which have an
effect on herbivores. Still, the limited germination success of the treated seeds is to be
improved.
A second generation seed coating is presented in chapter 4. Amygdalin, as a more stable
cyanogenic precursor is used instead of mandelonitrile. As for the first generation seeds,
polylactic acid is used to carry the cyanogenic compound and separate it from the seed and
the environment. The germination ability is improved and reaches close to 100 %. The effect
on larvae of mealworms is tested by feeding them treated and untreated seeds. Lower food
uptake and faecal mass is monitored in the treated seed setup. Additionally it is discovered
that although wheat does not have cyanogenic precursors and these have to be supplied
artificially, wheat seems to have the corresponding enzymes for catalytic amygdalin
decomposition. This knowledge makes it possible to further simplify the system and only a
layer of amygdalin is needed in the PLA matrix. Next to this simplification the disuse of βglucosidase induces an economical benefit.
Chapter 5 includes a general conclusion of the thesis and an outlook for the self-defending
foil and the cyanogenic seed coating.
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1.1 Introduction

1.1

Introduction

Nature fascinates humanity ever since. First proofs are probably cave paintings with
animal motives that are about 30’000 years old. Inspiration for a scientific application dates
back to the wish to fly. Leonardo da Vinci observed the flight of birds and subsequently drew
a series of sketches1 (Fig. 1.1) and the Wright brothers, too, were inspired by the flight of
pigeons when they developed their first plane.2
Product development in the field of biomimetics has gained increasing attention in the last
decades. Journals such as Biomaterials and Bioinspiration & Biomimetics grew by means of
publications per year doubling every 2-3 years since the first decade of the current century.3
The following subchapters give a closer look and provide examples of self-defending
mechanisms in nature, how they are structured and can be adopted in the development of new
materials and composite products.

Figure 1.1: Design of a flying machine by Leonardo Da Vinci (1488). It is visible that the
inspiration for this drawing came from birds. Photography by Luc Viatour.
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Physical defence in nature

Claws, horns and teeth are most probably the best known defence attributes in the animal
kingdom. Their dangerousness frightens and fascinates human kind since the beginning of
their history. It still inspires to create materials or even fictional characters like Wolverine of
the X-Men comics who has extendible claws that resemble the claws of dangerous animals.4
Although physical defenders are mesmerising and inspirational, they will not be further
subjected in this thesis. Animals not being able to use such connate weapons due to their
small size compared to the predators often bear, next to camouflage and mimicry,
sophisticated chemical defence systems.
1.2.1 Camouflage and mimicry
Concealment – among disguise and advertisement – is one of the three main classes of the
phenomena of colouration. Camouflage animals are characterised to be less visible for
predator animals by merging to the surrounding. Thus, they have a prolonged life span and a
higher chance to breed.5 Mimicry, on the other hand, is the ability of animals to emulate other
dangerous animals in order to get avoided by predators.
1.3

Chemical defence in nature

Whenever mechanical defence is insufficient or even absent, a lot of organisms bear
chemical compounds that act as toxins or deterrents. These compounds are used for defence
as well as for hunting. For example, it is well known that a variety of snakes is able to release
poison when biting their prey and during self-defence.
1.3.1

Chemical defence in arthropods

Eisner6 divided the self-defensive substances of arthropods in two groups: Glandular and
non-glandular substances, whereas non-glandular secretions as saliva, froth and blood will not
be further issued in this work. Glandular substances can be further divided into injectable and
non-injectable secretions.6 Often, injectable substances are not only intended to be used for
defence purposes, but also for hunting and immobilising prey, e.g. scorpions use their stinger
for prey and enemy animals. Another example is the spider Scytodes thoracica (spitting
spider), which is able to ‘spit’ a highly viscid secretion from its chelicerae on its prey and, as
shown by McAlister7, also for defence purposes against a predator, in this case a scorpion.
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1.3 Chemical defence in nature

All centipede orders hold fangs to prey other arthropods and defend themselves against
bigger predators8 but lithobiid centipedes (stone centipedes) also discharge viscous threads
from their posterior legs to entangle predatory spiders and ants. Additionally, centipedes of
the order Geophilida have a secretion with a highly repellent effect as it contains cyanogenic
precursors (see also chapter 1.3.3.).9 To defend themselves, millipedes curl into a spiral or
even a ball, as they are too slow to run away. Furthermore, when still disturbed, they are able
to emit defensive fluids, often a viscous proteinaceous secretion with quinazolinone alkaloids
that are toxic and repellent.10
With estimated one to several tens of millions of species, insects are the most diverse of
animal classes,11 and cockroaches (Blattodea) ‘are the elite’, to cite Eisner.12 About 4500
different cockroach species developed different defending strategies. For example, the Florida
woods cockroach (Eurycotis floridana) produces a secretion in its abdominal gland that
contains approximately 40 compounds. The aldehyde and powerful odorant, (E)-2-hexanal is
its main component.13 This cockroach species is able to eject the bad-smelling mixture over
distances as far as 20 cm and successfully repels big predators as mice, birds, lizards, frogs
and even humans.14 Another cockroach species, the pacific beetle cockroach (Diploptera
punctata) sprays a repellent fluid containing a mixture of p-benzoquinones in a defensive
manner. Eisner proved the repellent effect by placing an unaltered roach next to a cockroach
with excised glands. Ants (Pogonomyrmex badius) selectively attacked the roach without the
glands, as they were repelled by the other one (Fig. 1.2).15

Figure 1.2: Ants selectively attack the cockroach without the defensive glands. Both
cockroaches are placed on a KI-starch paper to visualise the droplets of the spray as they
colour the sheet. Copyright (1958) American Association for the Advancement of Science.15
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Probably the most aggressive defence reaction is undertaken by the bombardier beetle
(several genera of the family Carabidae (ground beetle) and the subfamily Brachininae).
When attacked by ants or even bigger predators, this beetle is able to shoot a high temperature
corrosive and toxic mixture towards them (Fig. 1.3). It is even capable of aiming in any
direction, as the tip of the abdomen is very flexible. The reaction that takes place is so fast and
volume gaining that it is even audible by a ‘pop’. The repellent compounds are pbenzoquinones, which are not stored as such but generated during the ejective explosion.
Enzymes catalyse the decay of hydrogen peroxide (H2O2) and the oxidation of hydroquinones
to the mentioned quinones. The energy and volume gain, due to the generation of oxygen (O2)
from the catalysed decomposition of H2O2 leads to a temperature and pressure raise within
milliseconds. The reaction takes place in a reaction chamber equipped with the corresponding
enzymes after the precursors were squeezed in it, which are stored in a separate reservoir.16, 17
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1.3 Chemical defence in nature

Figure 1.3: Photographic illustration of the spraying behaviour of the bombardier beetle. (AE) The aiming direction was manipulated by pinching the legs with a pair of tweezers. The
scale bar corresponds to 0.5 cm. Copyright (1999) National Academy of Sciences, U.S.A.18
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Self-defence in plants

No plant is able to defend itself actively by brute force as it is possible for animals.
Nevertheless there are some semi-active systems (e.g. the folding of the leaves of the
mimosa). Passive defending systems with a physical (thorns, prickles) or a chemical character
are omnipresent. While the physical defence structures will not be further discussed here,
chemical defence mechanisms in plants are discussed below. They can be divided into direct
and indirect defences. While the direct defence method affects the vulnerability of herbivores
or reduces their effectiveness due to chemical compounds, the indirect method uses molecules
to attract herbivore parasites and predators of herbivores.19 Although indirect methods are
very sophisticated and inspirational strategies, they will not be further discussed here.
Defensive secondary metabolites and proteinaceous chemicals are divided according to
their functionality. Proteinase inhibitors affect the digestive system of herbivores. Polyphenol
oxidases reduce the nutrient value of the wounded plant tissue. Toxic compounds either
envenom the herbivore, or, if it is a specialist, force it to expend resources for detoxification.19
Nevertheless, unambiguous classification is not always possible as compounds can have
multiple functions, depending on different aspects as the herbivore species.20
The tomato plant (Lycopersicon esculentum) serves as a good example for effective
defence strategies against herbivores. The noctuid larvae of the tomato fruitworm
(Helicoverpa zea) and of the beet armyworm (Spodoptera exigua) are typical pests of the
tomato plant and were studied in detail. The saponin tomatine (Fig. 1.4), a toxic
glycoalkaloid, successfully reduces the larval growth of H. zea and S. exigua as shown by
Bloem.21

Figure 1.4: The chemical structure of the saponin tomatine. The sugar part of the molecule is
presented in grey, the alkaloid part in blue.
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The toxic functionality of tomatine is as follows: Upon forming water-insoluble complexes
with cholesterol,22 tomatine damages and destabilises animals’ cell membranes.23 Gallardo24
showed that tomatine works also on the third trophic level: Feeding larvae of H. zea with a
tomatine diet indeed reduced their growth, but also made them less vulnerable when infecting
them with the fungus Nomuraea rileyi.
Other compounds also present in the tomato plant and normally classified as toxins are the
catecholic phenolics, e.g. chlorogenic acid, rutin and quercetin. Although they generate
superoxide free radical anions O2•-, hydroxyl free radicals and phenolic free radicals, which
act as toxin by destroying body proteins,25 it seems that the coingested protein plays a crucial
role – the more protein is present in the diet or the more nutrient rich the protein is, the more
toxic the phenolic compound is.20
Numerous other species could be presented here, showing different techniques and
chemical compounds for defence purpose. One of these techniques, namely cyanogenic
defence, is discussed in more detail in the next subchapter.
1.3.3 Cyanogenic species
Plants
A variety of plants are considered cyanogenic, which means they produce precursors of
hydrogen cyanide (HCN). Because these secondary metabolites are composed of a
cyanogenic constituent and a sugar moiety, they are called cyanogenic glucosides (CNglcs).
In more than 2500 plant species, over 60 different CNglcs are characterised. They can be
divided into aromatic and aliphatic CNglcs and are present in ferns, gymnosperms and
angiosperms.26, 27
As CNglcs are synthesised continuously and not as a response to a stimulus, they are
classified as phytoanticipins. Nevertheless, a stimulus, e.g. herbivore attack, is indispensable
for the defence working principle: A rupture of the plant tissue exposes the CNglcs to
degrading enzymes leading to the release of toxic HCN and the side products in form of an
aldehyde or ketone and glucose.28 The general reaction equations for the catalysed
decomposition are given in Scheme 1.1.
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Scheme 1.1: Anabolism, catabolism and detoxification of general cyanogenic glucosides
(CNglcs).29
The compartmented system of the precursors implies an undoubtable advantage, namely
the release of the toxin and repellent only when it is truly needed. The toxicity of HCN is
mainly due to its inhibiting effect on cytochrome c oxidase, which is an essential enzyme for
the production of chemical energy by the reduction of oxygen to water.30 However, a lot of
specialised insect herbivores, e.g. the southern armyworm (Spodoptera eridania) tolerate a
considerable amount of HCN present in their diet.31 Other sources showed the deterrent effect
of HCN on general herbivores.32-36
The general biosynthesis of the CNglcs is depicted in Scheme 1.1 and described as
follows: L-amino acids, e.g. L-valine or L-phenylanaline, are used as precursors. The enzyme
cytochrome

P450

decarboxylation

catalyses

and

an

two

subsequent

isomerisation,

which

N-hydroxylations,
gives

the

a

according

dehydration,

a

(Z)-aldoxime.

