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Abstract

Tooth enamel is the hardest and most resistant highly mineralized in-
organic component in mammalian bodies that significantly affects both
the life quality and expectancy of an individual. Its specific qualit-
ative properties are given by the biomineralization process responsible
for its formation. In this process the mineralization of hydroxyapatite
(HAp), the only inorganic phase composing the mammalian hard tissues,
is controlled by activity of enamel-forming cells ameloblasts and their
products. Over the past years, the studies of enamel matrix proteins,
their structure, composition and function has become the prevalent field
of experimental investigation. However, unique enamel qualities, which
enable the teeth to withstand high pressure and stress demands, cannot
be accurately assessed without the thorough systematical study of its
mineral compound.

In this thesis, I focus on the crystallographic and compositional char-
acteristics of enamel hydroxyapatite and their influence on the mechan-
ical properties of teeth. Obtained results are discussed in context of
developmental and adaptation dynamics of mammalian species. The
main aspect of the work is to extend our knowledge about the protein—
mediated mineralization process from the perspective of inorganic com-
pound and its contribution to the unique characteristics of the tooth.

Special attention is devoted to the proper sample preparation tech-
nique for X-ray powder diffraction analysis. It is demonstrated that the
inappropriate treatment of specimen causes formation of extra phases.
Moreover, the used preparation technique might affect the microstruc-
tural properties of the hydroxyaptatite crystals, especially the length
of crystallites. I propose that the manual disintegration technique us-
ing a piston to crack the tooth into fragments, subsequent separation
of potential enamel fragments under an optical microscope, and a final
confirmation of the purity of enamel using a scanning electron micro-
scope is the most suitable separation technique. This approach enables
yielding the most reliable data for biomineralization—focused research.

In the second project presented in the thesis, micro— and macro—
structural changes are correlated with mechanical properties variations
during the maturation stage of amelogenesis in selected parts of a mini-
ature pig’s tooth. The crystallization and maturation processes start
at the boundary of enamel and dentine beneath the future cusp at the



anterior part of the tooth. It then spreads toward the roots following
the border line of enamel and dentine, surface and posterior parts of the
tooth. The late secretory and early maturation stage is characterized
by the formation of enamel prisms. During that period, the crystal-
lites gradually thicken. The late maturation stage is associated with a
development of interprismatic enamel, abrupt decrease in amount of lat-
tice imperfections in the crystal structure, and rapid settling of the final
mechanical properties. The delayed formation of interprismatic enamel
is an essential adaptive pattern of a swine developmental dynamics.

I further studied the qualitative characteristics of swine dental enamel
(i.e. degree of surface wear, chemical composition variations, and mi-
crostructural and mechanical properties) and their relationship to the
duration of crystallization developmental process and the age depend-
ency. The results suggest that the longer the crystallization process,
the bigger crystallite sizes with lower amount of lattice distortions are
formed. This aspect has a significant influence on the final mechanical
behaviour of the tooth. Moreover, the inner structure of crystals seems
to be immutable with age of the animal.

In summary, a set of these data provides a reliable basis for a mul-
tifactorial analysis of functional correlates of particular crystallographic
variables and their odontogenetic and phylogenetic representation. The
results illustrate that the crystallographic characteristics of enamel hy-
droxyapatite are a significant contribution to the final qualitative enamel
characteristics and they must be taken into account in the studies of bio-
mieralization processes.



Abstrakt

Zubni sklovina predstavuje nejtvrdsi a nejodolnéjsi vysoce minerali-
zovanou anorganickou slozku v télech savcu, kterd vyznamné ovliviiuje
kvalitu a délku zivota. Jeji charakteristické kvalitativni vlastnosti jsou
ustaveny béhem bio-mineraliza¢niho procesu, pii kterém je vytvorena.
Pfi tomto procesu je mineralizace hydroxyapatitem (HAp), jedinou anor-
ganickou faz{ pfitomnou v tvrdych tkdnich savcu, fizena aktivitou sklo-
vinu-formujicich bunék — ameloblasti — a jejich produkti. V poslednich
letech se stalo hlavni oblasti vyzkumu zubni skloviny pravé studium
matrixovych bi lkovin, jejich struktury, slozeni a funkce. Nicméné, je-
dine¢né vlastnosti skloviny umoziujici zubu odolavat velkym tlakovym
a zatézovym narokum nemohou byt posuzovany s velkou presnosti bez
dikladného a systematického studia jeji mineralni slozky. V této tezi
se soustfed'uji na popis krystalografickych charakteristik a trendd che-
mického slozeni sklovinovych hydroxyapatiti a jejich vlivu na mecha-
nické vlastnosti zubu. Ziskané vysledky jsou diskutovany v kontextu
vyvojové a adaptaéni dynamiky savcu. Hlavnim cilem této prace je rozsi-
it znalosti o proteiny fizenych mineraliza¢nich procesech z pohledu anor-
ganické slozky a jejich podilu na vytvofeni unikatnich mechanickych
vlastnosti zubu.

