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Zusammenfassung 

Die Natur hat im Laufe der Evolution eine große Bandbreite komplexer Materialien 

hervorgebracht, welche sehr gut an ihre Funktion angepasst sind. Die Zähne von 

Buntbarschen der Großen Seen Ostafrikas liefern ein gutes Model, wie Vertebraten 

dentale Hartmaterialien für spezialisierte Anwendungen, wie beispielsweise der Pro-

zessierung von harter und weicher Nahrung, optimieren. Der erste Teil dieser Disser-

tation widmet sich der detaillierten Untersuchung der Beziehung zwischen Zusam-

mensetzung und Eigenschaften von Zähnen des unteren Schlundkiefers 

unterschiedlicher Buntbarscharten, welche sich auf verschiedene Nahrungsarten 

spezialisiert haben. Hierbei konnten Zusammenhänge zwischen variierenden Kon-

zentrationen von Fluor-substitutierten Hydroxylapatit mit unterschiedlichen Härten 

und Elastizitätsmodi hergestellt werden. Des Weiteren wurde festgestellt, dass amor-

phe, eisenhaltige Phasen zur Härte des resultieren Materials beitragen. Auf Basis 

beobachteter Ähnlichkeiten des inneren Aufbaus wurde ein einheitliches Strukturmo-

dell erstellt, in welchem unterschiedliche Hierarchieebenen identifiziert werden konn-

ten. Innerhalb dieses komplexen Aufbaus wurden intrinsische und extrinsische 

Bruchresistenzstrategien, die einen Komplettbruch des Zahnes verhindern sollen, 

identifiziert. Die Kombination dieses komplexen strukturellen Arrangements in Kom-

bination mit einer spezifischen Variation der mechanischen Eigenschaften erlaubt 

diesen Fischen eine optimale Prozessierung ihrer Nahrung. Fischspezies, welche 

sich von harter Nahrung ernähren verwenden hierbei eine andere Strategie als Fi-

sche, welche sich von weicher Nahrung ernähren. Erstere verwenden molariforme 

Zähne, in welchem die mechanischen Eigenschaften in einem stufenförmigen Profil 

variieren, wohingegen letztere in papilliformen Zähnen einen linearen Gradienten 

verwenden. 

Biomimetische Synthesen von organisch-anorganischen Hybridmaterialien unter kon-

trollierten Mineralisationsbedingungen sind ein wichtiger Baustein für ein vertiefendes 

Verständnis der Grundprinzipien der Biomineralisation und essentiell für die Entwick-

lung neuer bioinspirierter Materialien. Der zweite Teil dieser Arbeit führte daher vor-

angegangene Untersuchungen der Prinzipien zur Bildung von komplexen Komposi-

ten anhand von biomimetischen Fluorapatit-Gelatine Kompositen fort. Ein wichtiger 

kationischer Substituent im Apatit-Kristallgitter ist Sr2+ in kristallografischen Positio-

nen von Ca2+. Man findet solche Sr2+-Substitutionen in biologischen Hartmaterialien 

oder in geologischen Apatiten. Es wurde gezeigt, dass Sr2+-Ionen sowohl in vitro als 

auch in vivo Knochenzellen konzentrationsabhängig stimulieren. Daher wurde in die-

sem Teil der Arbeit der Einfluss von Sr2+-Ionen auf die Morphogenese, die Struktur, 

die physico-chemischen Eigenschaften als auch auf die Zusammensetzung von 

Fluorapatit-Gelatine Kompositmaterialien untersucht. Hierbei konnte gezeigt werden, 

dass die Gitterparameter a und c von isomorph substituierten Kompositen linear mit 

der Sr2+-Konzentration steigt. Die Schwingungsmoden der Apatit-Komponenten in IR- 
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und Raman-Spektren zeigten eine Verschiebung zu kleineren Wellenzahlen im Ver-

gleich zum nichtsubstituierten Fluorapatit. Thermogravimetrische Untersuchungen 

bestätigten den Kompositcharakter der synthetisierten Materialien. Anhand einer 

chemischen Analyse konnte eine empirische Formel für die Sr2+-substitutierten Kom-

posite erstellt werden. Des Weiteren wurden das Wachstumsverhalten und die Mor-

phologie der Aggregate untersucht. Hierbei wurde ein stark anisotropes Wachstums-

verhalten der Apatit-Untereinheiten beobachtet, welches sich in dünnen, stark 

verlängerten, nadelförmigen Apatit-Prismen darstellt. Das Wachstum der Aggregate 

selber verläuft über verlängerte stäbchenförmige Aggregate, welche sich über diver-

se hantelförmige Zwischenstufen zu einer geschlossenen Sphäre verlaufen.  

In einem weiteren Teil dieser Arbeit wurden vertiefende Untersuchungen zu einer 

biomimetischen, Poly(etheretherketon) (PEEK)-Beschichtung durchgeführt. Diese 

Beschichtung basiert auf einem kovalent an die Oberfläche gebundenen 

Kalziumphosphat-Gelatine-Kompositmaterial. Durch XPS- XRD- und TGA- 

Untersuchungen konnte der knochenähnliche Kompositcharakter der Beschichtung 

gezeigt werden. Untersuchungen zur mechanischen Stabilität der Beschichtung ha-

ben eine gute Beständigkeit auf der Oberfläche gezeigt. Weiterführend wurden Un-

tersuchungen zur in vitro Biokompatibilität für Knochenimplantatanwendungen 

durchgeführt. Die Kompatibilität wurde an Fibroblasten und Osteoblasten getestet, 

welche zwei Beispiele derer Zelltypen repräsentieren, mit welchem ein Knochenim-

plantat im menschlichen Körper direkt in Kontakt kommt. Hierbei konnte gezeigt wer-

den, dass keinerlei toxische Substanzen aus dem Material gelöst werden und auch 

keine Kontakttoxizität existiert. Des Weiteren konnte über Adhäsions-, Viabilitäts-, 

und Proliferationstests eine gute Verträglichkeit des beschichteten PEEK-Materials 

auf die untersuchten Zelltypen bestätigt werden. 
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Summary 

Over the course of evolution, nature has created an astonishing array of complex, 

functional biomaterials, which are well adapted to their respective applications. The 

teeth of cichlid fishes of the Great Lakes of East Africa provide a good model of how 

vertebrates optimize dental hard tissues for specialized ecological applications, such 

as processing hard or soft food. The first part of this thesis was focused on the de-

tailed comparative investigation of the morphology-structure-chemical composition-

mechanical properties relationships of the teeth of the lower pharyngeal jaws of dif-

ferent cichlid fish species. Varying levels of the concentration and distribution of 

fluoridated hydroxyapatite as the mineral component could be associated with 

pronounced variations in the hardness and elastic modulus of dental hard 

tissues.Furthermore, amorphous iron-bearing phases were found, which contribute to 

the hardness of the resulting material. On the basis of general similarities of the inner 

structure of all investigated teeth, a structure model with corresponding hierarchical 

levels was created. Within this complex arrangement, several intrinsic and extrinsic 

toughening mechanisms on multiple length scales to enhance fracture resistance 

against critical failure were identified. The combination of this complex structural ar-

rangement together with specific variations of the mechanical properties within dental 

hard tissues of their teeth allows cichlids for optimal processing of their food. Herein, 

the hard diet eating species utilize a complex multilevel and multilayered structuring 

(incl. variation of mineralization degree) of enameloid which is reflected by a 

pronounced, stepwise gradient (profile) in their mechanical properties. Thus the 

structure of enameloid of ñsnail-crushingò species is optimized to significantly en-

hance the fracture resistance and mechanical stability of the teeth. The teeth of soft 

diet eating species, on the other hand, do not show this pronounced structuration in 

enameloid (incl. in general lower degree of mineralization) and employ a nearly linear 

decrease of mechanical properties from the outer part of the enameloid to dentine 

junction and thus specialize on grabbing of prey.  

The biomimetic synthesis of organic-inorganic hybrid materials under controlled min-

eralization conditions is very important for the deeper understanding of the principles 

of biomineralization. The second part of this thesis continued previous investigations 

on biomimetic fluorapatite-gelatine composites on the basic principles of the for-

mation of complex composites. One important cationic substitution in the apatite crys-

tal structure is the Sr2+ in the crystallographic positions of Ca2+. Such substitutions 

were found in natural hard tissues as well as geological apatites. In medical literature, 

it has been demonstrated in vitro and in vivo that the incorporation of Sr2+ showed a 

significant increase in bone cell stimulation and differentiation in a dose-dependent 

manner. Thus this part of the thesis was focused on investigating the influence of 

Sr2+ ions on the morphogenesis, structure, physicochemical properties and chemical 

composition of synthesized fluorapatite-gelatine composites. It was shown that the 



  

iv 

 

lattice parameters a and c of the isomorphic substituted apatite increase monoton-

ically with increasing strontium content. The peaks in the IR and the Raman spectra 

of the phosphate groups of the higher substituted apatite-gelatine composites were 

slightly shifted to a lower wavenumber with respect to the pure calcium fluorapatite-

gelatine composites. TG-analysis confirmed that the synthesized materials have an 

organic-inorganic composite character, with an average gelatine content between 3-

5 wt-%. Based on the chemical analysis, the empirical crystal chemical formula of the 

Sr2+-substituted fluorapatite-gelatine composites was determined. It was shown, that 

the incorporation of strontium into the apatite significantly affects the morphogenesis 

and morphology of apatite-gelatine composite aggregates. Specifically, an increase 

in the anisotropy of crystal growth along c-axis of apatite was observed. The growth, 

in general, starts with an elongated rod-like aggregate (slightly distorted hexagonal 

prism), developing via different dumbbell shapes towards a notched sphere. Herein, it 

was observed that the incorporation of Sr2+-ions into the apatite structure promotes 

branching processes already in the very early stages of morphogenesis. 

The next part of this thesis continued the investigations of the characterization of a 

covalently bound, biomimetic calcium phosphate-gelatine composite coating on the 

surface of Poly(ether ether ketone) bone-implant materials. Through XPS-, XRD- and 

TGA-investigations, it was shown that the surface displays the general compositional 

characteristics of bone. The coating showed promising water contact angles and a 

good surface free energy for a successful bone implant. A test of the mechanical sta-

bility of the coating on the surface demonstrated reasonable stability. Furthermore, 

the general biocompatibility was verified using two different cell lines, fibroblasts, and 

osteoblasts. The fibroblasts and osteoblasts used in this study represent examples of 

the types of cells which bone implants will be in contact with during clinical use. Indi-

rect and direct toxicity-assays revealed that no toxic substances were extracted from 

the material and no contact toxicity exists. Furthermore, viability-, adhesion- and pro-

liferation-assays demonstrated an increase in biocompatibility of the bone-like coat-

ing in comparison with pure, non-modified PEEK. 
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Chapter I General Introduction 

1. Bioinspired materials 

Living organisms produce inorganic-organic nanocomposite in the form of hierarchi-

cally organized biominerals, acting as functional materials. The underlying structures 

of these materials we observe in nature reflect good solutions for specific challenges 

and specialized applications, which resulted from a long adaptation process during 

the course of evolution. We are starting to develop a systematic understanding of 

several characteristics, which contribute to the exceptional mechanical performance 

of several biomaterials, such as a sophisticated hierarchical structure on multiple 

length scales, special chemical compositions and intricate distributions of these com-

ponents within the material. However, we have to keep in mind that we do not know a 

multitude of boundary conditions in nature which are important for the development of 

the structures we observe.[1] We do not know if the results of adaptations are mainly 

to provide strong and tough materials or if it is also to solve some quite different bio-

logical problem as well or if the adaptation is the result of other unknown factors.[2] 

Thus, it is important to carefully study the biological systems to understand the for-

mation process and structure-function relationships of the materials in the context of 

its physical and biological constraints. This knowledge can give us a better 

understanding to optimize synthesis parameters and design principles to solve a 

broad range of technical challenges. Several of such design principles have already 

been abstracted and applied in architecture[3], hydrodynamics[4], aerodynamics[5, 6], 

mechanical engineering[7-9], as well as in materials science[10] and regenerative 

medicine[11]. Herein a wide variety of material processing methods to mimic the prop-

erties and design principles of their natural counterparts have been developed. Here-

in, a broad range of methods, such as layer-by-layer deposition[12-14], 

electrospinning[15-17], freeze-casting/ice templating[18, 19], nanolithography[20] and 3D-

printing [21-24] have been reported in the last several years.  