Consecutively, the α-hydroxynitrile is formed by dehydration and C-hydroxylation with the
use of another cytochrome P450 and the coenzyme NADPH. The final step is the
glycosylation, catalysed by a UDPG-dependent glycosyltransferase.29
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Arthropods
Arthropods seem to be the only phylum of the kingdom of animals in which cyanogenesis
was observed - in only 3 of the 11 classes of arthropods, namely centipedes (Chilopoda),
millipedes (Diplopoda) and insects (Insecta) the production of HCN evolved. As in plants, the
CNglcs are mainly used for defence.37
Millipedes, from the family of Polydesmidae, are able to produce HCN in glands situated
on lateral flanges at each segment. Because of the sophisticated design of the glands, a
controlled release of HCN is possible. The millipedes store cyanogenic compounds,
amygdalin for the genus Apheloria, in a reservoir until they force the molecules through a
reaction chamber. In this chamber the catalysed decomposition of the cyanogenic compounds
takes place and a HCN release is initiated.38 They can produce a substantial amount of HCN.
A centipede of the species Apheloria corrugata with a weight of about 1 g, can release up to
600 micrograms of HCN, which would be enough to kill 18 pigeons.39 The centipedes of the
order of Geophilida (soil centipedes) have a similar mechanism: A mixture of mandelonitrile
and benzoyl cyanide reacts to HCN, benzaldehyde and benzoic acid, when ejected. In contrast
with the above describes millipedes, they produce the precursors in glands placed along the
ventral surface of the body.9 The last here described example of a cyanogenic arthropod is
from the class of insects and the order of Lepidoptera (butterflies and moths): the thyridid
moth Calendoea trifascialis. In the larval state, the animal can emit a mandelonitrile
containing odorous fluid from the base of two arm-like extremities. At the end of the arms,
spines are located, which presumably retain the secretory fluid after glandular discharge.
When disturbed, the larva bends its body so that it wipes one arm against the disturbance.
Ants were effectually deterred and in case of direct contact with the arm immediately
immobilised.40
All HCN producing organisms have a compartmented release system as HCN is difficult to
store due to its gaseous nature. Instead cyanogenic precursors are stored and HCN is produced
only if needed.

1. Inspiration by nature

1.3.4
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The benefit of compartmentation

The smallest compartments in any organism are the cell organelles which are located
within cells. Without these compartments, no life would be possible. It is essential for living
organisms that they are distinguished from the environment. In the level of self-defence it is
conceivable that this compartmentation could be an advantage.
When compounds are in separate parts of the organism, toxins or deterrents can be
synthesised right before their release. Additionally, volatile molecules and/or chemical sideeffects as energy in form of heat can be released. The organism can either trigger the mixture
of the precursors itself (e.g. bombardier beetle) or passively by a predator or herbivore (e.g.
cyanogenic plants). The compartments in which the compounds are stored can vary from
different cells and tissues up to separated chambers and cavities.
1.4

Artificial compartmented systems

Bio-inspired, compartmented and autonomous systems gained a lot of attention because of
their mentioned advantages. For example, Loher et al.41 developed a bactericidal foil in which
tricalcium phosphate (TCP) particles with encapsulated silver nanoparticles were
incorporated. As soon as bacteria start to ingest the calcium phosphate they got intoxicated by
the silver. The TCP particles with a diameter of 20-50 nm were generated in one step process,
called flame-spray synthesis and contained finely dispersed silver particles (d ≈ 5 nm). The
antibacterial effect was enhanced in comparison with non-triggered silver SiO2 particles as
well as with commercially used silver systems.41 This product is now commercialised under
the name of Perlazid®.42
A living surface developed by Gerber et al.43 showed self-cleaning and bactericidal
properties. There, a special fungus is separated from the environment by a nanoporous
membrane which lets nutrients pass and be consumed by the fungus but is impermeable for
the fungus itself. When no food is present, the fungus goes in a dormant state until another
food spoil gets on the surface. Additionally the incorporated fungus can optionally produce
penicillin, and, thus, provide a surface with antibacterial properties.43
Apart from medical applications by means of self-disinfecting properties as described
above, self-defending compartmented systems can have a function for protecting valuable
goods.
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Field of application

Wherever the desire to lower maintenance exists, or current systems are unsatisfying, there
is the possibility for the development of an autonomous, compartmented and triggered
system. These systems can be of antibacterial or antipest nature, can have self-cleaning or
self-repairing properties. In order to find an end application that needs an improvement or to
find a gap in the current state of art, in which such a system could fit in, it is important to
think out of the conservative thinking of scientists. Two examples of valuable goods worth
protecting are given below.
1.5.1

Crop protection

Since the beginning of agriculture, pest infestation of stored seeds has challenged farmers
and later scientists to develop methods to lower the loss due to rodents, insects and mites.
While architectural improvement of the storage containers effectively reduced rodent
infestation, insects still remain a major problem as they can intrude through tiny gaps.
Nowadays, insecticides are often applied. Although they have an undoubtable benefit,44
increasing concerns by means of pollution of the environment arose.45 Additionally, recent
research makes them responsible for the mass death of pollinators, e.g. bees.46
Wheat is one of the predominant crops with over 600 million tons harvested each year.47
Despite application of pesticides and other protective systems during storage, a lot of the
stored and later planted grains are lost due to pest, especially in developing countries.48 Thus,
it can serve as a good model plant to develop a bio-inspired self-defending coating for seeds.
1.5.2

Security

‘Money rules the world’ is a saying that certainly has a true aspect. The greed of humans to
get more money either let them get to be bankers or bandits. Both always have to estimate the
risk compared to the possible reward. Wherever money is stored or transported, the possible
reward is immense. However, sophisticated security systems try to enhance the risk for
thieves. However, automatic teller machines (ATMs) are under constant thread as they bear a
lot of money. In Europe, ATM incidents increased from the first half of 2012 to the first half
of 2013.49 Here, a triggered self-defending device in order to devalue the money and lower the
reward for breaking an ATM could decrease the number of cracking events. The system could
have the advantage of being independent from electricity and pressured gas bottles.

1. Inspiration by nature

1.6
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Conclusions

When looking at biological systems established throughout the timespan of life on the
planet earth, scientists can find inspiration to develop new materials and devices. Combined
with the knowledge of current needs of humanity, a set of opportunities arise to improve the
quality of life. This thesis presents two new composite objects in which chemistry and
materials are combined and nature inspired self-defending properties are applied. The idea of
cyanogenic plants is implemented on wheat seeds for herbivore protection and the
compartmented self-defence technique of the bombardier beetle is applied to produce an antivandalism surface.
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2.1

Introduction

Self-defence is a key function of all organisms and particularly arthropods have developed
sophisticated systems against predators, often involving efficient use of chemically aggressive
compounds.50,

51

Compartmented systems with defence or protection functions are indeed

commonly found in many organisms: For example, bitter almonds and other Rosaceae species
produce hydrogen cyanide (HCN) when attacked through mixing of cyanogenic precursors
and corresponding enzymes52 stored in specialised compartments or on subcellular basis27 and
effectively keep off herbivores. We most recently transferred such protection mechanisms
onto wheat seed crops allowing them to defend themselves using triggered cyanogenesis.53
Biomimetic materials are attractive for their often elegant and efficient mechanisms.3 At
present, protective surfaces provide antimicrobial and antifouling activity.54 Other enzyme
functionalised surfaces provide protection from contamination and easy cleaning ability.55
Bacterial feeding induced antibacterial activity was introduced by Loher et al when providing
1-2 nm silver loaded phosphate containing nanoparticles as a bait to growing bacteria.41 A
coating with antibacterial and antifungal functionality was developed recently as a selfdefensive biomaterial against biofilm formation.56 Living surfaces, which contain a fungus,
provide antibiotics upon infection.43
In nature, the most aggressive chemical defence system may be found in the bombardier
beetle. When in danger, the beetle emits a hot and corrosive spray. Its specialised organs are
sectioned in an inner part (reservoir) containing hydrogen peroxide and hydroquinones and an
outer part (reaction chamber) holding an enzyme mixture (catalases and peroxidases, see
Scheme 2.1b). In order to eject its defensive spray, the beetle first squeezes the liquid of the
reservoir into the reaction chamber. High concentrations of catalase induce a violent
decomposition of hydrogen peroxide to oxygen and water while peroxidases convert
hydroquinones into toxic quinone. The hot mixture is a highly effective repellent for
predators17, 57 and usually emitted in a pulsatile manner.16, 58
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Scheme 2.1: Catalytic defensive decomposition of hydrogen peroxide (H2O2) and reaction
with hydroquinone (a). Enzymes and reagents are stored in compartmented chambers (b).
Upon contraction of the reservoir and discharge of reagents into the enzyme loaded reaction
chamber, a rapid and strongly exothermic reaction (overall heat release is -202.8 kJ mol-1)58
produces a defensive spray (c)18. Copyright (1999) National Academy of Sciences, U.S.A.
Since 1972, automatic teller machines (ATMs) are common devices for local money
withdraws. The banknotes are stored in cassettes and exchanged in regular intervals. The high
cash reward as banknotes has made ATMs and money transport cassettes a favoured object
for robbery and physical ATM fraudster.59 In Europe, the first half (H1) of the year 2012 had
a total of 968 reported incidents with a correlated loss of 8 million €. For the H1 of 2013, an
increase to 1007 incidents (+4%) and 10 million € damage (+25%) has been observed.49
Complex, electronics-based defensive spray mechanism are currently used to devalue
banknotes and spray bandits in case of improper or forced opening,60 which lowers expected
criminal reward while increasing the risk for robbers. This process implements either glue or,
more often, an indelible colour agent61 and/or a forensic marker, e.g. DNA, assisted by
mechanical triggers, e.g. springs.62 An insight of the state of art and its complexity is given in
S2.1.
The present work relates to defence or devaluation systems inspired by the bombardier
beetle, to apply forensic colouring or marks onto ATMs, money transport cassettes, and may
later be extended for other applications. A compartmented surface system was developed to
store dissolved, dispersed or liquid reactants. A thin and brittle barrier layer is used to
selectively mix reactants upon mechanical attack e.g. forced opening. For a first proof of
principle study, a chemical reaction similar to the bombardier beetle’s defence spray was
chosen and is based on the highly exothermic, catalytic decomposition of hydrogen peroxide
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Scheme 2.2: Working principle of a reactive surface with mechanical sensitivity. The
reagents are stored within the surface’s cells and separated by a brittle layer. Upon
mechanical impact, the brittle layer breaks which results in mixing and start of the reaction.
In this example, hydrogen peroxide (H2O2) is catalytically decomposed by manganese dioxide
(MnO2). The reaction produces steam (water, H2O), oxygen (O2) and heat (-98 kJ mol-1)63.