Zvlastni pozornost byla vénovana vytvoreni spravné techniky pripravy
vzorku pro praskovou rentgenovou difrakéni analyzu. Je prokdzano, Ze
nevhodné zachdzeni se vzorky zpusobuje krystalizaci dalsich ve skloviné
se normalné nevyskytujicich fazi. Navic, nevyhovujici technika piipravy
muze negativné ovliviiovat mikrostrukturni vlastnosti HAp krystalu, a to
zejména délku jejich krystaliti. Vysledky experimenti ukazuji, Ze nej-
vhodnéjsi technikou je mechanicka dezintegrace vzorku na fragmenty,
naslednéd separace piipadnych fragmentu skloviny v optickém mikro-
skopu a kone¢né potvrzeni ¢istoty vzorku skenovacim elektronovym mi-
kroskopem. Tento postup je nejspolehlivéjsim zpusobem k ziskani smys-
luplnych dat pro vyzkum zaméfeny na bio—mineralizaéni procesy.

V druhém projektu této prace jsou porovnavany zmény v mikro-
a makro-strukturnich parametrech s variacemi mechanickych vlastnosti
skloviny v prubéhu maturaéni faze amelogeneze a ve vybranych ¢astech
zubu miniaturniho prasete. Krystaliza¢ni i maturacni procesy zacinaji
na rozhrani skloviny a zuboviny v misté pod budoucim hrbolkem v an-
teriorni oblasti zubu. Oba procesy se §ifi smérem ke kofenum podél



hrani¢éni linie skloviny a zuboviny, ddle pak smérem k povrchu zubu
a k posteriornim oblastem. Pozdni sekrecni a ¢asnd maturacni faze jsou
charakteristické produkci sklovinovych prismat. Béhem téchto stadii se
krystality HAp postupné prodluzuji. Pozdni matura¢ni faze je spojena
s tvorbou interprismatické ¢asti skloviny, nahlym poklesem v mnozstvi
miizovych poruch krystalové miizky a dosazenim konec¢nych mecha-
nickych vlastnosti zubu. Zpozdénd tvorba interprismatické skloviny je
zékladnim adapta¢nim motivem dynamiky vyvoje praseéich zub.

Dale jsem studovala vztah délky vyvojovych krystalizaénich procesu
a kvalitativnich charakteristik praseé¢i skloviny (tj. stupen povrchového
opotiebeni - otér, variace chemického slozeni, mikro-strukturnich a me-
chanickych vlastnosti) a jejich zévislost na stai{ zubu. Vysledky ukazujf,
ze ¢im delsi je proces krystalizace skloviny béhem vyvojovych stadii
zubu, tim je dosazeno vétgich velikosti krystaliti s niz§im mnozstvim
strukturnich defektu v krystalové miizi. Tento jev vyznamné ovliviiuje
kone¢né mechanické chovani zubu. Kromé toho, vnitini struktura hyd-
roxyapatitovych krystalu je neménnd se staiim jedince.

Celkoveé soubor téchto vysledku poskytuje spolehlivy zéklad pro mul-
tifaktoridlni analyzu funkénich koreldtu prislusnych krystalografickych
proménnych a jejich odontogenetické a fylogenetické reprezentace. Déle
ukazuji jak vyznamny vliv maji krystalografické charakteristiky sklovi-
nového hydroxyapatitu na unikatni vlastnosti dospélé skloviny. Krystalo-
grafické vlastnosti HAp by tak vzdy mély byt zohlediovany pii studiich
biomineralizac¢nich procesu.
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Chapter 1

Introduction

Enamel, the hardest tissue in animal body that provide a strong pro-
tective covering for the teeth, represents an outstanding biomineralizing
system. Study of this unique tissue connects diverse scientific areas to
resolve the mystery of the principles of biological mineralization and its
influence on the exceptional enamel properties. In the last few decades,
our understanding of the complexity of odontogenesis have been im-
proved through the development of the new imaging, spectroscopic and
other analytical methods. This provides a wealth of information not only
about the behaviour of tooth—forming cells during all stages of embryonic
development, extracellular matrix components, chromosomal gene local-
ization and patterns of protein expression, and mechanisms preserving
the suitable extracelullar environment for proper hydroxyapatite miner-
alization, but also about the paleontological and evolutionary aspects.
Type and quality of nutrition of the individuals, social teeth diseases,
the pathways of development of the tooth shape, morphology, and archi-
tecture according to their ultimate function are one of the most widely
studied fields of adaptive odontogenesis.