The main components of biological hard tissues of vertebrates, such as bone and 

teeth, are apatite-protein nanocomposites. Over the course of evolution, nature has 

optimized these materials through natural selection to their respective function within 

the organism. In view of a high demand of bone and joint substitution materials[25, 26] 

and high requirements in the properties of such materials for the repair of bone and 

teeth defects[26, 27], these two biological hard tissues have long since been the focus 

of intensive research to get a better understanding of the basic principles of their 

formation, their material design and properties. The main inorganic component of 

these hard tissues of most vertebrates consists of calcium orthophosphates in the 

form of non-stoichiometric hydroxyapatite, that is associated with different cationic 

and anionic substitutions in the crystal structure.[28] The mineralization of bone and 

dentine itself occurs under the control of an organic matrix, which mostly contains 

collagenic proteins.[28, 29] 
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1.1 Calcium orthophosphates 

Up to now, 13 non-ion substituted calcium orthophosphates are known. They and 

their major properties are summarized in Table 1. Only the calcium orthophosphates, 

which are relevant for this thesis will be described further in the following paragraphs. 

Table 1: Existing calcium orthophosphates and their major properties.
[30]

 

 
a
These compounds cannot be precipitated from aqueous solutions. 

b
Cannot be measured precisely. However, 

the following values were found: 25.7 ± 0.1 (pH = 7.40), 29.9 ± 0.1 (pH = 6.00), 32.7 ± 0.1 (pH = 5.28). The com-

parative extent of dissolution in acidic buffer is: ACP >> Ŭ-TCP >> ɓ-TCP > CDHA >> HA > FA. 
c
Stable at tem-

peratures above 100°C. 
d
Always metastable. 

e
Occasionally, it is called ñprecipitated HA (PHA).ò 

f
Existence of OA 

remains questionable. 

The major component of apatite-based hard tissues, such as bone at teeth is the 

mineral phase in the form of hydroxyapatite. The chemical stoichiometric formula of 

hydroxyapatite is Ca10(PO4)6(OH)2 with a Ca/P-ratio of 1.67:1. However, biological 

hydroxyapatite never occurs in pure stoichiometric form and is usually associated 

with ionic substitutions within its crystal structure. The ions in apatites can be readily 

substituted with other ions and groups, e.g., Ca2+ = Sr2+, Na+, K+, Mg2+ or OH- = F-, 

CO3
2- or PO4

2- = CO3
2- (see Table 2).[31] 
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Table 2: Composition of the inorganic phase of adult-human calcified tissues.
[a][31] 

Composition [wt-%] Enamel Dentine  Bone 

Calcium
[b] 36.5 35.1 34.8  

Phosphorous
[b]

  17.7 16.9 15.2 
Carbonate (as CO

3

2-
)
[c] 3.5 5.6 7.4 

Sodium
[b] 0.5 0.6 0.90 

Magnesium
[b] 0.44 1.23 0.72 

Fluoride
[b] 0.01 0.01 0.03  

Chloride
[b] 0.3 0.06 0.13 

Potassium
[b] 0.08 0.05 0.03 

Total inorganic
 [c] 97 70 65 

Total organic
[c] 1.5 20 25 

Water
[c] 1.5 10 10 

[a] Because of the considerable variation found in biological samples, typical 

values are given in these cases. [b] Ashed samples. [c] Unashed samples 

Calcium hydroxyapatite can crystallize in the hexagonal space group P63/m and the 

monoclinic space group P21/b. The most common form of hydroxyapatite is hexago-

nal, having the space group symmetry P63/m, with the lattice parameters of a = b = 

9.422 Å and c = 6.883 Å.[32] Figure 1 displays the crystal structure of the hexagonal 

calcium hydroxyapatite as an ideal example for biological apatites. The unit cell of 

stochiometric crystalline hydroxyapatite is characterized by two types of 

crystallographic Ca-positions. Four calcium ions per unit cell are at the so-called CaI-

position, which are positioned in columns along the c- axis and are coordinated by 9 

oxygen atoms of the phosphate groups. CaII-atoms build equilateral triangles, which 

are rotated by 60° in a six-fold c-axis at z= 1/4 and 3/4. They build the so-called anion 

channel, which is mostly occupied by monovalent ions (e.g., OH- in the hydroxyap-

atite).[32] 

Stoichiometric hydroxyapatite can also occur in the monoclinic space group P21/b. 

The unit cell parameters are a = 9.42 Å, b=2a, c = 6.881 ¡ and ɔ= 120Á.[32] The major 

difference between the monoclinic hydroxyapatite and the hexagonal hydroxyapatite 

is the ordering of the hydroxyl-groups. Theoretical and experimental data of stoichio-

metric hydroxyapatite showed that in the monoclinic hydroxyapatite, the OH- ions are 

ordered in the same direction in the channel, and the direction is reversed in the next 

channel.[33] In the hexagonal form, the OH- ions are not ordered in the channels, 

which can be statistically represented as a twofold disorder of the positions above 

mirror planes, which become glide planes in the monoclinic form.[34] These structural 

differences can have several implications on the physico-chemical properties of the 

material.[32] It is predicted that the dissolution kinetics, as well as dielectric properties, 

will differ for apatites with hexagonal and monoclinic crystal structure.[32, 35]  
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Figure 1: Crystal structure of calcium apatite space group. A: anion-channel: e.g., OH
-
, F

-
, Cl

-
. Image cre-

ated with the VESTA software package (Vers.3.4.0). 

One important ionic substitute in biological apatite is fluoride. The chemical formula of 

pure fluorapatite is Ca10(PO4)6F2. Hydroxyapatite can be gradually substituted by 

fluoride, thus the formula can also be described by Ca10(PO4)6 (OH)2-xFx (0<x<2).[36, 

37] The structures of hydroxyapatite and fluorapatite are very similar. Fluorapatite 

occurs in the hexagonal space group P63/m with lattice parameters a = b = 9.367 Å 

and c = 6.884 Å.[32] Fluorapatite has a lower solubility product than hydroxyapatite 

and thus is more stable, especially in acidic milieus. Hard tissues of vertebrates con-

tain only low concentrations of fluoride (less than 0.3 wt-%).[38-45] Higher concentra-

tions of fluoride can be found in the dental enameloids of some fishes.[46-50] The role 

of the fluoride ions during biological mineralization of dental or dental-like hard tis-

sues is not yet clearly understood. In synthetic systems, material properties such as 

solubility can be fine-tuned by the amount of incorporated fluoride.[51] It is well known 

that the presence of fluoride in the apatite component decreases its reactivity and its 

dissolution behavior and increases the hardness of the material.[52, 53]  

Another important substitute in biological hard tissues is carbonate. It is well known 

that biological apatites in hard tissues contain a variable amount of carbonate, which 

is a signiýcant substituent in the crystal structure. Human enamel usually contains 

about from 1 to 9 wt-% of carbonate in the hydroxyapatite structure.[39, 54-56] It is also 

well known that the incorporation of carbonate into the apatite crystal structure have 

drastic effects on the material properties, including dissolution behavior, which is im-

portant for the process of de- and remineralization of biological hard tissues.[39, 54, 57, 

58] Depending on the amount and type of the carbonate substitution in the apatite 

crystal structure, the lattice parameters can undergo different changes. In case of an 

A-type substitution the a-parameter increases, whereas the c-parameter decreases, 

while for B-type substitution the changes are vice versa. Consequently, carbonate 

ions can also influence the crystal shape and size during the growth process. The 

effect of carbonate on physicochemical parameters and crystal morphologies has 
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been studied in a synthetic system of B-type substituted carbonated fluorapatite-

gelatine composites, which were grown in a double diffusion setup.[59] Herein it was 

reported that with increasing carbonate content, the fluorapatite-gelatine composite 

species (crystals and aggregates) become generally smaller and more rounded. 

Furthermore, the size of coherence scattering domains decreases (along [001]).  

1.2 Collagen and gelatine 

 

Figure 2: Side view of the structure of a polypeptide fragment, whose sequence was based on the repeat-

ing units of (Gly-X-Y)n with 9 repeating units within each chain. Herein proline frequently occurs in the X-

position and hydroxyproline almost always in the Y-position The triple helix was modeled using the crys-

tal structure data (PDB ID: 2CUO 
[60]

) using the NGL Viewer software package.
[61, 62]

 

Collagens are a group of ubiquitous proteins, making up about 25 - 35 % of the 

whole-body protein content.[63] 28 different types of collagen have been identified, of 

which type I collagen accounts for more than 90 % of the total amount within verte-

brates.[63] Among others, Collagen type I has the ability to self-assemble into a fibrillar 

structure (see Figure 2).[64, 65] Typically, collagen has a uniform right-handed triple-

helical conformation which generally consists of two identical polypeptide chains (Ŭ1), 

comprising about 334 repetitive units of a (Gly-X-Y)n amino acid sequence and an 

additional chain (Ŭ2) that differs slightly in its chemical composition.[65] This composi-

tion differs, depending on the type and origin of the collagen. Each alpha chain is 

coiled into a left-handed helix with about three amino acids per turn, which is mostly 

stabilized through hydrogen bonding.[64, 66] Proline frequently occurs in the X-position 

and hydroxyproline almost always in the Y-position of the (Gly-X-Y)n sequence pat-

tern.[67] These collagen fibers are about 300 nm in length and 1.5 nm in diameter.[68] 

By lateral aggregation, the collagen triple-helices can form tough micron-sized colla-

gen fibrils. In these fibrils, adjacent collagen molecules are displaced from one an-
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other by about 67 nm. This staggered array causes a cross-striated effect, which can 

be observed by both light and electron microscopy. Covalent crosslinks are formed 

between hydroxylysine-residues, which further stabilize the collagen fibers and pro-

vide tensile strength.[64, 69]
 

Gelatine is a biopolymer, which is derived from collagen. It is obtained by physi-

cal/chemical degradation or thermal denaturation of native collagen.[70] In the manu-

facturing of gelatine, treatment of collagen with diluted acid or base results in a partial 

cleavage of the crosslinks of the collagen fibers, creating different types of collagen 

fragments. Depending on the method, this process usually takes a few days up to 

several weeks. This chemical hydrolysis can be supplemented or even replaced by 

the use of enzymes.[67, 70] The molecular weight fractions of alkaline-conditioned gela-

tine (so-called Type B-gelatine), is in the range of 100 000 g/mol and is usually de-

rived from more complex collagen, e.g., collagen from bovine hides. Acidï

conditioned gelatine (so-called Type A-gelatine) does not have a pronounced peak of 

its molecular weight, but a broader weight-distribution and is typically derived from 

less crosslinked collagen, e.g., pig skin collagen. After these pretreatments, the 

purified collagen is converted into gelatine in a multi-step process by extraction by 

either water or acid solutions at appropriate degradation temperatures of gelatine.[70] 

Unlike collagen, gelatine is thus soluble at a physiological pH and melts at a sol-gel 

transition temperature between 25°C and 30°C. Upon cooling transparent gels are 

formed.[70] It is completely resorbable in vivo, and its physicochemical properties can 

be suitably adjusted to the intended applications. Furthermore, gelatine is much 

cheaper and easier to obtain concentrated solutions in comparison to collagen. 