Figure.2.1: Visual effect and corresponding temperature evolution upon mechanical rupture.
The compartmented foil burst by impacting a steel cylinder. Only 5 seconds after the impact a
region bigger than the rupture area was covered with hot foam and a temperature of 74.4°C
was measured. The maximum temperature was reached 10 seconds after the impact and
subsequently the foam spread further while the temperature slowly decreased. More frames of
this experiment are depicted in Fig. S2.2.
(H2O2) using manganese dioxide (MnO2) instead of an enzyme (cost advantage).
Additionally, a less violent reaction due to relatively low H2O2 content (30%) was chosen as it
showed efficient enough for an anti-vandalism purpose. In order to encapsulate a sufficiently
high volume of reagents, the compartments were designed as a matrix of hexagonal cells
between sandwiched layers (see Scheme 2.2).
Frames of a film sequence and corresponding infrared pictures of the rupture of such a
compartmented surface system are depicted in Fig. 2.1. Compared to the bombardier beetle, it
was rather a foam than a spray which resulted from the reaction.
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The optional addition of an oxidation-stable colour agent permits devaluation and renders
bills useless. Implementation of silica-protected DNA particles allows forensic tracing of
robbed bank bills as they contain a unique code64.
2.2

Experimental

2.2.1

Preparation of compartmented, reactive foils

The multi-step preparation procedure is illustrated in S2.3. A thin polyvinylidene chloride
(PVdC, 14-20 μm) foil was wrapped around an aluminium plate (16.6 cm x 16.6 cm x 0.3
mm) and attached at the bottom with adhesive tape. A thin layer of a poly-acrylate glue (UHU
Sprühkleber, Art.-Nr: 44430) was sprayed on the top side to fix an aramid comb (12 cm x 10
cm x 1.5 mm, Aramid-Wabenplatte C2-3,2-29 Luftfahrt, swiss-composite). Silicon seal glue
(UHU Art.-Nr: 47855) was used to fill the edge margin of the comb cavities. The samples
were left to dry for at least 12 h, and then the remaining comb cavities were filled with one of
the two reactants: Hydrogen peroxide (H2O2, Merck, 30%) and dispersions of the catalyst
manganese (IV) dioxide (5 wt%, MnO2, VWR International, 99%) in distilled water were
used. The two kinds of plates were treated 5-6 times with an acrylate-based spray-on clear
coat (Dupli-Color Klarlack) in order to get a thin and brittle layer as cover. After carefully
separating the foil containing MnO2 from the aluminium plate with a scalpel knife, it was
flipped and glued on the second part of the sandwich holding the H2O2. Glue was applied as a
spray on the surface and as a luting agent on the edges to prevent leakage at the borders. The
so obtained surface was dried for 2 h and used to perform the impact tests.
2.2.2

General impact test procedure

A steel cylinder (diameter = 1.9 cm, height = 5.9 cm, mass = 137 g) was dropped from a
defined height through a tube (inner diameter = 2.5 cm) on the previously weighted reactive
surfaces (see preparation above). The guiding tube allowed better targeting to direct the iron
weight onto the test surfaces and prevented lateral rotation of the cylinder. The experiments
were filmed and IR images were recorded with an infrared camera (FLIR i7 from FLIR
systems) to follow the temporal evolution of the temperature. First, IR images were taken
every 5 s during 1 min, then every 10 s during 1 min and finally every 30 s during 3 min.
After 10 min, the foil-plate was cleaned with household paper and weighted to measure the
mass loss of all of materials that leached out or left the test plate. These materials are, when
the orientation of the reactive surface was chosen properly, able to act as an anti-vandalism or
anti-theft component, e.g. as a colouration agent.
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2.2.3

Influence of the H2O2 concentration

The influence on the H2O2 concentration was evaluated by dropping the steel cylinder on
the surfaces from a constant height (180 cm). In these experiments, the MnO2 concentration
was maintained constant while the H2O2 concentration varied (0%, 10%, 20% and 30%). The
surfaces were tested as described above to observe the H2O2 concentration effect on the
temperature profile.
2.2.4

Influence of the dropping height

Changing the steel cylinder dropping height corresponds to a variation in the mechanical
impact energy. To investigate its influence, surfaces with constant H2O2 concentration (30%)
were used throughout this test series. The cylinder was dropped from 3 different heights (120
cm, 180 cm and 240 cm).
2.2.5

Comparison of reaction released chemical energy and potential energy

To compare the energy that originates from the impact (mechanical energy) to the energy
of the reaction (chemical energy), both were first estimated. The mechanical energy
(E(mech ) was derived from equation (2.1) using the mass of the cylinder (m

. ),

the

gravitation acceleration (g) and the impact height (h), neglecting friction or air resistance.
E(mech = m

.

∗g∗h

( 2.1 )

The maximum chemical energy release (E(chem ) was evaluated according to equation
(2.2) where the reaction enthalpy of the H2O2 decomposition (∆H = -98 kJmol-1, obtained
from the enthalpies of formation of the educts and products63) , the total amount of H2O2 in
the surface-plate (H2O2 mass (m
area (A

) divided by H2O2 molecular mass (M

) and the total area containing H2O2 (A

)), the impact

) are considered. This estimate

assumes complete decomposition, a valid assumption since the MnO2 catalyst is abundantly
available. The two areas (A

) and (A

) were measured in each case separately.

E(chem = ∆H ∗

∗

( 2.2 )
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2.2.6

Examination of colour agents as devaluing agent

For tracking and devaluation, a dye must be resistant enough against oxidation. In order to
identify a well-suited dye, different compounds were tested at various concentrations on a
sheet of paper. The coloured area was covered with H2O2 and let to dry for an hour. Nile Blue
A (Fluka) and Amaranth (Serva Feinbiochemica) appeared suitable for staining. Because of
its darker appearance, Nile Blue A was chosen for further experiments and implemented in
the MnO2 part of the foil (5 g MnO2, 1 g Nile Blue in 100 mL H2O).
2.2.7

Implementation of silica encapsulated DNA particles as forensic tracer

In addition to the colour agent for devaluation of the bills, DNA containing silica
nanoparticles (Genuine-ID) were implemented in the MnO2 part of the system (50 μL
dispersion of 20 mg/ml in 100 mL MnO2 dispersion with dissolved Nile Blue as specified
above). Such identity tag particles were most recently developed for industrial goods
tracing64. Resulting foils were tested as described above with a constant H2O2 concentration
(30%) and dropping height (180 cm). Here, the angle of the foil was slightly tilted (6.4°) so
that escaping foam and liquid swamped to the downside, where two 5 € bills were placed.
This experiment simulates Euro bills devaluated (i.e. coloured) and forensically marked.
Part of the thus obtained coloured bills (3 cm x 3 cm) were washed with water, cut into
small pieces (~ 0.5 mm x 0.5 mm) and put in Eppendorf tubes. After addition of water (1
mL), the pieces were shaken for 1 day. The liquid phase was separated from the bill pieces
and centrifuged 3 times where samples were carefully decanted and filled with water to wash
the particles. Pellet was directly dissolved by adding an etch solution (NH4FHF/NH4F) and
purified by QIAquick PCR purification kit according to Paunescu et al.65 Detection of the
DNA code was accomplished by real-time Polymerase Chain Reaction (PCR, Light cycler 96
from Roche) analysis.
2.2.8

Statistical analysis

The results are expressed as mean average ± standard deviation. Impact experiments were
carried out in triplicate (n = 3). Statistical significance was determined using one-way analysis
of variance (ANOVA) and t-tests with post-hoc Bonferroni correction. The assumption of
ANOVA was checked.
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Results and discussion

Fig. 2.2 exemplifies the results obtained from typical impact tests using 180 cm dropping
height and 30% H2O2 concentration. Each of the 3 runs for these conditions presented
different maximum temperatures and variable cooling-down profiles. However, all samples
consistently reached their maximum temperature within 25 seconds. An image series of one
of these runs is depicted in S2.2.

Figure 2.2: Top: Infrared images of a surface before (left) and after (right) the impact. A
temperature raise of more than 50°C was observed. Bottom: Typical temperature profiles of
surfaces after impact. Shown curves all correlate to a dropping height of 180 cm, hydrogen
peroxide (H2O2) concentration of 30% and manganese dioxide (MnO2) concentration of 5
wt%. Mechanical rupture and mixing are very different from run to run, resulting in various
temperature profiles.
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2.3.1

Influence of the H2O2 concentration

Different H2O2 concentrations were incorporated in the surfaces while keeping the MnO2
concentration constant. The temperature maximum after impact and the mass loss due to
steam, gas and liquid loss are depicted in Fig. 2.3. As expected, the temperature and the mass
loss show a dependency on the H2O2 concentration. Without H2O2 (pure water; a control
experiment), no chemical energy was released because no reaction could take place. In that
case only the mechanical impact of the cylinder could induce a slight increase in temperature.
This minor energy was insufficient to result in distinguishable changes of temperature after 10
minutes. Interestingly, H2O2 concentrations of 10% or 20% were insufficient to lead to
significant temperature increases, and experiments varied widely. In some cases the smaller
H2O2 concentrations did not initiate a violent reaction. For the 20% sample, the variation of
temperature values ranged from 30.0°C to 66.3°C. At this concentration, the extent of
reactions seemed to strongly depend on the impact geometry. However, the values using a
H2O2 concentration of 30% were significantly higher in terms of maximum temperature and
mass loss. Hence, all further tests were carried out using surfaces with a H2O2 concentration
of 30%.

Figure 2.3: Influence of the hydrogen peroxide (H2O2) concentration on the maximal
temperature (red) and mass loss (green) of self-defending surfaces.
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2.3.2

Influence of the dropping height (mechanical impact energy)

Three different steel weight dropping heights (120 cm, 180 cm and 240 cm) were tested at
a constant H2O2 concentration of 30%. The achieved maximum temperature and the mass loss
are shown in Fig. 2.4a. A significant increase of the maximum temperature was observed
when the values obtained for dropping heights of 120 cm and 240 cm were compared. The
stronger impact for the higher dropping height probably led to better mixing of the two
compartmented reactants which resulted in a faster reaction. Additionally, a bigger area on the
plate was raptured when the cylinder was dropped from 240 cm. The 120 cm dropping height
resulted in a poor mixing and, therefore, a slower reaction that released its energy in smaller
doses. These results were in agreement with the observed mass loss dependency. A faster
reaction yielded a more efficient effervescence and thus a higher mass loss.
Compared to the chemical energy, which can be released from the raptured area, the
mechanical energy is 300-400 times smaller as shown in Fig. 2.4b. This is consistent with the
observations made for H2O2-free plates (control experiments) described above in section
2.3.1. Therefore, our experiments prove the possibility to use a small amount of mechanical
energy to release a much larger quantity of chemical energy, similar to an ignition capsule or
an electrically triggered combustion cycle in an engine.

Figure 2.4: Influence of the steel weight dropping height on the maximal temperature (red)
and mass loss (green) of the self-defending surfaces. Both values rise for higher impacts (a).
Calculated mechanical energy (yellow) of an impacting cylinder and estimated, released
chemical energy (purple). The chemical energy exceeds the mechanical energy by two orders
of magnitude (b).
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2.3.3

Applying colour agents and DNA/SiO2 particles

Bank notes (bills of 5€) were dyed with a colouring agent and DNA tracers released after
impact. Fig. 2.5 shows a representative stained bill (front and backside). Forensic analysis of
the protected DNA (see Experimental) using real-time PCR yielded detection after a cycle
number (C(T)) of 22.3. A positive control was performed for normalisation and to ensure the
amplification of the free DNA and had a C(T) of 14.6 and the negative control (no DNA
label) yielded a C(T) of >40 as depicted in Fig. 2.5. The sample showed a clear and
unambiguous amplification of the encoded DNA and thus proves the presence of DNA/SiO2
particles in the stained banknotes.