Modern society has an ever growing need for technological develop-
ment of biomaterials with composition and structure similar to enamel
that will be suitable for dental filling, dental implant or as a self-minerali-
zation—induced agent, because the enamel has no regenerative abilities
like bone and dentine. The closer the restorative and implant mater-
ial will be to the natural enamel, the better mechanical, aesthetic and
functional qualities of the whole tooth will be ensured. The develop-
ment of such a materials unconditionally requires a complete under-
standing of the mechanisms of biomineralization. The secret of biolo-



gically induced and driven enamel mineralization is in a cooperation
of ameloblasts and secreted enamel matrix proteins (e.g. amelogenin,
ameloblastin, enamelin) with the mineral compounds. This seems to
be a crucial factor of amelogenesis. It is not surprising that the cur-
rent research is primarily focused on a detailed understanding of this
remarkable mechanism of interaction of the mineral phase with the or-
ganic matrix (Aoba et al., 1987; Fincham et al., 1994; Tijima et al., 2001;
Robinson, 2007; Margolis et al., 2014). Over the last few years significant
progress has been made in terms of understanding the structure, com-
position, gene localization, spatiotemporal secretion localization, and a
respective function of enamel matrix proteins (Moradian-Oldak et al.,
1998; Fincham et al., 1999; Iwasaki et al., 2005; Margolis et al., 2006;
Holcroft and Ganss, 2011; Moradian-Oldak, 2012; Ganss and Abbarin,
2014; Ruan and Moradian-Oldak, 2015). The knowledge we have now
of the organic compounds contributing to enamel formation provides a
valuable base for our understanding of amelogenesis. However, the min-
eral phase hydroxyapatite (HAp), which forms more than 95% of mature
enamel, has been studied solely in the sense of chemical component dis-
tribution (Shaw and Yen, 1972; Young, 1974; Elliott et al., 1985; Simmer
and Fincham, 1995), size of the crystallites (Jensen and Moller, 1948;
Daculsi and Kerebel, 1978; Cuisinier et al., 1993), changes in lattice
parameters or bond lengths due to the variations in chemical composi-
tion (Elliott, 1964, 1994), types of lattice defects (Cuisinier et al., 1990),
and distribution of mineral density (Robinson et al., 1995). There had
been few attempts to inquire into the changes in particular chemical
compounds and the growth of crystallites during the individual stages of
amelogenesis (Weatherell et al., 1975; Daculsi and Kerebel, 1978; Robin-
son et al., 1995), nevertheless the crystallographic characteristics of HAp
phase have not been interfaced with the mechanism of amelogenesis and
evolutionary aspects so far.

The X-ray powder diffraction (XRD) is an effective tool for de-
termination of the crystal structure properties. With the advances in
new crystallographic softwares (Rodriguez-Carvajal, 1993; Larson and
Von Dreele, 2000; Petiicek et al., 2014), not only information about
lattice parameters, peak intensity, position and width, atoms coordin-
ates, and bond lengths, but also a thorough analysis of crystallite size
and microstrain can be obtained. In addition, the calculations of aniso-
tropic properties of both microstructure parameters were implemented
into Rietveld and LeBail refinements (Lutterotti et al., 1992; Rodriguez-
Carvajal, 2001). The characterization of HAp crystallite size in enamel



using XRD has been adopted many times (Jensen and Moller, 1948;
Trautz et al., 1953; Grove et al., 1972), nevertheless the accurate crys-
tallite anisotropic delineation and microstrain determination using whole
pattern fitting methods has not been carried out. Moreover, there are
still major gaps in order to understand how are the microstructural HAp
properties influenced by the odontogenetic processes and how their vari-
ations might affect the final enamel qualities.

The goal of this research is to characterize the structural and mi-
crostructural features of tooth HAp by whole pattern fitting methods,
their effect on mechanical properties of enamel, and variations in chem-
ical/phase composition and discus them in context of amelogenesis and
mammalian evolution trends. Furthermore, for precise XRD analysis,
examine various sample preparation techniques and show their influence
on the microstructural properties. This novel approach will ultimately
enable scientists to understand the biomineralization processes within
the enamel from the perspective of inorganic compound. Moreover, this
might provide a guidance for better characterization of newly developed
biomimetic materials not only in terms of macrostructural description of
enamel (the proper formation of prisms and crystals) but also from the
inner structural crystal characterictics that effect the overall qualities of
enamel. Last but not least, this study potentially has significant impact
on the perception of amelogenesis and its adaptation on the functional
demands and food requirements of individual teeth.