 

2. Scope of this Thesis 

The first part of this thesis addresses the comparative investigation of the structure-

chemical composition-properties of dental hard tissues of cichlids. Cichlid fishes are 

textbook examples of explosive speciation, evolving stunning behavioral and mor-

phological specializations. Studying the teeth of these cichlid fishes can provide fur-

ther knowledge of the underlying mechanisms and structures for the optimization of 

dental hard tissues for specific ecologically relevant tasks. By studying the teeth of 

such different convergently evolved tooth phenotypes, we also aim to investigate 

whether this convergence is also reflected in the teethôs inner structure and composi-

tion. Such investigations give further insights on whether specific species differences 

that orchestrate bio-mineral and organic matrix deposition and hierarchical structuring 

might be the cause for differences in specialized food adaptations. This would argue 

for the central importance of regulatory evolution in rapidly evolving lineages, such as 

the East African cichlids. 
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The second part of this thesis continues previous investigations on biomimetic fluo-

rapatite-gelatine composites of the basic principles of the formation of complex com-

posites. The in vivo production of the biological hard tissues is a highly complex pro-

cess, resulting in equally complex hierarchical materials. All general biological 

influences, such as metabolic and cellular activities during hard tissue formation are 

only poorly understood. To get further insight into the basic principles of 

biomineralization, it is thus imperative to reduce the level of complexity of the investi-

gated system. A promising experiment to mimic the processes in bone or tooth for-

mation is the growth of fluorapatite in gelatine matrices with a double diffusion setup. 

By using this approach for biomimetic synthesis, the imitation of several special build-

ing mechanisms of biological systems will be accessible. We can thus obtain compo-

sites that are ordered from the nanometer to the mesoscopic length scale and closely 

resemble their natural counterparts. Furthermore, these materials are attractive can-

didates for the development of biomimetic materials with improved functionality for 

possible biomedical application in hard tissue repair. To enhance the general 

biological performance of such apatite-based materials, the apatite is often subjected 

to isomorphic ionic substitutions. The investigation within this work focused on the 

influence of Sr2+ ions on the morphogenesis, structure and chemical composition of 

synthesized fluorapatite-gelatine composites.  

The third part of this thesis continues previous investigations on the material charac-

terization of the covalently linked, bone-like coating on the surface of Poly(ether ether 

ketone) (PEEK) bone-implant material. PEEK has many excellent mechanical and 

chemical properties, such as radiolucency and a stiffness similar to bone, making it 

an attractive candidate for orthopedic, trauma and spinal implants. However, its in-

herent bioinertness often prevents the successful ingrowth of an implant into the sur-

rounding bone tissue. The general aim of this project was the surface functionaliza-

tion and characterization of PEEK implant materials to combine the excellent bulk 

properties of PEEK with characteristic properties from the mineralized bone tissue. 

Based on the previous work, further characterization of the surface coating and an 

assessment of the general in vitro biocompatibility of the modified material in compar-

ison to the non-modified version in bone implant applications was to be performed. 
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Chapter II Comparative Investigation of Composition-

Structure-Properties Relationships of Teeth of Cichlids  

1. Introduction 

1.1 Cichlids 

Cichlids are tropical freshwater fishes that belong to the teleost fishes, which belong 

to the family of Cichlidae. With an estimated number of more than 3000, they are one 

of the most species-rich families of all vertebrates.[71] Due to this exceptional diversity 

and explosive speciation, which developed within a very short time and often within 

geographically confined areas, they are one of the most well-known models and ex-

amples in evolutionary biology.[72-75]  

Especially the cichlids of the great East African lakes (Figure 3, A) have attracted the 

interest of evolutionary biologists for studying the mechanisms underlying the phe-

nomenon of adaptive radiation.[72, 73, 76-78] These lakes contain more species of fishes 

than any other lake in the world, of which almost all are endemic.[75] In Lake Victoria 

alone, for example, live approximately 500 cichlid species, which presumably evolved 

within less than 100,000 years.[79] Other scientists argue, that the origin of the cichlid 

species flock within Lake Victoria may be even younger, as the lake dried out about 

15,600-14,700 years ago.[80-82] About 500-700 species have evolved in Lake Malawi 

within the last 2-5 million years[83], and the radiation of about 250 species in Lake 

Tanganyika has occurred over the last or 9-12 million years.[84, 85] However, as al-

ready mentioned, the age of the species flocks within the lakes may not correspond 

to the geological age of the lakes, as the climate may have changed or geological 

events may have caused existing species to have gone extinct.[86] 

With an estimated 1800 species, the haplochromine cichlids account for about 80% 

of all species in these lakes and are thus the biggest and most diverse group among 

cichlid lineages. The species flocks of Lake Victoria and Lake Malawi are exclusively 

comprised of cichlids of the haplochromine tribe.[87, 88] They are a rather young line-

age of cichlids that is only roughly 4 million years of age. It arose as part of the Lake 

Tanganyika cichlid species flock, was able to leave the confines of that lake and then 

gave rise to the adaptive radiations of both Lake Malawi and Victoria.[89, 90] 

This evolutionary success of the cichlid fishes is remarkable, and question stands 

why and how the diversity of this special group of fishes and not that of other groups 

of fishes, which also inhabit these lakes (such as Tilapia and relatives), could have 

developed this drastically. Another question arising in this context is how these spe-

cies are ecologically maintained without eradicating each other due to competition 

within these geographically confined areas.  
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Figure 3: (A) Map of East Africa showing the great East African Lakes. (C) Scheme of the general 

morphological features of the skull and pharyngeal jaw apparatus of cichlid fishes (left) and a light 

microscopic image of a cross-section of the LPJ (ET: erupted tooth. RT: replacement tooth. S: suture). (B) 

Different LPJôs highlighting different morphologies of the jaws and teeth, which are specialized to their 

respective function: (1) Tilapia esculenta (L.Victoria), a phytoplankton eater; (2) Haplochromis placodon 

(L.Malawi), a mollusk crusher; (3) Bathybates leo (L.Tanganyika), a piscivore; (4): dorsal view of the LPJ 

of Lamprologus tretocephalus (L.Tanganyika), a mollusk crusher
[75]

 Reprinted with permission. 

One critical feature of their evolutionary success is attributed to the functional plastici-

ty of their feeding apparatus, which allows them to occupy sometimes very narrow 

ecological niches, such as feeding on a very distinct food item.[91, 92] Cichlids, like 

many other fishes, possess in addition their oral jaw a second functional set of jaws 

located in their throat (see Figure 3, B and C). The latter is comprised of an upper 

(UPJ) and lower pharyngeal jaw (LPJ). However, cichlids have evolved a particularly 

effective pharyngeal apparatus in comparison to other fishes. The formerly divided 

four elements of the UPJ have fused to function as a unitary tooth plate and have 

developed a specialized protuberance, which links it with the base of the skull. It thus 

forms a basipharyngeal joint, which is unique to cichlids.[93] Additionally, the previous 

two single plates of the LPJ are fused together into a single tooth-bearing plate. The 

morphology of the LPJ on each rear corner evolved for the attachment of more and 

stronger muscles. With this, the cichlids were able to enhance the muscular force that 
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can be used to move the LPJ. Being a single plate and having more muscles, the 

LPJ can thus be used to work with the upper pharyngeal jaw to masticate prey.[94] 

This allowed the cichlids to exploit a wider range of food resources and adapt easier 

to altered feeding ecologies as the oral jaws were functionally less constraint and 

could evolve into highly specialized tools to extract food from the environment.[75, 76, 

79, 94] The jaws and teeth of cichlids have been reported to change over the course of 

a few generations[75, 76, 95] or even within the lifetime of a single specimen.[96, 97] Here-

in it was reported that the diet can influence the size and shape of the LPJ and teeth. 

These studies showed that the central toothed area was affected the most by diet-

induced phenotypic plasticity.[97]  

As the majority of the living fishes, cichlids have polyphyodont dentition, where the 

teeth are replaced about every 100 days. Herein, odontogenesis and morphological 

features can be studied at any life stage.[76] Generally, cichlids display a wide variety 

of different tooth shapes (see image B in Figure 3 and Figure 6 in chapter 1.2), which 

can be roughly divided into three categories. Cichlids that usually feed on food that 

consists of tiny pieces (e.g., fragments of filamentous algae) possess delicate, long, 

hook-shaped teeth and have more delicate jaws. Cichlids that prey on animals (e.g., 

other fish or insect larvae) possess small, slender, papilliform teeth that resemble 

teeth in the oral jaws and also have smaller, delicate jaws. Snail eating species, 

which crush the hard mollusk shells or clamps, possess big molariform teeth and 

have massive, big jaws. The teeth can change to papilliform or even hooked towards 

the edge of the jaw. Molariform and papilliform jaws and teeth show a higher degree 

of efýciency in processing hard and soft diets, respectively.[98]  

Thus, trophic morphology reflects well the feeding ecology of the respective species. 

As hard and soft food sources occur in all Great Lakes, phenotypes suitable to exploit 

these food sources also evolved multiple times, leading to a remarkable resemblance 

of fish species specialized on the same diet, even if they are originating from different 

lakes and thus radiations.[72] This phenotypic resemblance without a common ances-

tor sharing the specific phenotype (convergent evolution) raises the question whether 

similar phenotypes and their function evolved by similar underlying mechanisms 

(e.g., same genes and/or signaling pathways, so-called "parallel evolution") or 

whether the same function is achieved by different means.[99] This addresses a key 

question in evolutionary biology: how repeatable is evolution?[100] A common example 

is the independent origins of flight in insects, birds, and mammals. Convergent evolu-

tion usually creates similar phenotypes, which display similar forms or functions but 

were not present in the last common ancestor of those groups.[100] 

The chosen species, which were investigated in this study, represent very well the 

specialized trophic phenotypes and reflect an ecological niche in which it is typically 

expressed, e.g., feeding exclusively on mollusks (hard diet) or insects (soft diet). 