Figure 2.5: Front and back side of a stained 5 € banknote (a). The bills were placed next to
the surface plate which contained Nile Blue and forensic tracers (DNA/SiO2 particles) in the
MnO2 compartment. The freshly coloured notes were washed with water and photographs
were taken before performing PCR. The results prove that DNA/SiO2 particles were present
in the 5€ bill (b).
2.3.4

Durability

A durability analysis by means of the self-decomposition of H2O2 and the dehydration rate
of the reactive surface was carried out. It is well known that impurities, e.g. heavy metals
drastically accelerate the decomposition reaction.66 The H2O2 used in the experiments has a
minimum shelf life of 3 years at storage temperatures from 5°C to 30°C as labelled on the
bottle. It is believed, that the shelf life could be preserved upon an industrial production. The
other factor which could limit the life time of a reactive surface is the dehydration of it due to
diffusion of water vapour. While the used cover foil composed of PVdC with a thickness of
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14-20 µm results within 18-25 days in a mass loss of 5%, a aluminium foil with a thickness of
100 µm would enhance the timespan until 5% of the mass is lost up to 3 years.67 To conclude,
a theoretical defensibility of 3-4 years can be achieved. For more details please consider S2.4.
2.3.5

Comparison of existing ATM security systems with the novel reactive surface

Complexity, durability, colouring efficiency and cost were compared (see S2.5) and
resulted in comparable performance in durability and colouring efficiency. Aforesaid
properties are assumptions made for an improved and marketable defence system.
Nevertheless, the comparison in complexity is clearly in favour of the novel reactive surface
system. A conservative cost analysis induced a maximal material price for the reactive surface
of 41 $m-2.
2.4

Conclusions

A two component reactive surface layer with broad application options was developed.
The system in principle can contain any two-component reaction that runs spontaneously and
does not attack the supporting matrix. In this work, H2O2 and MnO2 were incorporated which
enchains the catalytic decomposition of H2O2 to H2O and O2. Both the partition of the system
and the decomposition reaction are inspired by the bombardier beetle. This exothermic
reaction is accompanied by a volume gain as a result of the gas formation. The system could
be applied as an anti-vandalism device or as a protection layer of vulnerable goods from
animals, e.g. birds. The optimal conditions concerning reagent concentration and impact
strength were evaluated by recording the temperature profiles. Another success factor in
addition to the maximal temperature was the mass loss due to evaporation and leakage. As
illustration of a possible application area, a colour agent and DNA/SiO2 particles were
incorporated in the system additionally to the reagents. Proof of principle was delivered with
banknotes that were first spoiled by the coloured leakage and afterwards determined with the
respective DNA tracer code. This would be a useful tool when implemented in anti-vandalism
or anti-theft devices for instance in ATMs or money transport cassettes. The durability for a
hypothetic improved system was evaluated and is more than a year and a cost analysis
predicts a reasonable material price of 41 $m-2. Next steps towards this practice should
include aging test of the improved surface and the development of a mechanical trigger
system.
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~600 million tons of wheat are harvested per year. This makes it one of the world’s
predominant crops47. Pest infestation of stored cereal grains remains a problem worldwide
(25% loss due to all pests, 5% loss due to insects and mites), especially in developing
countries (up to 40% loss due to all pests and up to 8% due to insects and mites)48. In this
context storage plays a crucial role. But both, horizontal flat-stores and vertical silo-stores do
not completely prevent pest infestation as they rely only on physical control methods68.
Further, the use of inert dust in stored crop yields desired dehydration of potential herbivores.
However, it can also cause respiratory illnesses as the light dust stays in the air. Also the dust
modifies the fluid dynamics of the grains and renders them difficult to handle69. Still other
physical control methods exist, such as fences, mulches, surfactants and particle films based
on inert materials70, 71. Additionally pesticides can be used to control pest infestation. In this
case seeds are treated with pesticides which offer undeniable and important advantages on
several levels including economic, social and environmental aspects44. Even so the application
of pesticides can contaminate air and water of the surrounding environment when loaded dust
gets spread during sowing45. Issues affecting the entire ecological system are likely to be
caused by pesticides. For example, pollinators like bees seem to be severely endangered45, 46.
Next to ecological impact, concerns arise regarding the increasing resistance of vermin to
pesticides72.
In nature plants have developed various protection systems against herbivores. These often
rely on the synthesis of chemical substances73. Secondary metabolites (e.g. cardenolides,
coumarins, tannins, cyanogenic glycosides) are formed and act as toxins74. For instance, over
3000 species of higher plants are capable of cyanogenesis. They produce hydrogen cyanide
(HCN) from a cyanogenic precursor27,

75

. The generated HCN is able to reduce pest

infestation.
In Scheme 3.1 the general process of cyanogenesis is illustrated with amygdalin (1).
Amygdalin is a cyanogenic precursor present in species from the family of Rosaceae,
including Malus (apple), Prunus (plum, cherry, almond etc.) and Manihot (Cassava).
However, numerous other cyanogenic glycosides exist52.
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Scheme 3.1: Cyanogenesis. The HCN formation is illustrated by the example of amygdalin
(1). Glucosidase decomposes it and mandelonitrile (2, MN) is formed. The latter is further
degraded by hydroxynitrile lyase (HNL). The reaction releases HCN and benzaldehyde (3).
The strategy of these plants is based on the following principle: amygdalin and necessary
enzymes are stored in separate compartments within the plant tissue. As soon as the tissue is
crushed e.g. by a herbivore, amygdalin is mixed with β-glucosidase and hydroxynitrile lyase
(HNL). These enzymes are capable of degrading the amygdalin and thus HCN is formed52.
HCN itself is known for its toxicity and therefore protects the plant from herbivores32, 33.
Previous studies showed selective eating of the acyanogenic form of a trefoil (Lotus
corniculatus) by slugs (Arion ater and Agriolimax reticulatus), snails (Arianta arbustorum
and Helix aspersa) and vole (Microtus agrestis). Interestingly, acyanogenic plants are more
reproductive by means of the seed count and the growth and clone speed. Thus preservation
against attack seems to lead to a reduction in reproductive capacity 32. Recent literature gives
an insight into the threshold of biological activity (Table 3.1) against herbivores.
Table 3.1: Literature values of HCN threshold concentrations affecting herbivore (pest
species) behaviour released from different cyanogenic species. The data were uniformed to
mmol kg-1 for comparison.
Cyanogenic species

Various Prunus taxa
Manihot esculenta
(Cassava)
Phaseolus lunatus
(Lima bean)
Phaseolus lunatus
Phaseolus lunatus
a

Pest species

Threshold
concentration
(in fresh biomass)

Popillia japonica
2.4 mmol kg-1
(Japanese beetle)
Cyrtomenus bergi
8.82 mmol kg -1 a
(Burrower bug)
Schistocerca
15 mmol kg -1
gregaria
(Desert locust)
Gynandrobrotica
guerreroensis (Leaf 5-37 mmol kg -1
beetle)
Cerotoma ruficornis
5-37 mmol kg -1
(Leaf beetle)

calculated from ppm value.

Effect

Reference

Dropped feeding
intensity
Reduced
oviposition

Patton 199733

Repellent effect

Ballhorn 200535

Selective eating

Ballhorn 200936

Selective eating

Ballhorn 200936

Riis 200334
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Nevertheless the deterrent effect of cyanogenesis on herbivores is not universal, it depends
on the concentration of the cyanogenic glucosides, the availability of alternative food,
whether or not the herbivore is a specialist and the mode of feeding76. A specialist, e.g.
Epilachna varivestis, is able to consume higher cyanogenic glycoside concentrations, which
seems to be possible due to its poor metabolism. A higher excretion rate of non-digested
cyanogenic precursors supports this assumption77. Moreover, a high cyanogenic lima bean,
despite being effective against herbivores, is more susceptible to a fungal pathogen
(Colletotrichum gloeosporioides) than a low cyanogenic lima bean78.
In this work a nature-inspired approach was adopted to protect wheat seeds as shown in
Scheme 3.2. The seeds were coated with fully biodegradable layers, which allowed initial
separation of the involved chemicals similar to the compartment concept of cyanogenic
plants. The coating material polylactic acid (PLA) was chosen because of its
biodegradability79. The preserved ability to germinate was investigated. In addition the HCN
release upon cyanogenesis from mandelonitrile (MN) and hydroxynitrile lyase (HNL)
included in the seed-coating was quantified. The main advantage of the suggested protection
is that it is triggered by the herbivore itself. Cyanogenesis is only activated the moment it is
actually needed and unused coating will degrade over time.

Scheme 3.2: Concept of self-defending seeds. Mandelonitrile (MN) as cyanogenic precursor
and hydroxynitrile lyase (HNL) as enzyme are stored in different compartments. Upon
rupture of the separating layer, MN and HNL mix and HCN is formed.
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3.2.1

Determination of maximal PLA dipping concentration
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The influence of the PLA concentration in the coating solution was investigated. PLA
granulate (Synbra) was diluted in dichloromethane (DCM, 99.5%, Sigma-Aldrich) in various
concentrations (0, 1, 2, 5 and 8 wt%). In order to evaluate the preservation of the germination
ability, wheat seeds (Demeter, Germany) were immersed in one of the prepared PLA
solutions for 5 s. The grains were placed on sieves until the excess solution was removed. The
process was repeated three times in order to obtain a triple-layered coating.
Coated wheat seeds (n = 20) were placed on cotton and wetted with distilled water
(40 mL). The container was covered with perforated parafilm. After 3-4 days, germination
success and length of the seedlings were determined.
Next dipping solutions with a 5 wt% PLA concentration were used throughout all the
experiments. The mass evolution of wheat grains along 3 subsequent PLA coating procedures
was determined in triplicate. To achieve this 4 g of wheat grains were coated according to the
procedure mentioned above and weighted after each coating step.
3.2.2

Influence of mandelonitrile in PLA coating

The possible usage of mandelonitrile (MN) as cyanogenic precursor was tested by
evaluating the influence of its presence on the germination of wheat seeds. The coating
procedure was carried out as previously described. However, in this case different amounts of
MN (97%, ABCR Chemicals) were added to 5 wt% PLA-solution (PLA:MN ratios equal to
1:1; 2:1; 5:1; 10:1). The seeds were coated with the following layer order: pure PLA, MNcontaining PLA layer and an additional pure PLA layer. Again germination success and
length of the seedlings after 3-4 days on wetted cotton were investigated.
3.2.3

Influence of hydroxynitrile lyase layer

Hydroxynitrile lyase (HNL) was examined as the enzyme that would catalyse the HCN
formation when in contact with MN. Two different layer orders were investigated in the
course of the experiment. a) “outer layer”: the seeds were coated with a pure PLA layer, then
a MN-containing PLA layer, then a pure PLA layer and finally an outer HNL layer. b) “inner
layer”: the seeds were coated with an inner HNL layer, then a pure PLA layer, then a MNcontaining PLA layer and finally a pure PLA layer. To obtain the HNL layer, a HNLcontaining solution (50 μL HNL (Sigma-Aldrich, recombinant from Escherichia Coli, ≥500
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Units/mL) in 1 mL deionised water) was dripped on ~17 g wheat seeds. The seeds were
shaken until uniformly wet and dried carefully with pressured air. The resulting seeds were
tested for their germination ability and length of the seedlings and compared to uncoated
seeds by means of scanning electron microscopy (SEM, FEI, Nova NanoSEM 450, 5 kV)
after sputtering with a 3-4 nm Pt-layer.
3.2.4