Herein, a representative cichlid species was chosen for Lake Victoria and Lake Ma-

lawi (see Figure 4).  
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Figure 4: Images of the investigated fish species associated with the respective hardness of their diet. 

Species originating from Lake Victoria are marked in a blue frame, species originating from Lake Malawi 

are marked in a red frame, and A. alluaudi is marked in a turquoise frame. The M. mola and H. ishmaeli 

pair and H. nyererei and C. borleyi pair are comparable species from these two Lakes with respect to the 

hardness of their diet. 

Lake Victoria radiation: Haplochromis ishmaeli is on the IUCN Red List of Threatened 

Species (IUCN 2017) and has been listed as critically endangered (possibly extinct in 

the wild) in 1996.[101] It occurred in inshore regions with a soft mud bottom, but a few 

specimens were caught over sand and shingle bottoms.[102] It feeds almost exclusive-

ly on mollusks. Haplochromis sauvagei is also on the IUCN Red List (2017) and has 

been listed in the category ñvulnerableò in 1996.[103] It inhabits the littoral zone where 

the bottom is hard and feeds mainly on gastropods, bottom deposits, which include 

insect larvae, copepods and diatoms, and insects.[79] Haplochromis chilotes is also on 

the IUCN Red List (2017) and has been listed in the category ñvulnerableò in 

1996.[104] It occurs in sheltered sublittoral and littoral zones with a hard substrate[102] 

and feeds mainly on larvae[79]. Haplcochromis nyererei[105, 106] is mostly restricted to 

rocky, littoral habitats around islands, and particularly associated with shelf-like for-

mations feeds on algae and insects. 

Lake Malawi radiation: Mylochromis is a genus of haplochromine cichlids endemic to 

Lake Malawi. Mylochromis mola usually inhabits shallow water off sandy beaches 

and feeds on mollusks.[107] Copadichromis is also a genus of haplochromine cichlids 

endemic to Lake Malawi. Copadichromis borleyi species feed primarily on zooplank-

ton, using a specialized suction feeding action and highly protrudable mouth.[107] Chi-

lotilapia is a genus of freshwater fish in the cichlid family. It contains the sole species 

Chilotilapia rhoadesii and is also endemic to Lake Malawi. It is omnivorous but pri-

marily feeds on snails in the wild, preferably of the genera Melanoides and Lanistes. 

https://en.wikipedia.org/wiki/Genus
https://en.wikipedia.org/wiki/Haplochromine
https://en.wikipedia.org/wiki/Cichlid
https://en.wikipedia.org/wiki/Endemism
https://en.wikipedia.org/wiki/Lake_Malawi
https://en.wikipedia.org/wiki/Genus
https://en.wikipedia.org/wiki/Haplochromine
https://en.wikipedia.org/wiki/Cichlid
https://en.wikipedia.org/wiki/Endemism
https://en.wikipedia.org/wiki/Lake_Malawi
https://en.wikipedia.org/wiki/Zooplankton
https://en.wikipedia.org/wiki/Zooplankton
https://en.wikipedia.org/wiki/Cichlid
https://en.wikipedia.org/wiki/Endemism
https://en.wikipedia.org/wiki/Lake_Malawi
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These snails are crushed between the pharyngeal bones as well as between the 

jaws. Usually, the thick end of the snail (in Melanoides) is bitten off.[108] 

Astatoreochromis alluaudi is relatively widespread cichlid species inhabiting Lake 

Victoria as well as its satellite lakes and associated rivers and is basal to the modern 

haplochromines (see Figure 5).[109, 110] It is a generalist feeder that can consume a 

wide variety of food items. This adaptable feeding behavior is attributed to the wide 

range of phenotypic plasticity of its pharyngeal jaw apparatus, where the morphology 

of the LPJ is affected by the type of food.[111] Herein, two characteristic LPJ morphs 

have been identified for this species. One the one side, there is a molariform morph, 

which has a lower pharyngeal jaw with large, molar-shaped teeth. On the other side, 

there is a papilliform morph with a lower pharyngeal jaw with smaller delicate teeth. 

Molariform populations inhabit Lake Victoria, feeding primarily on hard-shelled snails, 

which are cracked using their robust pharyngeal jaws, while individuals from satellite 

lake populations are more often papilliform, ingesting a range of softer food items, 

with a preference for insects.[76] A cladogram of the major radiations of the cichlids, 

which were included in this study, is displayed in Figure 5. 

 

Figure 5: Cladogram of the major radiations of the East African cichlids, which were included in this 

study. 

1.2 General structure of the teeth of lower vertebrates 

Teeth are an integral part of the vertebrate feeding apparatus. They can divide the 

prey into manageable pieces, grip prey for reorientation, and process prey to remove 

inedible components. While many variations in tooth patterns (number, position, 

shape, and size; see Figure 6) and attachment modes exist in many vertebrates, the 

general structure is evolutionary conserved: a cone-like tooth surrounds a pulp cavity 

and consists of dentine, which is surmounted by a hard, hypermineralized layer, 

which is called enamel or enameloid.  
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Figure 6: Survey of teeth illustrating the diversity of tooth shapes in non-mammalian vertebrates. Not 

drawn to scale. Redrawn after 
[112]

 and reprinted with permission. 

Dentine makes up the bulk of the entire tooth and differs according to certain fea-

tures, such as collagen fiber size and orientation, incorporation of vascular elements, 

between different vertebrates (see Figure 7).[112-115] At different times during the last 

decades, various researchers defined several groups of dentine types. An overview 

of these classifications can be seen in Table 3. The dentine type, which predomi-

nates in teleost is the so-called orthodentine (Figure 7, A), yet other types could be 

identified as well (Figure 7, B and C).  

Similar to the bone, dentine is composed of carbonated hydroxyapatite mineral and 

collagen (mostly type I) and noncollagenous macromolecules. But in contrast to 

bone, dentine in lower vertebrates has no remodeling or self-healing properties as in 

bone hard tissues.[112, 116] The mineral is mostly associated with collagen and ap-

pears in plate-like irregular particles, which are situated either between the fibrils (in-

terfibrillar) or between the fibrils (intrafibrillar). When situated intrafibrillar, the crystal-

lographic c-axis is aligned with the long axis of the collagen molecules, whereas 

when situated intrafibrillar, the orientation is not clearly determined.[112, 117] 
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Figure 7: Schematic images of three different types of dentines found in vertebrates. A: orthodentine, B: 

osteodentine, C: vasodentine. In all cases, the dentine is surmounted by a layer of enameloid. Cde: 

circumpulpal dentine. dos: dentinal osteon. ed: enameloid. iot: interosteonal tissue. osde: osteodentine. 

pde: pallial dentine. pu: pulpa. vca: vascular canal. vde: vasodentine. Redrawn after 
[112]

 and reprinted 

with permission. 

Table 3: Overview of different classifications of dentines.
[113]

 

Tomes Thomasett Ørvig 

Osteodentine Osteodentines: Osteodentines: 

 a. osteodentine a. normal 

 b. pseudodentine b. special 

 c. syndentine  

Orthodentine Dentines with an open pulp chamber: Orthodentines: 

 a. orthodentine a. orthodentine 

 b. vasodentine b. vasodentine 

Vasodentine   

Plicidentine   

 

Covering the dentine of most vertebrates is a hypermineralized tissue, which can be 

classified into two types: enamel or enameloid. As enamel/enameloid formation is a 

complicated process[112] and closely controlled by genetic and epigenetic factors, the 

structure is thought to contain much phylogenetic information.[97, 118] In fact, compara-

tive odontology is used to identify species or describe new fossils [119, 120] or to test 

biogeographic hypotheses.[121] Figure 8 illustrates representative tooth structures 

among the major vertebrate groups. Herein, the bony fishes (Osteichthyes), where 

cichlids are classified into, are described to be the most diverse group of fishes re-

garding the tooth structure.[122] Note, that when more than one structure occurs in 

one group, the relative position of these structures along a branch of the cladogram 

is arbitrary and do not imply a transformational polarity.[122] Enamel is thought to have 

derived from enameloid, though this hypothesis and the phylogenetic and structural 

relationship between both is still largely discussed and many reviews and textbooks 

exist elaborating the topic in detail.[113, 114, 123-127] Therefore, only a brief overview is 

given here, highlighting the most prominent structural features of enamel and 

enameloid. 
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Figure 8: Highly schematic drawings of several representative tooth structures among the major verte-

brate groups, which are arranged according to patterns of cladistics relationships. When more than one 

structure occurs in one group, the relative position of these structures along a branch of the cladogram is 

arbitrary and do not imply a transformational polarity. Redrawn and reprinted with permission.
[122] 

Enameloid covers the tooth in both cartilaginous and bony fish and is a hard tissue 

similar to mammalian enamel, but has a different developmental mechanism: enamel 

is of epithelial origin, and enameloid is predominantly of mesenchymal origin (odon-

toblasts and dental epithelial cells), though the contribution of both tissues is still very 

much debated.[112, 114] The three-dimensional arrangement so-called enamel types or 

layers within a tooth is called ñSchmelzmusterò.[128] In mammalian enamel, the apatite 
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is present as structured arrays of crystals, whose boundaries are defined as ñenamel 

prismsò or ñprism sheathsò, that extend from the dentine-enamel junction to the 

enamel surface. Enameloid is composed of hydroxyapatite crystallites, which are 

arranged in bundles in different directions along the tooth. In lower vertebrates, tooth 

enamel is assumed to occur exclusively in primitive actinopterygians, in aquatic sar-

copterygians, in dipnoans and tetrapods.[112] It comprises a thin layer, which covers 

the dentine, but is not very well mineralized in comparison to their mammalian coun-

terparts or enameloid. Several types of enameloid have been identified and defined 

over the years for actinopterygians, such as ñcap enameloidò, ñacrodin capò[126, 129] or 

ñcollar enameloidò[130], although there is much controversy about this general 

classification and the specific origin of these structures. An example of ñcap 

enameloid ñ and ñcollar enamelò within the teeth of an actinopterygian fish (L. 

oculatus) is displayed in Figure 9, A.[131] Furthermore, an example of a cross-section 

of a tooth of an elasmobranch shark (I. oxyrinchus), displaying enameloid and 

dentine is shown in Figure 9,B.[50] 

 

Figure 9: A: Axial cross-section of a tooth in the actinopterygian fish L. oculatus. The tooth consists of 

cap enameloid (a), collar enamel (b), dentin (c), and pulp. B: Axial cross-section of a tooth of an elasmo-

branch shark I. oxyrinchus, showing the interface between dentine and enameloid (dentinïenameloid 

junction) and also the topological arrangement of the apatite crystals in the enameloid in different magni-

fications. Reprinted with permission.
[50, 131] 

Some authors consider this ñcollar enameloidò to be true enamel (at least for some 

species), whereas others consider it to be enameloid. The internal structure of these 

types of enameloids are similar, but not the same. In contrast to enamel, enameloid 

contains many collagen fibers (similar to type I) and other matrix proteins as an or-

ganic matrix.[132, 133] Amelogenins are a major component of the enamel proteins in 

higher vertebrates. However, the presence of amelogenins in the enameloid is 

controversely reported in the literature.  

The mineral phase of teeth of lower vertebrates is often described as carbonated flu-

orapatite. It has been proposed, that cichlids can be divided into two groups accord-

ing to the distribution and concentration of fluoride in their teeth. One group contains 

species with a high (>2 wt-%) and the other species with a low fluoride concentration 

(0.1-0.2 wt-%).[134-137] The fluoride content in the teeth has repeatedly been suggest-
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ed to be related to the phylogeny rather than the environmental water.[134] Even those 

fish inhabiting the marine environments only contain up to 1.4 ppm F- in their 

enameloid.[138] This notion is supported by the results of LeGeros and Suga, that the 

incorporation of fluoride into the enameloid occurs during tooth development and not 

by post-eruptive addition from the environment.[139] 

Furthermore, iron-bearing phases are known to be deposited in the enameloid of 

some teleost fishes[140, 141] and other vertebrate teeth, such as rats[142, 143], the 

Streamside salamander[144], shrews[145]. Famous examples are the teeth of 

Chitons[146] and limpets[147, 148], where the teeth comprise iron-bearing phases in the 

form of magnetite or goethite, respectively. Previous investigations of the iron con-

centration in teleostean fish teeth first suggested that the incorporation into the teeth 

is more related to the phylogeny of the fishes rather than to their feeding habits. [149] 

Similar to the fluoride content, it has been suggested that cichlids can be classified 

into at least two types, according to the iron distribution in the enameloid. Type A is 

characterized by a high iron concentration that can be detected mainly towards the 

occlusal part of the enameloid. In type B, the iron is deposited throughout the entire 

layer.[149] 

1.3 Structural designs of fracture and abrasion resistant biological hard tissues 

A lot of biological materials are hierarchically designed and multifunctional. The study 

of a lot of these materials, such as teeth, bone, seashells, antlers, crab exoskeleton, 

the toucan beak or scales shed light on a fascinating set of structural design ele-

ments nature has invented to produce fracture and wear resistant materials. General-

ly, for composites materials, a classification into intrinsic and extrinsic crack toughen-

ing mechanisms have been proposed.[150] The different toughening mechanisms, 

which have been proposed for bone are displayed in Figure 10. Intrinsic factors are 

associated with structures smaller than 1 µm and operate ahead of the crack. These 

factors typically reduce stress and strain through localized yielding and energy distri-

bution. Examples have been shown for the collagen molecules in bone. Herein, en-

ergy is required to unfold the collagen molecules. When they are extended, the mole-

cules can slide past each other and straighten. Furthermore, nano/microcracks can 

develop within the mineralized collagen fibrils. Additionally, collagen molecules pos-

sess so-called sacrificial bonds within or between the molecules that dissipate energy 

when stretched, which can be reformed after the load is released.[150-153] Such mech-

anisms were also identified in biological materials, which require high tensile strength 

of stiffness in one direction. Next to collagen in bone or tendons, further examples 

are chitin or silk (e.g., as spider silk[154, 155])  
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Figure 10: Fracture toughening mechanisms in the bone at different hierarchical levels, containing extrin-

sic and intrinsic mechanisms. Reprinted with permission.
[150]

 

Extrinsic toughening mechanisms are associated with structures larger than 1 µm 

and operate behind the crack. These structures and mechanisms act to shield the 

crack from applied load.[156, 157] Among others, typical extrinsic mechanisms are col-

lagen fibril crack bridging or crack-deflection.[150] Fibril crack bridging is a mechanism 

of collagen fibers bridging across crack gaps. Next to bone, this mechanism has 

been proposed for the enamel-dentine junction of human teeth.[158-160] Crack-

deflection is promoted by features in the microstructure that deviate the crack from 

the plane of maximum driving force.[150] In bone, this is caused by the osteons, which 

change the angle of the original crack path.[161] In human dentine, this mechanism 

has been associated with the collagen fibril network.[162] Other examples of fibrous 

assemblies are chitin-protein fibers, which are arranged as a twisted plywood struc-

ture within the cuticle of the lobster Homarus americanus.[163] Further crack deflecting 

mechanisms are associated with granular structures. Nanogranularity is a 

widespread structural trait of biominerals (e.g. in shells of gastropod molluscs[164], 

cephalopods[165, 166], bone[151], enamel[167]). These grain boundaries in biominerals are 

often detected using phase contrast atomic force microscopy and display similar di-

ameters between approximately 50-120 nm.[168] Grain boundaries are considered to 

constitute to planes of reduced fracture resistance and thus, crack propagation often 

follows along these boundaries.[169] It has been pointed out, that nanogranularity is 

not a universal trait of all biominerals, although a lot of biominerals featuring this 

structural property.[168]  
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2. Results 

2.1 Astatoreochromis alluaudi 

2.1.1 Morphology of LPJ and teeth 

LIGHT MICROSCOPY AND HR-SEM 

The morphology of the teeth was investigated by Light microscopy and HR-SEM to 

get an overview of the macroscopic structure of the tooth. The LPJ of Astatoreo-

chromis alluaudi (Figure 11, A, B) has a triangular shape. The dorsal side is almost 

completely covered with functional teeth. The biggest teeth of the hard diet treated 

specimen are in the middle of the plate. The tooth size tended to diminish from 

mediostral to laterocaudal (see Figure 11, B). The biggest teeth have a robust and 

molariform shape with relatively flat crowns (B, inset). The teeth in the outer region 

are small and papilliform. The tips of the teeth appear reddish to brownish. This 

coloring is more pronounced in the biggest central teeth in comparison to the outer, 

smaller teeth (Figure 11, B).  

 

Figure 11: A: Photo of the East African cichlid Astatoreochromis alluaudi. B: Lower pharyngeal jaw of 

A. alluaudi, inset: biggest central teeth of the lower pharyngeal jaw. C: A merge of a light microscope 

image and SEM image of a polished cross-section of a central tooth of the LPJ. 

Light microscopic and SEM investigations of polished cross-sections (Figure 11, C) 

showed the presence of different distinct areas inside the teeth. These can generally 

be divided into the enameloid and dentine area. The red pigmentation is strongest as 

a thin area at the top surface of the tooth. The thickness of the pigmentation reaches, 

depending on the lateral position, about 20-30 µm into the sample. 

 

 

 



Chapter II Comparative Investigation of Composition-Structure-Properties Relationships of Teeth of Cichlids 

 2. Results 2.1 Astatoreochromis alluaudi 

20 

 

2.1.2 Chemical composition and distribution 

EDXS 

 

Figure 12: EDXS-measurements on polished cross-sections of a tooth of A alluaudi. A: sum spectrum of 

elemental analysis; B: elemental mappings and corresponding line scans of Ca, P, F and Fe on the sur-

face as displayed in the SEM-micrograph displayed on the left side. 

Elemental analysis and mapping were performed using EDXS on the polished sur-

face of the cross-sectional tooth sample to get an overview of the elemental composi-

tion and -distribution within the tooth. The elements carbon, oxygen, calcium, phos-

phorous, fluorine, iron, magnesium, sodium, chlorine, and silver could be detected 

(see Figure 12, A). The silver originates from the conducting embedding resin. A 

mapping of the major elemental components within the polished longitudinal cross-

section can be found in Figure S 1. Line scans within these mappings revealed a 

high concentration of calcium and phosphorous in the enameloid area of the tooth 

(Figure 12, B). Furthermore, the concentration of both elements varies in a non-

linear, stepwise fashion. A high concentration can be found directly at the occlusal 

surface. The intensity falls to a local minimum, rises slightly again and falls abruptly 

to a low value upon the border to the dentine area. The mapping further revealed that 

fluorine is enriched in the enameloid, decreasing in a nearly linear fashion and falling 

to nearly zero on the border to the dentine area. A high concentration of iron could be 

found in a very thin area at the occlusal part of the enameloid. As can be seen in the 

mapping in Figure S 1, the signals for the elements carbon, magnesium, and sodium 

all show an enriched intensity over the entire thickness of the dentine.  
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RAMAN MICROSCOPY 

Raman microscopy was performed on the polished axial cross-section of a tooth of 

A. alluaudi to get additional insight into the distribution of ionic groups within the 

teeth. The measured area is displayed with a frame in Figure 13, A. The spectra 

along the length of the measured area are displayed in Figure 13, B. The presence of 

characteristic apatite vibration modes could be detected at about 963 cm-1 ([PO4]
3- 

ɜ1), ~430 cm-1 ([PO4]
3- ɜ2), ~1042 cm-1 ([PO4]

3- ɜ3), 589 cm-1 ([PO4]
3- ɜ4) and 1003 cm-

1 ([HPO4]
2-).[170-172] Characteristic signals of the organic component could be identified 

at 1660 cm-1 (amide I), 1262 cm-1 (amide II) and 1453 cm-1 (C-H bending mode).[173, 

174] A band at ~1070 cm-1 indicates a carbonate substitution in the apatite- compo-

nent[173, 174], although the signal intensity is very low. The observed vibration signals 

and peak assignments are summarized in Table S 1 in the appendix A. An overlay of 

all collected Raman spectra of the phosphate ɜ1 band of the cross-section additional-

ly revealed a small shift in wavenumbers of about 3 cm-1 towards lower wave-

numbers from the occlusal area of the enameloid towards the dentine (see Figure S 

2). 

 

Figure 13: A: Light microscopic image of a polished cross-section of a tooth of A. alluaudi. The frame 

indicates the area for the Raman-measurements. B: Summarized Raman spectra along the length of the 

frame, as indicated in A. 

In order to better display the distribution of the different components, selected vibra-

tion modes were extracted and displayed as a function of the distance from the top of 

the tooth. These single spectra are shown in appendix A in Figure S 3. In the face of 

the relatively high noise, the signal in a range of about 2-5 wavenumbers was dis-

played to get a representative intensity profile along the tooth. The signal intensity of 

the phosphate ɜ1 vibration mode was significantly higher in the enameloid area as in 

the dentine area. Local variations in the signal of the phosphate peak intensity could 

be observed. The signal intensity slightly drops within the first 20 µm, before slightly 

rising again and decreasing again towards the dentine area. 

At position 60 µm and 90 µm, the signal displays a sharp signal increase. The trend 

is not as clear as the phosphorous signal for the EDX measurements although the 

general steps are in accordance with the different measurement types. 
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A band at about 238 cm-1, which could relate to iron oxide phase[175, 176], showed a 

slight increase in the first 10 µm from the top of the tooth and a second maximum 

between 60 µm - 90 µm into the tooth, although the general intensity is very low. All 

signals relating to the organic component of the tooth display a sharp maximum 

between 50 µm - 100 µm from the top with a local maximum at about 60 µm.  