HCN concentration

The coated seeds (~17 g) were placed in a closed desiccator with cotton. The seeds were
wetted with 150 mL of an aqueous solution. The solution was obtained by dissolving 0.1 g
Na2HPO4 · 12 H2O (98.5%, Acros) and 1.744 g NaH2PO4 · 2 H2O (98%, Merck) in 300 mL
deionised water and presented a final pH of 5.5. This desiccator was closed to prevent gas
exchange. After 3-4 days the gas and liquid phases were analysed in terms of HCN presence.
The gas phase was tested using a second desiccator evacuated to 333 mbar. The two
desiccators were connected by two rubber tubes and a HCN testing tube from Dräger
(Blausäure 0.5/a, 0.5 to 50 ppm). The valve of the desiccator containing the seeds was opened
slightly. Subsequently, the valve of the evacuated desiccator was slowly opened and the
testing tube was removed and analysed.
To evaluate the HCN concentration in the liquid phase, a recently developed novel sensor
by Koehler et al. based on a gold micro-wire was applied80. 50 µL from the remaining
aqueous solution were collected out of the desiccator that contained the seeds. 150 µL of a
carbonate buffer solution (0.1 M NHCO3 (99%, Merck), ~50 mM NaOH (99%, Merck) for
pH adjustment, pH = 10) were added to the sample. The calibration of the cyanide sensor was
performed with 200 µL CN--solution (1 ppm, derived from a dilution series of 500 ppm parent
solution with the aforementioned buffer).
3.2.5

Further investigations

The remains of DCM in the coating of the seeds were tested by the means of gas
chromatography (GC). For detailed information concerning the method please consider S3.1.
Additionally, a cost analysis was carried out (see S3.2).
3.2.6

Statistical analysis

The results are expressed as mean average ± standard deviation. Germination experiments
were carried out three times with 20 seeds each time. The HCN concentration was determined
in triplicate in the liquid phase and once in the gas phase. For the latter phase the estimated
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error was ± 0.25 ppm. Statistical significance was determined using one-way analysis of
variance (ANOVA) and t-tests with post-hoc Bonferroni correction. The assumption of
ANOVA was checked and, if necessary, the values were logarithmised.
3.3

Results and discussion

3.3.1

Determination of PLA dipping concentration

First, the optimal PLA concentration for coating was determined. To this end seeds were
triple-coated. Various PLA contents in the coating solutions were investigated. The remaining
ability of germination and the length of the seedlings are depicted in Fig. 3.1a. It was
concluded that DCM treatment and PLA coating do not affect the fitness of the seeds. No
statistical difference regarding germination success and seedlings’ length was monitored for
all 4 concentrations. The values found were ~80% germination success and ~6 cm seedlings
length. The argument in favour of the 5 wt% PLA solution was the easier handling during
coating because of its viscosity. Compared to 5 wt%, the 8 wt% PLA solution presented an
enhanced viscosity and coating with a 10 wt% PLA solution was impossible.
The evolution of the mass of seeds immersed 3 subsequent times in a 5 wt% PLA solution
is given in Fig. S3.3. Each coating step led to an increased relative mass. The mass gain
presented a slightly flattened curve probably caused by dissolution of coated PLA during the
following coating step.
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3.3.2

Influence of mandelonitrile in PLA coating

Figure 3.1: (a) Influence of the polylactic acid (PLA) concentration in the coating solution.
Seeds were coated with different amounts of PLA and germination was followed. (b) Influence
of the PLA:MN (mandelonitrile) ratio in the coating solution. Seeds were coated with
different MN amounts and germination was followed. In both cases, the seeds were planted on
wetted cotton and germination after 3-4 days was evaluated in terms of germination success
(blue) and length of the seedlings (yellow).
To check potential severe negative influence of MN in the PLA layer on the germination,
different PLA:MN ratios in the coating solutions were tested with constant PLA
concentration. The seeds were coated with a MN-containing PLA layer within 2 pure PLA
layers. Again germination success was chosen as criterion. As shown in Fig. 3.1b, a PLA:MN
ratio of 10:1 gave sufficient results in terms of germination success (> 50%) and seedlings’
length (~5 cm). Nonetheless, the experiment showed a loss in germination ability of the seeds
caused by the presence of MN. Furthermore, at a ratio of PLA:MN equal to 1:1 complete
inhibition of germination was observed.
3.3.3

Influence of hydroxynitrile lyase layer

HNL addition as a separate layer led to a further reduction in germination success and the
length of the seedlings measured below 2 cm as can be seen in Fig. 3.2. Neither the order of
the layers nor the presence of the enzyme had a statistically significant effect on the
germination ability or on the length of the seedlings. The appearance of the coating by means
of SEM is shown in Fig. 3.3 and Fig. S3.4. Compared to uncoated seeds, the seeds coated
according to the “inner layer” model presented a smoother surface. Furthermore, a 30-40 μm
thick porous coating was clearly identified and for the seed hairs enhanced agglutination was
observed.

3. Induced cyanogenesis from hydroxynitrile lyase and mandelonitrile on wheat containing polylactic acid
multilayer-coating provides self-defending seeds

49

Figure 3.2: Influence of hydroxynitrile lyase (HNL) layer and coating layer order. Seeds were
coated with four layers in different order. The seeds were planted on wetted cotton and
germination after 3-4 days was evaluated in term of both germination success (blue) and
length of the seedlings (yellow). The outer layer model consisted of seeds coated with a pure
PLA layer, then a MN-containing PLA layer, then a pure PLA layer and finally an outer HNL
layer. The inner layer model was built up in the following order: the seeds were coated with
an inner HNL layer, then a pure PLA layer, then a MN-containing PLA layer and finally a
pure PLA layer.

Figure 3.3: Cross section of uncoated and coated seeds by means of SEM. The coated seed
was prepared according to the “inner model” and shows a coating thickness of 30-40 μm.
The scale bar corresponds to 50 μm.
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3.3.4

HCN concentration

Figure 3.4: Hydrogen cyanide (HCN) formation upon germination. The HCN concentration
was measured for four differently coated seeds in the liquid phase (cyan) and in the gas phase
(brown). The seeds were planted on wetted cotton and after 3-4 days, HCN concentrations
were measured. Uncoated seeds served as a reference. In addition to the two types of HNL
coating, a HNL free coating presenting an MN-containing layer was tested. * Detection limit
in the liquid phase was 0.1 ppm, in the gas phase 0.25 ppm.
In order to exclude destruction of the enzyme by DCM treatment and to verify the ability
of the coatings to produce HCN, its content was measured in both the liquid and the gas phase
after seeds had been planted for 3-4 days. The HCN production was investigated for both
types of coatings “outer layer” and “inner layer”. As negative reference uncoated seeds were
tested. To check that indeed an enzyme layer is necessary for the appearance of HCN, seeds
coated with a MN-containing PLA layer were also explored. The concentration of HCN was
measured after germination in a closed desiccator. The results of the HCN analysis are shown
in Fig. 3.4.
As expected, HCN formation was not observed for uncoated seeds nor for seeds coated
with only a MN-containing layer. HCN was detected only when seeds were coated with a
HNL layer. Concentrations ranging from 0.5 to 2 ppm were measured. In both cases the
detected HCN concentration was higher in the liquid phase compared to the gas phase.
Interestingly the position of the HNL layer seemed to affect the cyanogenesis. When HNL
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was present as the inner layer, significantly higher HCN formation was observed. It seems
that the other layers offered a protection to the HNL layer and the latter was able to preserve
its activity, while the “outer layer” model possibly loses part of its HNL due to washing out.
After conversion the cyanogenic potential of the seed gave 0.98 ± 0.10 (mmol HCN) (kg
seeds)-1 for the inner layer model and 0.65 ± 0.10 (mmol HCN) (kg seeds)-1 for the outer layer
model. This corresponds to 28.2 ± 2.9 (mmol HCN) (kg coating)-1 for the inner layer model
and 18.7 ± 2.9 (mmol HCN) (kg coating)-1 for the outer layer model. If the complete MN used
to coat seeds was degraded 5.69 (mmol HCN) (kg seeds)-1 or 163.7 (mmol HCN) (kg
coating)-1 would be formed. Hence approximately a sixth of the MN present finally ended up
forming HCN. The achieved yield gave HCN concentrations that are in a range where
influence on the food uptake or oviposition of herbivores is observed33-35, 77 (Table 3.1).
3.3.5

Further investigations

GC analysis disclosed that seeds air-dried for 24 hours at room temperature presented
DCM remains below the limit of quantification (see S3.1).
A preliminary cost analysis estimated that the coating procedure would add as little as 11%
to the cost of the seeds (see S3.2).
3.4

Conclusions

In the present work a bio-inspired approach was adopted to produce self-defending wheat
seeds. Substances that are capable of cyanogenesis were coated in separated layers on seeds.
The optimal concentrations of the coating solutions as well as germination of the coated seeds
were investigated. The latter was preserved throughout the coating treatment. Furthermore,
the coating seems to be suitable as protection of the seeds against herbivores as HCN was
synthesised in large enough quantities. An advantage of the method suggested here in
comparison to the application of pesticides is that the protection of the seed needs to be
triggered and becomes active only once the seed is attacked by a herbivore. If unused during
storage of the seeds the coating is thought to be harmless for the environment as PLA and
benzaldehyde, the side product of HCN formation, are fully biodegradable. Hydroxynitrile
lyase is used in small doses and derives from natural sources. Gas chromatography and
preliminary cost analysis both justify further investigations, as DCM concentrations are
acceptable and cost is legitimised on account of sustainability and environmental
considerations. The effect of the coating on animals should be tested in vivo not only to prove
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efficiency for pest control, but also in to order to exclude severe impact on the food chain
through uptake in nutrients. These experiments should be carried out for the novel coating and
be compared to pure PLA coating and uncoated seed, since it is not yet known whether a
polymer coating itself would protect the seed. Although there is no reference concerning a
possible repellent effect of PLA, the coating could reduce scent emission and therefore the
seeds might not be recognised as an esculent. A protective pure PLA coating on the seeds
would be advantageous regarding the decreasing ability of germination upon addition of MN
and HNL. The protection of the seed ability to germinate should be compared with the seed
loss during storage. A next step towards broad application should be a durability test as seeds
are often handled roughly.
Of course the reduced ability of germination is a downside of the new coating. This is
probably caused by intoxication of the seed. An approach to solve this problem could involve
a first layer of higher density PLA to reduce the diffusion of HCN towards direction of the
core.
3.5

Contribution of the authors

W.J. Stark initiated the project. J.G. Halter, W.D. Chen, N. Hild, C.A. Mora, P.R. Stoessel
and W.J. Stark designed the experiments which performed J.G. Halter and W.D. Chen. J.G.
Halter, F.M. Koehler and C.A. Mora evaluated and interpreted the data. C.A. Mora performed
parts of the statistics. J.G. Halter and P.R. Stoessel designed the figures. J.G. Halter wrote the
paper with contributions and inputs of N. Hild, C.A. Mora, R.N. Grass and W.J. Stark.
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4.1

Introduction

Bio-inspired self-defending systems gain increasing attention in research. Very recently,
we developed the concept of a self-defending surface for anti-vandalism or anti-theft
purposes. Within this surface compartmented hydrogen peroxide and manganese dioxide are
present. Upon a mechanical trigger the compounds are brought together, which induces a
discharge of hot foam. The process was inspired by the defence mechanism of the bombardier
beetle, that holds hydrogen peroxide and enzymes capable of degrading it in two
compartments, a reservoir and a reaction chamber.16 Apart from the bombardier beetle nature
provides numerous other self-defence systems present – together with microorganisms – in
arthropods50,
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and plants. The latter generate secondary metabolites that act as toxins.

Examples are cardenolides, coumarins, tannins and cyanogenic glycosides.74 Cyanogenic
defence mechanisms are present in over 3000 plant species. They are able to release hydrogen
cyanide (HCN) upon breakdown of cyanogenic precursors by corresponding enzymes.27,

75

Amygdalin – amongst others – is one of these precursors and present in the family of
Rosaceae.52 Representatives of this family are e.g. Malus (apple), Prunus (almond, cherry,
plum, etc.) and Manihot (cassava). Amygdalin and enzymes are stored in different parts of the
plant tissue (e.g. seed). Upon tissue rupture, for example by a herbivore, the compounds mix
and a cascade reaction starts resulting in the formation of HCN52. The enzymes involved in
this cascade are β-glucosidase and hydroxynitrile lyase. While the β-glucosidase cleaves the
chemical bond from the sugar part of the amygdalin, the hydroxynitrile lyase specifically
unhitches the HCN from the mandelonitrile, which is the non-sugar part of the amygdalin
moiety. Scheme 4.1 shows the natural way of the activated decomposition of amygdalin.
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Scheme 4.1: Cascade reaction when amygdalin (1) comes into contact with the enzymes βglucosidase and hydroxynitrile lyase. The first degradation step leads to mandelonitrile (2)
which is further decomposed to benzaldehyde (3) and hydrogen cyanide (HCN). On the
bottom the different generations are indicated. The scheme was adopted and modified from
the publication of the first generation cyanogenic seeds53.
Cyanide has a highly inhibiting effect on several essential enzymes including cytochrome c
oxidase, which occupies an important role in cellular metabolism. Without this enzyme the
cells are not anymore capable to generate chemical energy by the reduction of oxygen to
water, which has a detrimental effect on metabolic activity.30 Due to its toxicity HCN has a
deterrent effect on herbivores as shown in several earlier studies.32-36
We were recently able to coat wheat seeds in such a way that they released HCN by the
same mechanism as cyanogenic plants.53 With over 600 million tons harvested per year wheat
is one of the most predominant crops.47 Unfortunately, there is a significant loss of stored
grains due to pest infestation especially in developing countries.48 The state of the art to
protect the seeds during storage is either by using pesticides or inert dust. The latter works as
a dehydration agent and successfully reduces pest infestation, however, it causes respiratory
problems in humans as the dust rapidly spreads in the air upon moving of the seeds.69
Pesticides used for seed protection undoubtedly have certain benefits on several connected
levels from economic and social to environmental facets44 but also lead to the contamination
of air and water in the surroundings during sowing and affect the ecological system in a
harmful way.45 Even though the amount of pesticides in honey does not affect humans
health,81 a recent study shows a connection of pesticide usage and the mass death of the bees
and other pollinators.46
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Scheme 4.2: Schematic illustration of the working principle of the cyanogenic seeds. (a)
Batch of coated seeds. (b) Mealworms (Tenebrio molitor) feasting on coated seeds. (c) Layers
of polylactic acid (PLA) ensure the separation of the cyanogenic precursor (mandelonitrile
for the 1st generation and amygdalin for the 2nd generation) and the enzyme (hydroxynitrile
lyase for the 1st generation and β-glucosidase for the 2nd generation), which are placed on the
wheat seed. When a herbivore starts eating a coated seed, it ruptures layer by layer of the
coating until it reaches the actual seed. This trigger allows mixing of precursor and enzymes
and subsequent reaction cascade leads to the liberation of hydrogen cyanide (HCN).
We developed a seed coating consisting of polylactic acid (PLA) layers. These ensured the
partition of the cyanogenic precursor and the enzyme and acted as a protection of the reactive
substances from the environment. A schematic set-up for the coating on the seed and the
working principle are depicted in Scheme 4.2c.
Main advantage of PLA as a matrix and separation polymer is its complete
biodegradability.79 In the 1st generation of cyanogenic seeds, mandelonitrile was used as a
cyanogenic precursor. While the seeds showed a cyanogenic potential, which was high
enough to have an effect on herbivores, the germination rate was reduced to approximately
25%.
In this work we replaced mandelonitrile with the more stable amygdalin to produce a
second generation of the cyanogenic wheat seed and investigated the cyanogenic potential of
seeds coated with one or two layers of amygdalin.
Additionally to germination experiments and HCN quantification, a feeding study with
mealworm (larvae of the wheat pest Tenebrio molitor) was performed and their faecal mass as
well as the mass of food uptake as an index of activity was correlated with the cyanogenic
potential of the seeds.
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4.2

Experimental

4.2.1 General coating procedure
Wheat seeds (Demeter, Germany) were coated resulting in 5 different multi-layered seeds
composed of layers of enzyme (E), polylactic acid (P) and amygdalin in polylactic acid (A).
Following coatings were achieved starting from the core: PPP, PAP, EPAP, PAAP and
EPAAP.
Enzyme layer (E)
For two multilayers, namely EPAP and EPAAP, enzyme (β-glucosidase, Sigma-Aldrich,
from almonds, ≥ 6 units per mg) was used. In both cases it was applied as a first inner layer.
100 µL of enzyme solution (50 mg β-glucosidase in 2000 µL H2O) were distributed on 10 g
of seeds. The water evaporated upon stirring the seeds.
Polylactic acid layer (P)
The function of the polylactic acid layer is to separate the enzyme from the substrate, the
substrate from the seed and the substrate from the environment. Seeds were immersed in a
polylactic acid (PLA, Synbra) solution (5 wt%) in dichloromethane (DCM, 99.5%, SigmaAldrich) for 5 seconds and subsequently placed on a sieve to shake the overspill of solution
off. They were placed on aluminium foil and let dry for at least 15 minutes before applying
another layer.
Amygdalin layer (A)
Amygdalin (≥97%, Sigma-Aldrich) was ball milled (2.5 g, 1 mm balls, 1100 rpm, 2 min;
Planetary Micro Mill Pulverisette 7 premium line, Fritsch) and subsequently sieved (test
sieve, ISO 2210-1, 315 µm) in order to get a homogeneous powder. 2 g of this powder were
dispersed in 106.3 g PLA solution (5% in DCM) upon mixing and sonication in an ultrasound
bath (Bandelin Sonorex Digitec). The coating process of the seeds was performed as
described for the pure PLA layer.
4.2.2 Germination test
Germination ability was tested for the different coatings as well as for uncoated seeds. 20
seeds were placed in a 400 mL beaker with cotton wool. 10 mL of deionised water was added
and subsequently the beaker was closed with perforated parafilm. After 5 days the
germination success and the seedling’s length was evaluated.
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4.2.3 HCN concentration
Seeds (17 g each) with cyanogenic coating were placed in a desiccator (3 L) with cotton
wool. 100 mL of buffer (pH 5.5, the solution was obtained by dissolving 0.33 g
Na2HPO4 · 12 H2O (98.5%, Acros) and 5.80 g NaH2PO4 · 2 H2O (98%, Merck) in 1 L of
water) was added and subsequently the desiccator was closed. 5 days later, first the gas phase
of the desiccator was tested for HCN occurrence and quantified with the use of another
desiccator of the same volume which was evacuated to 330 mbar. The desiccators were
connected by a HCN test tube from Dräger (Blausäure 0.4/a, 0.5 to 50 ppm). Upon slowly
opening the valves of the desiccators the test tube dyed in relation with the HCN
concentration. Afterwards, the desiccator containing the seeds was ventilated and the HCN
content of the liquid phase was evaluated as in the previous paper53 with a system developed
by Köhler et al.80 where the enhancement of the resistant in a gold micro wire was monitored
in relation with the HCN concentration.
4.2.4 Effect on mealworms
10 mealworms (about 1 g, T. molitor, own breed) were weighed and put in a 100 mL
Schott bottle with 2 g of seed. All 5 types of coated seeds and uncoated seeds as a reference
were tested. After 5 days in the dark, the seeds, the mealworms and the faecal mass were
weighed.
4.2.5 Statistical analysis
The results are expressed in mean value ± standard deviation. Germination experiments
were carried out three times with 20 seeds each. The HCN concentration was evaluated in
independent quadruplicates. The mealworm experiments were conducted in 4 independent
experiments with quintuplicates for each kind of coating and for the uncoated seeds.
Statistical significance was determined using one-way analysis of variance (ANOVA) and ttest with post-hoc Bonferroni correction. The assumption of ANOVA was checked.
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4.3

Results and discussion

The coating is approximately 30-50 µm in thickness and is clearly visible when comparing
cross sections of seeds with and without coating under a light microscope (Figure 4.1). The
coating did not enclose the whole seed. In fact, probably due to contact of the seeds with each
other and/or the sieve during the coating process, there were non-coated parts on the seeds
surface. This issue was not further investigated as it did not impair the functionality of the
seeds.

Figure 4.1: Dark field microscopic images of cross sections of seeds. (a) Uncoated seed
(blank). (b) Coated seed with layers of enzyme, PLA, amygdalin and PLA again in direction
from the seed (EPAP). The dashed line indicates the boarder of the seed and the coating that
has a total thickness of 30-50 µm. The different layers of latter were not distinguishable as
they are in the schematic insight at the right border.
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4.3.1 Germination
The germination ability of all treated seeds was not significantly different from the
untreated seeds as depicted in Figure 4.2. Whereas the length of the seedlings tends to be
smaller upon more cyanogenic coating, there is no statistically significant difference.
Compared to the 1st generation of seeds, where only 25% of the coated seeds were able to
germ, a great step towards commercial application was achieved.

Figure 4.2: Seedlings’ length (red) and germination ability (green) of coated and uncoated
seeds. Layering is given in direction from the seed with following code: P: polylactic acid; A:
amygdalin in PLA; E: enzyme.

4. Self-defending seeds reduce activity of mealworms (Tenebrio molitor) upon feeding triggered HCN-release 61

4.3.2 HCN release
The coatings with two amygdalin layers, the PAAP and the EPAAP coating, released more
HCN than the corresponding coatings with only one amygdalin layer, PAP and EPAP as
depicted in Figure 4.3. This is valid for the liquid phase as well as for the gas phase.
Interestingly, the presence of the β-glucosidase was not essential in order to generate HCN.
This is probably due to a certain natural occurrence of the enzyme in the seed itself.82 The
fact that in presence of β-glucosidase, hydroxynitrile lyase is not necessary to further fraction
mandelonitrile which is the breakdown product of amygdalin is due to the low stability of
mandelonitrile. It is in a constant equilibrium reaction with benzaldehyde and HCN.
When comparing the obtained amounts of HCN per kg seed and per kg coating with the
values given in literature, it can be concluded that the cyanogenic potential of the coated
wheat seeds are in the range were they have an influence on herbivores (Table 4.1).