FT-IR-SPECTROSCOPY 

To gain additional complementary information on the ionic groups, and to gain further 

knowledge about the carbonate component of the apatite, several teeth of A. alluaudi 

were crushed, and the resulting powder was investigated by FT-IR spectroscopy. The 

results of the main signals are summarized in Table S 2 in appendix A. The IR spec-

trum exhibits three modes at 962 cm-1 ([PO4]
3- ɜ1),1090 cm-1 ([PO4]

3- ɜ3) and 

1162 cm-1 ([PO4]
3- ɜ3), which can be attributed to the internal vibration of the phos-

phate group.[177] Furthermore, the IR peaks at 1644 cm-1, 1549 cm-1, and 1238 cm-1 

can be attributed to the amide l, amide II and the amide III respectively.[178-180] Addi-

tionally, amide A and B bands at 3070 ï 3300 cm- 1, which overlap with the stretching 

modes of the water molecules could be observed.[178] The strong vibration modes of 

the CH groups were found at 2854 cm-1, 2924 cm-1, and 2959 cm-1. Furthermore, the 

IR spectrum also shows characteristic carbonate bands at 720 cm-1, 875 cm-1, 

1416 cm-1and 1457 cm-1, indicating a B-type substitution in the apatite crystal struc-

ture. 
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Figure 14: IR spectrum of a powdered mix of several teeth of the LPJ of A. alluaudi. 
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2.1.3 Ultrastructure of the teeth 

HR-SEM 

In order to get insight into the inner tooth structure, HR-SEM was performed on a 

polished axial cross-section of a tooth and fractured teeth of A. alluaudi. The SEM 

images of the polished cross-section are displayed in Figure 15. It was observed that 

the bulk of the enameloid consists of highly interwoven fibers. In the distal part of the 

enameloid, about approx.45 µm measured from the top of the tooth, these woven 

fibers were not observed. In the dentine area a lot of pores were observed, which 

originate from the dentinal tubules. 

 

Figure 15: HR-SEM micrographs of a polished axial cross-section of a molar tooth of A. alluaudi.  

SEM images of the fractured teeth are displayed in Figure 16. These investigations 

showed that the molar tooth consists of different structural elements. A thin, about 1-

1.5 µm thick, and dense mineralized surface layer was found to cover the outside of 

the teeth (marked as (sl) in Figure 16, A). Within this layer, the crystallites are orient-

ed parallel to each other and their long axis is oriented perpendicular to the tooth sur-

face. Following this thin superficial layer is an area within the enameloid, where min-

eralized fibers are oriented roughly parallel to each other and their long axis 

perpendicular to the surface (marked with (1) in images A-C). These fibers become 

more decussated from the top of the tooth towards the inside. About 8-10 µm within 

the tooth, measured from the outer surface, these crystallites are interwoven with 

ribbons of fibrous mineralized bundles which run along the long axis of the tooth and 

are perpendicular to the long axis of the mentioned crystallites of the layer 1. This 

arrangement creates an interwoven plywood-structure (Figure 16, B-D, marked with 

(2)). These bundles cover the full length of the tooth. The innermost layer of the 

enameloid, which describes the junction between the enameloid and dentine, consist 

of less organized bundles of tangled, mineralized fibers, which are more densely 

packed and slightly oriented towards outer areas of the tooth (marked with (3)). 
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Figure 16: Scanning electron micrographs of fracture areas of crushed teeth of A. alluaudi. Labels (sl), (1)-

(3) highlight the different structural layers as described in the text. 

The dentine is composed of thin crystallized bundles, which are oriented in a nearly 

random fashion. Dental tubules (appendix A Figure S 4), which have a diameter of 

about 1-2 µm were observed. These channels perforate the entire structure and radi-

ate outwards from the pulp. The tubules are surrounded by a fibrous network of 

concentrically arranged fibers.  

FLUORESCENCE MICROSCOPY 

To get more information about the organic component of the tooth and its distribution 

and orientation fluorescence microscopy was utilized on a demineralized and stained 

cross-section. The images revealed that an organized organic matrix is present within 

the whole tooth, which roughly follows the previously described structural elements of 

the SEM investigations on fractured teeth. The structure of the dentinal tubules can 

be clearly recognized. They reach from the pulpa through the dentine towards the 

occlusal area within the enameloid (see Figure 17, A). A high fluorescence intensity 

could be detected within the dentine close to the pulpa, indicating an organic layer, 

which separates the dentine from the pulpa. Furthermore, a high intensity could be 

detected within a layer between 10- 20 µm, measured from the occlusal surface with-

in the tooth. This location coincides with the described interwoven plywood-structure, 

which was described above. 
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Figure 17: Fluorescence microscope images of a decalcified and stained cross-sectional cut of a tooth of 

A. alluaudi. 

µ-BEAM WAXS/SAXS 

To obtain deeper insight into the nature and distribution of the mineral phase, thin 

slices of an axial and a transverse cross-section of a molar tooth of A. alluaudi was 

investigated using µbeam WAXS and SAXS measurements. 

The results of the µbeam WAXS and SAXS measurements on the transverse cross-

section are displayed in Figure 18. Image A illustrates the position of the investigated 

slice in the tooth sample and the measurement direction. Note, that the shown tooth 

in this illustration was not the exact same tooth, which was taken for the measure-

ment. Image B shows a light microscopic image of both sides of the embedded slice 

of the tooth. Caution has to be taken when interpreting the data, as the measurement 

was performed in transmission mode and the results represent an overlay of all struc-

tural features throughout the tooth section. As the slice was polished close to the oc-

clusal surface of the tooth, the upper side (side a) displays a red surface, while the 

bottom side (side b) is completely white. The measured area is illustrated with a 

frame in the SEM image in image D. In order to obtain an overview of the preferred 

orientation in this tooth section, the 2D SAXS scans were arranged to form a map of 

the recorded CCD images of the tooth (image C). Herein, each square indicates one 

2D SAXS pattern.  

It has to be mentioned that this mapping is constructed using the raw data of the 

measurement. In this image, the observed texture direction does not necessarily 

show the real preferred orientation of the crystallites and fibers. If a thin section of a 

biomaterial with such a complex composite structure is scanned in two directions 

perpendicular to the X-ray beam, the fiber axis will not necessarily be perpendicular 

to the beam at each measured point. Therefore, as was already discussed and de-

scribed in previous works by P. Fratzl and co-workers[181-183], an expression would be 
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required to describe the relationship between the direction of the diffracting fibers and 

the diffraction pattern as measured with an area detector. This calculation for the ad-

justment of the texture patterns was not performed within this work. However, the 

results of the electron microscopic investigations show, that in the outer part of the 

enameloid c-axis of apatite is generally oriented roughly perpendicular towards the 

surface of the tooth. The same tendency is also clearly visible in diffraction patterns 

of enameloid which measured in a straight perpendicular direction (vertical or hori-

zontal) within the tooth section plane. 

 

Figure 18: Results of the µbeam WAXS and SAXS measurements on a transverse cross-section of 

A. alluaudi. A: scheme illustrating the measurement direction and view on the sample; B: light microscope 

image of both sides of the polished sample. C: Overview of the 2D SAXS pattern maps (raw data); D: SEM 

image displaying the scanned area; E: Exemplary SAXS/WAXS images on selected positions displaying 

different types of texture like patterns. 
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Several positions were selected for further investigations, as is indicated with the red 

squares in image C. Generally, in all positions, which were within the enameloid area, 

strong texture effects along [001] direction of apatite were observed, while there were 

no texture effects in the position, which belonged to the dentine (within the size of the 

beam). In image E, two representative 2D WAXS patterns for the enameloid area are 

shown, illustrating the orientational change of texture direction of apatite crystallites 

(positions 51, 531). The intensity pattern the 002 reflection of apatite was used to 

evaluate the texture direction. The intensity was integrated over 360° in a narrow 

band containing the 002 reflection and plotted versus the azimuthal angle. Figure 19 

shows the graphs of the resulting curves.  

 

Figure 19: Azimuth plot of the 002 reflection in the selected positions as indicated in D in Figure 18. 

Two pronounced peaks, which are separated by about 180° can be found in the pat-

terns recorded from the enameloid areas. This indicated, that while there was no sig-

nificant anisotropy in the dentine area, there was an increasing azimuthal variation 

towards all enameloid regions.  

In order to evaluate the phase composition of the dental hard tissues, the radial inte-

gration of the intensity of 2D WAXS patterns as a function of the scattering vector q 

was performed. A typical two-dimensional and corresponding one-dimensional dif-

fraction pattern of position 300 (dentine) is shown in Figure 20, A. The integrated 

one-dimensional diffraction patterns of all selected positions are shown in B. All 2D 

patterns of the selected positions are displayed in appendix A in Figure S 5. The 

analysis of WAXS patterns showed that the enameloid and dentine gave well-

resolved apatite pattern. Reflections corresponding to other crystallite phases were 

not identified. 
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Figure 20: A: exemplary 2D-WAXS and corresponding integrated 1D- XRD in the position 300 (as marked in 

Figure 18, C). B: Integrated 1D patterns of all selected positions. 

The sizes of coherent scattering domains (CSD) of apatite in the selected positions 

(see figure Figure 18, C) were calculated with the Scherrer equation using the one-

dimensional WAXS pattern after correcting instrumental peak broadening. The meth-

od used was the same as that reported in the previous literature.[184] The results are 

summarized in Table 4. The apatite crystallite domains show a slight elongation in 

the c-direction, as is indicated by the narrowing of 00l diffraction peaks. The calcula-

tion of the apatite lattice parameters showed, that the parameter a slightly decreases 

in the apatite crystals from the enameloid toward the dentine, while the c-parameter 

remains nearly the same. The results are summarized in Table 5. 

Table 4: Crystallite sizes of selected positions (in nm) of selected positions (as indicated in Figure 18, C). 

Sample 51 76 126 176 300 417 463 509 531 

(100) - - 12,1 12,7 13,9 12,5 12,3 11,0 8,4 

(002) 18,1 18,2 20,6 20,9 20,7 18,5 20,0 19,7 17,8 

(202) 12,4 12,2 13,2 13,4 14,2 14,6 14,1 12,0 12,4 

(222) 9,2 10,9 11,1 11,6 12,1 12,2 12,3 11,6 10,8 

 

Table 5: lattice parameters a and c (in Ȕ) of selected positions (as indicated in Figure 18, C). 

Parameter 51 76 126 176 300 417 463 509 531 

a 
9.41 

±0.01 

9.412 

±0.003 

9.407 

±0.002 

9.412 

±0.003 

9.405 

±0.001 

9.41 

±0.002 

9.398 

±0.002 

9.416 

±0.008 

9.4 

±0.002 

c 
6.89 

±0.01 

6.885 

±0.005 

6.883 

±0.002 

6.882 

±0.003 

6.88 

±0.002 

6.88 

±0.002 

6.878 

±0.003 

6.893 

±0.009 

6.873 

±0.002 
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Figure 21: Results of the µbeam WAXS and SAXS measurements on an axial cross-section of A. alluaudi. 

A scheme illustrating the measurement direction and view on the sample; B: Light microscope image of 

the thin and embedded tooth slice; C: A SEM micrograph displaying the scanned area. D: Overview of the 

2D WAXS pattern maps. 