Figure 4.3: HCN release of coated and uncoated seeds after placing them in a closed
desiccator for 5 days. Liquid phases HCN content is marked in yellow, gas phase HCN
content in turquoise. The negative probes HCN contents, blank and PPP, were taken from the
first generation seeds result section53 and were measured equivalently.
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Table 4.1: (up) Calculated values of the HCN measurements in mmol HCN per kg seed and
mmol HCN per kg coating. (down) Literature values which have an effect on herbivores.
Coating

HCN conc. per seed mass

HCN conc. per coating mass

0.53 ± 0.26 mmol kg-1

15.3 ± 7.6 mmol kg-1

1.16 ± 0.39 mmol kg-1

33.3 ± 11.3 mmol kg-1

1.84 ± 0.71 mmol kg-1

53.0 ± 20.3 mmol kg-1

2.63 ± 0.62 mmol kg-1

75.6 ± 17.8 mmol kg-1

Threshold concentration

Effect

PAP

EPAP

PAAP

EPAAP
Reference

(in fresh biomass)
Patton 199733

2.4 mmol kg-1

Dropped feeding intensity

Riis 200334

8.82 mmol kg-1

Reduced oviposition

Ballhorn 200535

15 mmol kg-1

Repellent effect

Ballhorn 200936

5-37 mmol kg-1

Selective eating

a

Calculated from ppm values.
While the literature values of the HCN concentration which has an effect on herbivores

vary from 2.4 to 37 mmol kg-1 fresh biomass, the values obtained from coated seeds varied
from 0.5 (for PAP) to 2.6 (for EPAAP) mmol kg-1 seed and from 15 (PAP) to 76 (EPAAP)
mmol kg-1 coating, respectively. As these values were in the range where they should have an
influence on herbivores, feeding experiments with mealworms were carried out.
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4.3.3 Effect upon feeding the seeds to mealworms
In order to know whether the coating of the seeds has an influence on mealworms, the
faecal mass, the difference of the seed mass and the difference of the mealworm mass were
evaluated after a 5 day seed diet.
Faecal mass
As shown in Figure 4.4a, the faecal mass decreased upon increasing cyanogenicity of the
coating. This seemed to be caused by a lower metabolic activity of the mealworms when they
were fed with seeds able to generate HCN. When the HCN content is correlated with the
mealworms faecal mass as it is in Figure 4.4b, a trend towards a lower faecal mass with
increasing HCN content can be observed.

Figure 4.4: (a) Effect of the different coatings of the seeds on mealworms faecal mass upon
feeding. Statistical distinguishable results are marked with a *. (b) Faecal mass of
mealworms upon non-cyanogenic and cyanogenic seed diet plotted against the HCN content
of aforementioned seeds.
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Figure 4.5: Consumed seed mass by mealworms depending on the coating. Except for the
pure polymer and the EPAP coating, all other coatings are statistically distinguishable to the
non-coated seed as indicated with a *.
Mass difference of the seeds
The consumed seed mass too indicated a trend of a lower activity visible going from
uncoated seeds to cyanogenic ones, as depicted in Figure 4.5. Interestingly, the pure polymer
coating (PPP) is statistically indifferent from the uncoated ones as well as from the ones
bearing cyanogenic coating, whereas the latter are all except for the EPAP statistically
distinguishable from the non-coated seeds. The effect is similar to the aforementioned
literature statements of Patton33, Riis34 and Ballhorn35, 36 (table 4.1). There, fresh cyanogenic
biomass e.g. leafs were fed to herbivores resulting in lower feeding intensity, reduced
oviposition, repellent effect and selective eating.
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Figure 4.6: Loss of weight of the mealworms during a diet of non-cyanogenic and cyanogenic
seeds depending on the coating. For all different coatings as well as for the non-coated seeds,
no statistical difference could be observed.
Mass difference of the mealworms
As shown in Figure 6, all of the mealworms lost weight which is probably due to
dehydration as they were on a dry diet for 5 days. Here, no difference between the uncoated
and the coated seeds could be monitored. It seems that disregarding how active they are by
means of faecal mass and seed uptake the overall mass loss sums up equal.
4.3.4 Environmental aspects
In order to claim that the coating is completely biodegradable it is indispensable to
investigate the biodegradability of all compounds. The support polymer PLA is known for its
complete biodegradability.79 Amygdalin decomposes to sugar and mandelonitrile, which is
further split to HCN and benzaldehyde. The compounds to investigate from amygdalin are
therefore sugar, which does not harm the environment, HCN, which is volatile and
benzaldehyde, which decomposes over time. Remains of DCM from the coating process
could harm the soil, but as shown in the 1st generation, freshly coated seeds, which are air
dried for only 24 hours have a DCM level below the limit of quantification of the gas
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chromatography measurement.53 The enzyme β-glucosidase is derived from natural sources
and is used in small doses.
4.3.5 Cost analysis
A cost analysis revealed that coated seeds could cost as little as 5% for PAP and EPAP and
7% for PAAP and EPAAP more than uncoated seeds. For the calculation and details please
consider S4.1.
4.4

Outlook

Future challenges include choice experiments with mealworms to prove a selective eating
behaviour. Durability tests of the coated seeds over several months and with rough handling
would simulate transport and storage of the seeds. Field studies should be performed to ensure
germination and health of the seedlings. The development of a fast and efficient coating
process would enable commercializing of the product.
4.5

Contribution of the authors

J.G. Halter initiated the project. J.G. Halter, C.A. Mora and W.J. Stark designed the
experiments which J.G. Halter executed. C.A. Mora performed the statistics. J.G. Halter and
C.A. Mora interpreted the data. J.G. Halter designed the figures and wrote the paper with
contributions and inputs of C.A. Mora and W.J. Stark.
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Two opportunities were presented for the adaption of compartmented self-defending
systems in nature. First, an anti-vandalism or anti-theft foil was presented that used the same
energy source as the bombardier beetle, namely the catalytic decomposition of hydrogen
peroxide. Second, two generations of protective hydrogen cyanide producing layers on wheat
seeds to repel herbivores were introduced, which have been inspired by cyanogenic plants.
This thesis showed that it certainly brings a benefit by means of inspiration for the
development of technical devices when looking closely to biological systems that evolved and
therefore proved to be successful. Also, nature provides us with numerous defence strategies
adapted to the corresponding environment. When adopting such strategies in science, the
benefit could be the same as in nature or it can have an application in the technical world.
5.1

Self-defending surface

The presented anti-theft foil is an example of how the technical world can be inspired by
nature. The application in ATMs and money cassettes is a low priced alternative to existing
systems. Additionally, it could lower the number of future incidents as it increases the risk of
being captured and reduces the possible reward. The presented foil showed a high activity
and, when applied, DNA/SiO2 particles were detected successfully in dyed bank notes. It
showed a shortened shelf life, thus lowering the application possibility in money protection
systems in its current form. Further, the separating layer was too fragile to completely avoid a
faulty activation.
Future challenges include the development of more stable surfaces by applying aluminium
foil as compartmentation barriers. When applied as a top and bottom cover as well, it would
drastically enhance the durability of the devices as aluminium has an almost complete water
vapour barrier and would therefore protect the reactive foil from drying out. The construction
of a secure mechanical trigger presents another task as well as the design of the final
geometry. The foil with included colour and DNA marker should be placed at the inner side
of the money cassettes’ walls. A mechanism inducing the mixing and, thus, the generation of
the colouring foam should not be faulty-triggered because a falsely devaluation of the money
bills should be avoided. Only a false opening of the money cassette or a major impact, e.g.
explosion or force opening, should activate the mechanical trigger.
The search for other applications for this reactive surface can lead to the demand of other
geometries. For example, it is imaginable that downsizing the surface could open other fields,
e.g. an irreversible sensor for mechanical stress, detectable with an infrared camera. Also,
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when applying other chemicals in the separated compartments effects by steam or smoke to
hardening or crystallisation at the locations of the mechanical influence on the reactive bilayer
are possible. This opens further application possibilities.
5.2

Cyanogenic seeds

The fully biodegradable coatings of the wheat seeds have the benefit of being harmless to
the environment and pollinators. Here, the inspiration is applied in a system closely related to
the origin. Both, the cyanogenic plants and the cyanogenic coating avoid to a certain amount
to be eaten by herbivores. In the second generation seed coating, reduced food uptake and
faecal mass was observed for mealworms fed with treated cyanogenic seeds.
In the near future stability tests for rough handling as well as for long storage times are
subject of research. Further steps towards a commercial product are necessary field studies
with enhanced germination experiments. Treated cyanogenic seeds with and without enzyme,
pure PLA coating, blank seeds and conventional pesticide treated seeds should be compared
in storage and sewing. The self-defending performance of the coating by means of herbivore
attack has to be investigated further. In order to do so, a storage container can simulate a grain
silo with a pest species common for stored goods. Possible pest insects for wheat seeds during
storage are the Lesser grain borer (Rhyzopertha dominica), the Grain weevil (Sitophilus
granarius) and the Indian mealmoth (Plodia interpunctella). Crucial outputs will be the pest
infestation and germination success after the pest infected storage. In the end, the ratio
between the amount of stored seeds and the amount of harvested crop is the number of
interest and should be compared to the equally received number of currently applied pesticide
coatings, pure polymer coating and blank seeds. Additionally, a fast and easy coating
procedure should be developed so that a farmer himself would be able to protect his seeds in
an appropriate period of time. The fact that only the cyanogenic precursor, namely amygdalin,
and no enzyme has to be added artificially, leads to a cost-efficient new treatment for stored
crops to control pest.
In future, the compound can be tested on various plant organisms. A coating equal to the
presented wheat seed coating is also applicable for maize and rice. There, the effectiveness
against pest species as the Maize weevil (Sitophilus zeamais) and the Rice weevil (Sitophilus
gryzae) should be tested, and aforementioned germination tests should be performed.
It is also imaginable to enhance the principle to other plants. For example, it is known that
HCN is an effective treatment to reduce scale infections on Citrus plants.83 This technique is
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known since 1885 and was applied until cheaper and easier applicable petroleum sprays were
developed in the late forties of the last century. HCN was pumped in tents separating the tree
from the environment.83 Nevertheless, an amygdalin spray could have similar effects on the
pest as HCN itself but has the benefit of easy handling, cheap price and controlled release of
HCN. This decreases the risk for humans and insects as natural enemies of the pest and
pollinators.
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S2 Supporting information to chapter 2
S2.1 State of the art of ATM security systems

Scheme S2.1: Patented systems for ATM security. The complexity of these systems (i.e.
electronics, ink cartridge, gas cartridge and mechanical parts) is visible at first sight. In a
patent from 1997, a system which uses a pressured tank, an electrical device to trigger and
die channels is presented (a).61 Another patent from 2006 describes a device which consists of
an ink bag which is broken by knife edges upon a trigger and springs to press the ink bag to
subsequently spurt valuables with ink (b).62 A more recent patent from 2008 comprises cash
transit container with a controlling module to communicate with the ATM when the money
cassette is changed (c).60
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S2.2 Frames of impact on a reactive foil