The results of the µbeam WAXS and SAXS measurements on an axial cross-section 

are displayed in Figure 21. Image A illustrates the sample cross-section of the tooth 

sample and general measurement direction. Note, that the shown tooth in the illustra-

tion was not the exact same tooth, which was taken for the measurement. Image B 

shows a light microscope image of the embedded tooth-slice. The occlusal side 

shows a thin, red area. The µbeam WAXS and SAXS measurements were performed 

within a small area within this reddish part, as is indicated with the blue frame in im-

age C. In order to obtain an overview of the preferred orientation in this tooth section, 

the 2D SAXS scans were arranged to form a map of the recorded CCD images of the 

tooth (image D). Herein, each square indicates one 2D SAXS pattern. Several posi-

tions were selected for further investigations, as is indicated with the red squares in 

image D. Generally, in all positions, which were within the enameloid area, strong 

texture effects along [001] direction of apatite were observed. The intensity pattern of 

the 002 of apatite was used to evaluate the texture direction of apatite crystallites. 

The intensity was integrated over 360° in a narrow band containing the 002 reflection 

and plotted versus the azimuthal angle (Figure 22) Two pronounced peaks, which are 

separated by about 180° and two smaller peaks, which are shifted about 90° to the 

pronounced peaks, were found in the patterns recorded from the outer occlusal 

enameloid areas (position 137). The intensity of the two pronounced peaks was de-

creased towards the inner area of the tooth, further away from the occlusal top. This 

indicated, that while there was no significant anisotropy in the dentine area, there 

was an increasing azimuthal variation towards outer enameloid regions.  
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Figure 22: Azimuth plot of selected figures as indicated in D in Figure 21. 

In order to evaluate the phase composition within this area, the radial integration of 

the intensity of the 2D WAXS patterns as a function of the scattering vector q was 

performed. A typical two-dimensional and one-dimensional diffraction pattern of posi-

tion 52 is shown in image A of Figure 23. All 2D patterns of the selected positions are 

displayed in Figure S 6 in appendix A. The integrated one-dimensional diffraction 

patterns of different selected positions are summarized in image B of Figure 23.The 

analysis of the WAXS patterns showed that the enameloid gave well-resolved apatite 

patterns. Reflections corresponding to other crystalline phases were not identified.  

 

Figure 23: A: exemplary 2D- and integrated 1D- XRD. B: Integrated 1D patterns of the selected positions 

(as marked in Figure 21, D).  

The sizes of the coherent scattering domains (CSD) of apatite in the selected posi-

tions were calculated with the Scherrer equation using the one-dimensional WAXS 

pattern after correcting instrumental peak broadening. The method used was the 

same as that reported in the previous literature.[184] The results are summarized in 

Table 6. The apatite crystallite domains show no elongation in the c-direction, which 
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would be indicated by a narrowing of 00l diffraction peaks. The calculation of the apa-

tite lattice parameters showed, that the parameter a slightly increases in the apatite 

crystals from the enameloid toward the dentine, while the c-parameter remains nearly 

the same. The results are summarized in Table 7. 

Table 6: Crystallite sizes of selected positions (in nm) of selected positions  (as indicated in Figure 21, D). 

position 52 73 94 115 137 

(002) 24.8 26.7 25.1 24.0 21.3 

(202) 20.2 19.7 18.3 17.9 - 

(222) 14.0 16.0 15.5 14.5 12.1 

(100) 21.5 19.0 17.1 15.5 12.9 

 

Table 7: lattice parameters a and c (in Ȕ) of selected positions (as indicated in Figure 21, D). 

Parameter 52 73 94 115 137 

a 9.404 ± 0.002 9.421 ± 0.006 9.428 ± 0.006 9.438 ± 0.007 9.447 ± 0.004 

c 6.874 ± 0.002 6.874 ± 0.008 6.872 ± 0.008 6.875 ± 0.008 6.879 ± 0.004 

 

TRANSMISSION ELECTRON MICROSCOPY 

TEM investigation can give valuable insight into the inner structure of the teeth on a 

nanometer-size scale and provide further information about the crystal morphology, -

orientation and phase composition.  

TEM investigations were carried out on an ultrathin FIB-cut, which was prepared at 

the edge of the tooth within the enameloid using an axial cross-section of the pol-

ished molar tooth sample, which was also used for the µ-beam WAXS and SAXS 

measurements (see Figure S 7). The images show elongated apatite rods, which are 

aligned parallel to their c-axis (see image Figure 24, A). An analysis of the electron 

diffraction pattern identified apatite as the main mineral component within the investi-

gated area (image B). The pattern shows a distinct texture effect along the [001] di-

rection. Electron energy loss (EELS) spectra taken from these areas showed the 

presence of iron-bearing phases (see image C). However, the selected area electron 

diffraction (SAED) pattern showed only the reflections of the apatite component, the 

presence of other crystalline phases were not identified. Based on this observation, it 

can be concluded, that the iron-bearing phase is amorphous. 
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Figure 24: TEM images of a FIB-cut prepared from an axial embedded toot of A. alluaudi displaying 

aligned and elongated apatite rods in the plane of observation B: TEM image displaying the elongated 

crystallites with corresponding SAED pattern, which identified apatite as the main mineral phase. High-

lighted is the texture effect along the [001] direction. C: Electron energy loss spectrum identified the 

presence of iron-bearing phases within the enameloid. 

2.1.4 Mechanical properties 

NANOINDENTATION 

The local mechanical properties of the central tooth of the Lower pharyngeal jaw of 

A.  alluaudi were investigated by nanoindentation. The mapping revealed that the 

highest values for the hardness and elastic modulus were found in the enameloid at 

the very tip of the tooth. The results of the single measurements for the hardness and 

elastic modulus are displayed in Figure 25 (A and B). The values follow a distinct 

nonlinear, stepwise gradient along the length of the measured lines. Average values 

of the hardness and elastic modulus changes from 5.61 ± 0.26 GPa and 

105.89 ± 2.98 GPa respectively in the occlusal part the tooth. The values fall then to 

a local minimum of 2.82 ± 0.09 GPa and 70.84 ± 7.2 GPa respectively upon reaching 

an area, which appears to be non-pigmented and porous (see Figure 25, C). 

Afterwards, the values rise again to a local maximum of 3.35 ± 0.19 GPa and 

78.24 ± 3.78 GPa respectively in the basal area of the enameloid. The values of the 

hardness and elastic modulus show a notable reduction upon reaching the enamel-

oid-dentine junction, dropping to values of about 1.38 ± 0.04 GPa and 
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33.66 ± 1.72 GPa, respectively. The values in the porous area of the dentine dis-

played a quite high deviation of the absolute values and were not considered in the 

determination of the hardness and elastic modulus in that area.  

 

Figure 25: Mechanical properties derived from nanoindentation experiments across the axial cross-

section of a tooth of A. alluaudi. A: results of hardness measurements of the single line scans; B: results 

of elastic modulus measurements of the single line scans; C: mean values of the hardness across the 

sample length correlated with light microscopic images (left: bright field, right: polarized light) of the 

cross-section of the tooth; D: colour coded hardness values directly overlayed with the positions of the 

corresponding indents displayed with SEM images of the polished cross-section; E: colour coded values 

of the elastic modulus directly overlayed with the positions of the corresponding indents displayed with 

SEM images of the polished cross-section. 
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Image D and E in Figure 25 displays an overlay of a SEM image of the axial cross-

section with the color-coded hardness and elasticity values, respectively, of each in-

dent along the length of the sample. This representation reveals that the decrease in 

the values correlates with an area within the enameloid, which appears highly fibrous 

in the SEM images. 

HR-SEM AND AFM OF INDENTS 

Investigating the residual impression of the indents can present other useful infor-

mation about the material to assess their intrinsic mechanical properties. Thus, the 

indents were investigated with HR-SEM and AFM. Figure 26 displays the results of 

the investigation. The SEM images (Figure 26, A) revealed no cracks on the edges of 

the indents and the shape of the indents appear homogeneous along the sample. No 

obvious pile-ups under the administered loads could be observed. AFM height topol-

ogy and phase contrast image of the residual indents (Figure 26, B) also revealed no 

obvious cracks. The edges of the investigated indents remained smooth with no 

obvious pile-ups around the corners of the indents. The average indent depth was 

around 70 nm, and the indent shape was very broad and irregular. The phase con-

trast image revealed a homogeneous (in composition) surface of the indents. 

 

Figure 26: Images of indents of the nanoindentation measurements. A: SEM images of indents on select-

ed positions; B: AFM images (phase contrast and height topography) of an indent with indent cross-

section profile and 3D visualization. 
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2.2 Lake Victoria cichlids 

2.2.1 Haplochromis ishmaeli 

2.2.1.1 Morphology of LPJ and teeth 

LIGHT MICROSCOPY AND HR-SEM 

Haplochromis ishmaeli (Figure 27, A) is a representative of a hard diet eating species 

of Lake Victoria. The morphology of the LPJ (see Figure 27, B) is the same as was 

described for A. alluaudi in chapter 2.1.1. The jaw has a big massive shape with big, 

molariform teeth (image B, inset). The teeth in the outer region are smaller than in 

the inner, central area. In contrast to A. alluaudi, the teeth in the outer region are not 

papilliform but remain molariform, but generally decrease in size towards the outer 

area of the jaw. The occlusal top of the teeth is more rounded than the ones of 

A. alluaudi. 

 

Figure 27: A: Photo of the East African cichlid Haplochromis ishmaeli. B: Light microscope image of the 

LPJ of H. ishmaeli, inset: biggest central teeth of the lower pharyngeal jaw. C: A merge of a light micro-

scope image and SEM image of a polished cross-section of a central tooth of the LPJ. 

Light microscopic and SEM investigations of polished cross-sections (Figure 27, C) 

also showed the presence of different distinct areas, identified as enameloid and 

dentine. The tooth cusp is more convex than the one of A. alluaudi. The red pigmen-

tation is strongest in a thin line at the top surface of the tooth. This pigmentation 

reaches, depending on the lateral position, about 20-30 µm into the sample. 
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2.2.1.2 Chemical composition and distribution 

EDXS 

 

Figure 28: EDXS-measurements on polished cross-sections of a tooth of H. ishmaeli. A: sum spectrum of 

elemental analysis; B: elemental mappings and corresponding line scans of Ca, P, F and Fe in the tooth 

as displayed in the SE-image on the left side. 

To compare the general elemental composition of this species with the other cichlids 

in this study an EDXS analysis was performed on the polished surface of a tooth. 

Qualitatively, the general elemental composition and distribution were the same for 

this species as was found for A alluaudi (see Figure 28, A). The mappings of all ma-

jor elemental components and their distribution within the cross-section can be found 

in Figure S 8. Line scans within these mappings revealed that the teeth of H. ishmaeli 

also show a non-linear, stepwise distribution of Ca and P within the enameloid area 

of the tooth (Figure 28, B). They further revealed that fluorine is enriched in the 

enameloid, with the concentration decreasing in a non-linear fashion from the occlu-

sal surface to the enameloid- dentine junction and falling to nearly zero in dentine 

area. A high concentration of iron could be found within the first 40 µm, measured 

from the occlusal top of the tooth, of the tooth. The thickness of the iron layer ap-

pears to be larger than the one found for A. alluaudi. It was also noted, that the car-

bon content is increased within an area between 30-110 µm, measured from the oc-

clusal top, with a maximum at about 75 µm (see Figure S 9). 
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RAMAN MICROSCOPY 

As was the case for the dental hard tissues of A.alluaudi, Raman microscopy was 

performed on the polished axial cross-section of H. ishmaeli. The measured area is 

displayed with a frame in Figure 29 A. The spectra along the length of the measured 

area are displayed in Figure 29 B. They showed the presence of characteristic apa-

tite vibration modes at about 961 cm-1 ([PO4]
3- ɜ1), ~423 cm-1 ([PO4]

3- ɜ2), 1042 cm-1 

([PO4]
3- ɜ3), 592 cm-1 ([PO4]

3- ɜ4) and 1004 cm-1 ([HPO4]
2-).[170-172] Characteristic sig-

nals of the organic component could be identified at 1438 cm-1 (C-H bending mode), 

and 1658 cm-1 (amide I).[173, 174] The results and peak assignments are summarized 

in Table S 3. 

In order to better display their distribution, selected vibration modes were extracted 

and displayed as a function of the distance from the top of the tooth. These single 

spectra are shown in Figure S 11. All phosphate related modes show a significant 

increase in intensity from about 40 µm to 140 µm into the sample. This corresponds 

to the whitish, lighter colored area within the enameloid. This increase in intensity 

coincides with the increase in the P signal of the EDX line scan measurements. All 

signals relating to the organic component of the tooth are very weak and could only 

be detected between 40 µm ï 140 µm, measured from the occlusal top of the tooth. It 

has to be noted, however, that this general increase in signal intensity within this area 

might also be a result of an increased fluorescence due to an increase in organic 

content, as is indicated by the increase in carbon content measured by EDX-line 

scans. 

 

Figure 29: Light microscopic image of a polished cross-section of a tooth of H. ishmaeli. The frame indi-

cates the area for the Raman-measurements. B: Summarized Raman-spectra along the length of the 

frame, as indicated in A. 
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FT-IR-SPECTROSCOPY 

Complementary to Raman-microscopy, IR-spectroscopy was used to get further in-

formation about the composition of the teeth of H. ishmaeli. Thus, several teeth were 

crushed, and the resulting powder was investigated by FT-IR spectroscopy (see Fig-

ure 30). The results of the main signals are summarized in Table S 4. The IR spec-

trum exhibits three modes at 963 cm-1 ([PO4]
3- ɜ1), 1092 cm-1 ([PO4]

3- ɜ3) and 

1155 cm-1 ([PO4]
3- ɜ3), which were attributed to the internal vibration of the phosphate 

group.[177] The IR peaks at 1643 cm-1, 1549 cm-1, and 1238 cm-1 can be attributed to 

the amide l and the amide II and amide III respectively.[178-180] Additionally, amide A 

and B bands at 3070 ï 3300 cm- 1, which overlap with the stretching modes of the 

water molecules were found.[178] Strong vibration modes of the CH groups were 

found at 2855 cm-1, 2925 cm-1, and 2961 cm-1. Furthermore, the IR spectrum re-

vealed characteristic carbonate bands at 714 cm-1, 873 cm-1, 1415 cm-1, and 

1452 cm-1, indicating a B-type substitution. 
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Figure 30: IR spectrum of a powdered mix of several teeth of a LPJ of H. ishmaeli. 

2.2.1.3 Ultrastructure of the teeth 

HR-SEM 

In order to get insight into the inner tooth structure, HR-SEM was performed on a 

polished cross-section of a tooth sample and fractured teeth samples of H. ishmaeli. 

The inner structural elements were similar to the ones, which were identified for the 

teeth of A. alluaudi. SEM micrographs of the polished cross-section are displayed in 

Figure 31. It was observed, that similar to the ultrastructure of A. alluaudi, the bulk of 

the enameloid consists of a highly interwoven fibrous structure. The brightness is 

higher at the occlusal surface of the tooth, indicating a higher mineralization within 

the first 25 µm, measured from the occlusal top.  
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Figure 31: SEM images of a polished cross-section of a molar tooth of H. ishmaeli. 

At the enameloid-dentine junction, the fibers appear more densely packed. This area 

at the junction is accompanied by a slightly higher image contrast, which indicates a 

slightly higher degree of mineralization within that area. 

The results of the SEM investigation on fractured teeth are summarized in Figure 32. 

Similar structural elements were observed as for the hard diet eating morph of 

A. alluaudi. Image A displays a cross-section of a fractured tooth. Image B and C 

highlight the main structural motifs of the outer area of the tooth. The outer area con-

sists of crystallites, which are oriented parallel to each other and with their long axis 

roughly perpendicular to the surface of the tooth (this layer is marked with (1) in the 

image). These crystallites are pervaded by ribbons of mineralized fibrous bundles, 

which run along the whole length of the long axis of the tooth (marked with (2) in the 

image). This arrangement creates an interwoven plywood-structure. Directly beneath 

these ribbons are mineralized fibers, which are oriented with their long axis perpen-

dicular to the surface and roughly parallel to each other (marked with (3)).Image D-F 

highlight the pores and direction of the channels of the dentinal tubules, which run 

from the pulpa, through the dentine towards the enameloid area.  

The images of fracture surfaces of H.ishmaeli revealed more clearly the structure of 

the dentine. The inner structure of the dentine also resembles that of A. alluaudi. In 

Figure S 12, C, the network of concentrically arranged fibers around the dentinal tu-

bules can be clearly recognized. 
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Figure 32: SEM images of fractured areas of a tooth of the LPJ of H. ishmaeli displaying an overview of 

the inner structure. A: Overview of a cross-section of the whole tooth. B: Enlargement of the outer, cervi-

cal area of the tooth. C: Enlargement of the transition of the perpendicular to the outer crystallites inter-

grown, fibers, which create a plywood-like structure. D: Porous area within the dentine, which show the 

beginnings of dentinal tubules. These tubules reach across the dentine towards the enameloid (F). Labels 

(1)-(3) highlight the different structural layers as described in the text. 
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TRANSMISSION ELECTRON MICROSCOPY 

Ultrathin microtome sections of partially demineralized teeth were prepared and 

analyzed by TEM and HR-TEM. As the amount of provided jaws was limited for most 

species, this investigation was only performed for the teeth of H.ishmaeli within the 

group of investigated species of Lake Victoria. 

 

Figure 33: TEM images of a cross-section of the enameloid area of a tooth of H. ishmaeli A-C: elongated 

crystals are packed together and are oriented within the enameloid; D: structure of individual nanorods; 

E: HR-TEM images of single crystallites and SAED-patterns (inset). 

Figure 33 displays TEM images of an ultramicrotome cross-section prepared from the 

enameloid of a tooth of H. ishmaeli. The tooth enameloid consists of tightly packed 

bundles of thin, elongated apatite rods (Figure 33, A-D and Figure S 14). These bun-

dles of crystallites are generally oriented with their crystallographic c-axis along the 

elongation of the tooth towards its surface. In some areas, these crystallites follow an 
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intriguing pattern (image B). Figure E shows the HRTEM images and corresponding 

Fast Fourier transform (FFT) patterns of apatite crystallites imaged along [1-10] and 

[001] zone axes. These images confirmed that apatite rods are elongated along [001] 

direction. Figure 34 displays an overview of a transverse cross-section of a 

completely demineralized tooth at the outer surface of the enameloid. Here, the ori-

entation of the fibrous bundles of collagen fibers could be observed. The outer 

enameloid layer is regularly pervaded by the distal ends of these bundles of collagen 

fibers, which originate from the dentine of the tooth. These fibers have a diameter of 

about 30 nm and a lateral spacing of about 63 nm periodicity of the fiber cross-

striation (see Figure 34 C, D and Figure S 13). Interspacing these collagen bundles 

are smaller, less oriented fibrils. Similar observations were made with the fluores-

cence microscope images of stained, demineralized sections of teeth of A. alluaudi 

(see chapter 2.1.3). 

 

Figure 34: TEM images of a cross-section of an enameloid area of a tooth of H. ishmaeli .A: Overview of 

the outer, cervical area of the tooth. B,C: Enlargements of the interwoven, plywood-like structure towards 

within the enameloid. D: Graph highlighting the periodicity of the fibers. E: Detailed enlargement of the 

cross-section as indicated with the red frame in A. 

Generally, the crystallites are arranged in bundles as well, which follow the general 

orientation of the collagen fibrils. This was observed with TEM images of partially 

demineralized sections (see Figure S 14), which showed the elongated bundles of 

crystallites inside the tooth structure. 
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ATOMIC FORCE MICROSCOPY 

AFM measurements of the topography on completely demineralized microtome cuts 

of a tooth of H. ishmaeli revealed a lot of fibrous structures (see Figure 35). These 

fibers are partially bundled aligned but generally have a random orientation in the 

measured areas within the investigated area within the enameloid. Due to the low 

resolution of the attached microscopic setup, the exact location within the tooth could 

not be clearly identified. 

 

Figure 35: AFM topography image of the surface of a partially demineralized microtome cut of a tooth of 

H. ishmaeli. 

2.2.1.4 Mechanical properties 

NANOINDENTATION 

The mechanical properties of the central molariform tooth of the lower pharyngeal jaw 

of Haplochromis ishmaeli were investigated by nanoindentation. The mapping re-

vealed a similar stepwise profile of the mechanical properties as was found for 

A. alluaudi. The results of the single measurements for the hardness and elastic 

modulus are displayed in Figure 36 (A and B). The highest averaged values for the 

hardness, and elastic modulus were found in the enameloid at the very tip of the 

tooth. The general average values of the hardness and elastic modulus are 

4.6 ± 0.33 GPa and 82.1 ± 3.14 GPa, respectively, at the very occlusal part tooth. 

The values then fall to a local minimum of 2.04 ± 0.12 GPa and 49.99 ± 3.18 GPa, 

respectively, of the area, that appears to be non-pigmented and less bright in the 

light microscope image (see Figure 36, C). Afterwards, the values rise again to a lo-

cal maximum of 2.65 ± 0.06 GPa and 67.19 ± 0.29 GPa, respectively, in the basal 

area of the enameloid. The values of the hardness and elastic modulus show a nota-

ble reduction upon reaching the enameloid-dentine junction, dropping to a value of 

about 1.19 ± 0.01 GPa and 28.46 GPa, respectively. The values of the indents be-

tween approximately 250 µm- 300µm the line scans, which correlate to the quite po-

rous area within the dentine, displayed a relatively high deviation in the absolute val-

ues. Within this area, the indenter might have hit the pores of the dentinal tubules. 

The results of these indents thus showed lower, not representative values and were 

thus not considered in the determination of the hardness and elastic modulus for that 

area. 
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Figure 36: Mechanical properties derived from nanoindentation experiments across the axial cross-

section of a tooth of H. ishmaeli. A: results of hardness measurements of the single line scans; B: results 

of elastic modulus measurements of the single line scans; C: mean values of the hardness across the 

sample length correlated with light microscopic images (left: bright field, right: polarized light) of the 

cross-section of the tooth; D: colour coded hardness values directly overlayed with the positions of the 

corresponding indents displayed with SEM images of the polished cross-section; E: colour coded values 

of the elastic modulus directly overlayed with the positions of the corresponding indents displayed with 

SEM images of the polished cross-section. 

 

 

 






















































































































































































































































