Scheme S2.2: Image series of a typical impact test run. Shown is an experiment with
following conditions: H2O2 conc. = 30%; MnO2 conc. = 5 wt%; dropping height = 180 cm.
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S2.3 Preparation of the reactive foils

Scheme S2.3 Schematic illustration of the production of the surface-plates. After wrapping an
aluminium plate with PVdC foil, an aramid plate is glued on it (a). The edges are filled with
silica glue (b) and the cavities filled with a manganese (IV) oxide dispersion (c). The
application of clear coat results in a brittle layer (d). The part is cut from his supporting
aluminium plate (e) and subsequently glued on the counterpart holding hydrogen peroxide –
simultaneously the rims are filled with the silica glue to prevent leakage (g). In (h), the readyfor-impact-test surface-plate is schematically shown.
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S2.4 System durability
The bleaching of the dye is assumed to be negligible. Therefore, the theoretical durability
of the system is either the lifetime of the hydrogen peroxide or the time until the foil is dried
out. To find out, which process gives the smaller value, a comparative study was carried out.
S2.4.1 Decomposition of hydrogen peroxide
It is well known that impurities, e.g. heavy metals, accelerate the decomposition reaction
drastically66. In the storage container, manufacturers guarantee a shelf life of more than a
year. The hydrogen peroxide used in the experiments (30%, Merck) has a minimum shelf life
of 3 years at storage temperatures from 5°C to 30°C as labelled on the bottle. This leads to the
assumption, that the durability of the anti-vandalism device could also be as high when
impurities are avoided.
S2.4.2 Dehydration rate of the reactive surface
Polyvinylidene chloride (PVdC) has a water vapour permeability of 39 g µm / (m2 day).67
The top foil used for the experiments was PVdC with a thickness of 14 to 20 µm. This results
in a water vapour transmission rate (WVTR) as shown in table S2.4.2. When thickening the
foil or replacing with a sealable aluminium foil (water vapour permeability of 4.4 g µm / (m2
day)),67 the WVTR is even lower. To close the edges the sealing technique used in medical
packaging can be applied. These factors support a durability of several years against
dehydration.
Table S2.4.2 Theoretical life time of the surface system as a function of dehydration. The
durability was calculated with a surface of 0.01 m2, a liquid mass of 10 g and a maximal loss
of 5 weight percents.

Material

Thickness (µm)

Permeability
(g / (m2 day))

PVdC
PVdC
aluminium foil
aluminium foil

14-20
100
50
100

2.8-2.0
0.4
0.09
0.045

Durability of
reactive surface
(days)
18-25
125
556
1112
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S2.5 Comparison
S2.5.1 Complexity
While existing security systems of ATMs and money transportation container often use
complex activation mechanism including electronics and pressured ink and gas tanks, the
presented foil only needs a mechanical trigger. Scheme S2.5 depicts the activation path of
both systems.

Scheme S2.5 Steps from mechanical stress to spoilage of bank notes.
S2.5.2 Durability
While ink cartages and gas bombs of existing ATM security systems have to be replaced
every 4 years, the durability of the novel reactive surface can be enlarged up to 3-4 years as
explained in section S2.4.
S2.5.3 Colouring efficiency
The colouring efficiency of existing systems is in fact nearly 100%. A smart placement of
the reactive surface plates in the money container, e.g. on the walls the bottom and the top,
would result in an appropriate disfiguration of the bank notes. It is possible, that the whole
interior of the money cassette will be filled with colouring foam when physical attack
happened.
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S2.5.4 Cost analysis
The cost for the material of a large scale application of the reactive surface was estimated
and is shown in table S2.5.4. A cost of 41 $/m2 was determined. A money cassette has typical
dimensions of 10 cm x 20 cm x 50 cm which results in a surface of 0.34 m2. This means that
the material cost to entirely equip a money cassette is about 14 $. The cost of the mechanical
trigger is not included in this number as it has a much higher life span. The calculation of the
cost is a worst case scenario, where a thick aluminium foil (100 µm) was used instead of the
PVdC which would be cheaper. For the aramid comb, which is normally used in aerospace, a
lower priced alternative is believed to be found.
Table S2.5.4 Conservative cost analysis of the reactive surface.
Material
H2O2 (30%)
MnO2
H2O
Nile blue
DNA/SiO2 particles
aluminium
aramid comb
clear coat

Cost/ton
500 $a
500 $a
negligible
3000 $a

g/m2
1000
50
950
negligible
negligible
270

3000 $a

100

reactive surface
a
b

Cost/m2
0.5 $
0.025 $
negligible
negligible
negligible
0.81 $
39 $b
0.3 $
41 $

Alibaba.com (www.alibaba.com; 26.02.2014)

Swiss Composites catalogue (www.swiss-composite.ch; 26.02.2014), calculated from CHF
(1 CHF = 1.127 $)
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S3 Supporting information to chapter 3
S3.1 Quantification of remaining DCM
20 g of seeds were triple-coated consecutively with pure PLA (5% in DCM) according to
the description in section 2.1. and left on an aluminium foil until the solvent evaporated. In
order to investigate the development of the DCM remains in the coated seeds, samples were
collected after 2 min, 5 min, 10 min, 30 min, 1 h, 2 h, 5 h and one day of solvent evaporation.
Each time 2 g of seeds were placed in 10 g of toluene (Fluka, 99.7%) and shaken therein for
30 min. Two times 2 mL were taken from each sample, which were filtered and stored at 4°C
until GC-analysis with GC-MS (mass spectroscopy) and GC-FID (flame ionisation detector)
(Agilent GD 6890) was carried out.

Figure S3.1 DCM remaining in the seed coating was followed by gas chromatography. Three
subsequent layers of pure PLA (5% in DCM) were coated on the seeds. Seeds were sampled
at different times during the solvent evaporation process.

As soon as 24 h after the coating process the limit of quantification was reached. This
means that 10 mL of toluene incorporating 2 g of seeds (~44 grains) contained less than 100
ppm of DCM (equivalent to ~20 µg DCM/ seed). Calculation revealed that when sowing 400
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seeds per square meter less than 9 mg DCM would thereby be released to the soil. This value
seems low although no threshold values for DCM in soil could be found. Compared to the
maximally allowed concentration at a working space (360 mg m-3 in Switzerland), the value is
extremely low. Additionally it should be noted that different microorganisms present in soil
are able to degrade DCM84.
S3.2 Cost analysis
Table S3.2 Cost analysis of coated seeds in comparison to the cost of uncoated seeds.
material lab-scale price
PLA
MN
HNL

200 $‡ / 10 g a
51.7 $‡ / 50 g c
103 $‡ / KU c

large-scale price
1.1 – 2.2 $ / kg b
20 - 100 $ / kg d
1000 $ - 20000 $ / kg e

mass needed to coat
1 kg of seed
44 g
1.47 g
40 mg f

cost per kg seed
(large-scale)
0.048 - 0.097 $
0.029 - 0.147 $
0.04 $ - 0.8 $

total coating

0.117 - 1.04 $

Pure wheat seeds have a cost of ~1100 $‡ per ton g. This corresponds to 1.1 $ kg-1. Coated
seeds would, therefore, cost 1.22 - 2.10 $ kg-1 which is 11-91% more expensive than the
uncoated seeds.
‡

calculated from € or CHF (1 € = 1.38 $; 1 CHF = 1.11 $)

a

Polysciences,

Inc.

(http://www.polysciences.com/Catalog/Department/Product/98/categoryid--551/productid-1002/, 24.09.2013)
b

Present price and forecast predicted by K.M. Nampoothiri et al.85

c

Sigma-Aldrich

(http://www.sigmaaldrich.com/catalog/product/sigma/79847?lang=de&region=CH,
24.09.2013)
d

Estimation (0.02 to 0.1 times the lab scale price)

e

Estimation of M.C.M. Hensing et al.86

f

Activation was estimated to be 40 Units/mg (Brenda-Enzymes, EC 4.1.2.10)

g

Bioland Markt GmbH & Co. KG, catalogue from august 2013
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S3.3 Mass gain upon seed coating

Figure S3.3 Mass evolution throughout seed coating steps. Following the addition of PLA
layers the relative mass of the seeds increased. Seeds (4 g) were coated in three consecutive
coating steps. The experiment was carried out in triplicate (n = 3). The mass gain per coating
step slightly decreased by every consecutive step. This is probably caused by dissolution of
some of the previous PLA layer in the subsequent coating solution.
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S3.4 Coated and uncoated seeds analysed by scanning electron microscopy

Figure S3.4 Scanning electron micrographs of untreated (left) and coated seeds (right). The
coated seeds were prepared according to the “inner layer” model and contained
mandelonitrile and hydroxynitrile lyase. Different parts of the seeds are shown as indicated in
the sketches in the centre of the figure. The scale bar corresponds to 50 μm.
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S4 Supporting information to chapter 4
S4.1 Cost analysis
Table S4.1 Cost analysis of coated seeds in comparison to the cost of uncoated seeds.

material

PLA

Amygdalin

lab-scale
price

largescale
price

mass needed to
coat 1 kg of
seed
PAP
PAAP
and
and
EPAP EPAAP

cost per kg seed (large-scale)
PAP

EPAP

PAAP

EPAAP

1.1 –
2.2 $ /
kg b

44 g

59 g

0.048 0.097 $

0.048 0.097 $

0.065 0.13 $

0.065 0.13 $

296 $‡ / 25 1 - 10 $
gc
/ kg d

5g

10 g

0.005 0.05 $

0.005 0.05 $

0.01 0.1 $

0.01 0.1 $

320 mg g

-

0.0016 0.032 $

-

0.0016 0.032 $

total coating

0.053 0.15 $

0.055 0.18 $

0.075 0.23 $

0.077 0.26 $

289 $‡ / 10
ga

90 $‡ / 250
βmg
5 - 100
Glucosidase (≥6 U/mg) $ / kg f
e

Pure wheat seeds have a cost of ~1100 $‡ per ton h. This corresponds to 1.1 $ kg-1. Coated
seeds would, therefore, cost 1.15 – 1.25 $ kg-1 for PAP and 1.16 - 1.28 $ kg-1 for EPAP
coating which is 5-9% more expensive than the uncoated seeds and 1.18 – 1.32 $ kg-1 for
PAAP and 1.18 – 1.36 $ kg-1 for EPAAP coating which is 7-24% more expensive than the
uncoated seeds.
‡
a

calculated from € or CHF (1 € = 1.38 $; 1 CHF = 1.13 $)

Polysciences, Inc. (http://www.polysciences.com/Catalog/Department/Product/98/categoryid-551/productid--1002/, 29.04.2014)
b
Present price and forecast predicted by K.M. Nampoothiri et al.85
c
Sigma-Aldrich (http://www.sigmaaldrich.com/catalog/product/sigma/10050?lang=fr&region=CH,
29.04.2014)
d
Alibaba (http://www.alibaba.com/product-detail/Bitter-Apricot-Seed-ExtractAmygdalin_742910688.html, 29.04.2014)
e
Sigma-Aldrich (http://www.sigmaaldrich.com/catalog/product/sigma/49290?lang=fr&region=CH,
29.04.2014)
f
Estimation of M.C.M. Hensing et al.86
g
Activation was estimated to be 5 Units/mg (Brenda-Enzymes, EC 3.2.1.21)
h
Bioland Markt GmbH & Co. KG, catalogue from august 2013
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