Chapter 2

Materials and Methods

For all three research projects I used a miniature pigs as an animal
model provided by the Institute of Animal Physiology and Genetics in
Libéchov. The Libéchov minipigs were originally mixed by Hormel and
Gottingen boars and sows imported from Hormel Institute (University of
Minnesota) and Institute for Animal Breeding and Genetics (University
of Gottingen, Germany) in 1967. In subsequent years, several additional
Gottingen boars had been brought to control through the continuous
selection the body shape, animal health, white skin color enabling the
study of epidermal stem cells (Motlik et al., 2007), and to increase the
average litter size (about 6-10 piglets). The sexual maturity of indi-
viduals is reached at approximately 4-5 months of age when the average
weight is around 12-15 kg. The weight of adult individuals can vary
between 40-120 kg (Vodicka et al., 2005; Baxa et al., 2013; Schramke
et al., 2015).

Upper and lower jaws were extracted from the 24 sacrificed animals
and all six mandibular molars were used for our studies. In one case, the
particular individual’s teeth were excluded from the research because of
the presence of large amount of tartar and also potential signs of tooth
decay. All the molar samples were first documented using an optical
microscope equipped with digital camera. Selected parts of the enamel
of each molar was fragmented, grounded under acetone and used for the
purposes of XRD and FTIR analysis. Rest of the sample was embedded
in epoxy resin.

The chemical composition was determined using energy-dispersive
X-ray spectroscopy. The spectra were collected in high vacuum at 20kV
and at working distance of 8-10 mm with an energy-dispersive spectro-



meter Bruker Quantax 200 attached to a scanning electron microscope
(SEM) Tescan Vega3 XM. SEM in the secondary or backscattered elec-
tron mode with the same measurement conditions was also used to take
images of macrostructural arrangement of enamel. For the chemical
composition analysis, the polished samples were carbon sputtered and
for macrostructural imaging the polished and also acid etched samples
(3% HC1) sputtered with gold were used.

The X-ray powder diffraction measurements (XRD) were used to
characterize the structural and microstructural parameters of the enamel
HAp. They were performed using a Bruker D8 Discover diffractometer
equipped with a linear LynxEye detector and a germanium primary
monochromator providing CuK,; radiation (A = 1.54056 A). Data were
collected in the wide range of 26 with a small step size of 0.013-0.015
and a counting time ranging from five to seven seconds at each step de-
pending on the needs of particular project. Le Bail whole-pattern fitting
and microstructural calculations were accomplished using the FullProf
software program (Rodriguez-Carvajal, 2001).

The infrared spectra were recorded using transmission technique (KBr
pellets) on a Nicolet 6700 FTIR spectrometer with 2 cm ™! resolution and
Happ-Genzel apodization in the 400-4000 cm~! region. The width of in-
frared spectra (FWHM) reflects the combination of the relative particle
size of the crystals and the local atomic order. To obtain the pure con-
tribution of crystal atomic order the great attention has been paid to the
sample preparation technique with respect to Asscher et al. (2011) and
Poduska et al. (2011). The FWHM and infrared splitting factor (IRSF),
a direct indicator of atomic order, or the “crystallinity index,” was then
calculated according to Weiner and Bar-Yosef (1990).

Micromechanical properties were characterized by an instrumented
microindentation hardness tester (Micro-Combi Tester; CSM Instru-
ments, Switzerland). For each specimen, at least 10 indentations were
carried out per each cut surface and selected location. In each selected
location, the indents were made in the same distance from the enamel—
dentine junction or the surface. The indentations were performed with
a Vickers indenter (diamond square pyramid, angle between two non-
adjacent faces 136) with specific measurement parameters for each pro-
ject. The curves showing applied force (F) vs. penetration depth (h)
were used to calculate indentation hardness (Hr), indentation modulus
(Err), indentation creep (Cyr), and the elastic part of the indentation
work (nrr) using software Indentation 5.18 (CSM Instruments, Switzer-
land) according to the theory of Oliver and Pharr (2004).



Chapter 3

Results and Discussion

In this chapter, I present three projects that I performed in the course of
my Ph.D. research and that were published or submitted to international
renowned journals. The main goals, questions and basic summary of the
results of my work are highlighted in the following sections.

3.1 Influence of Sample Preparation on the
Microstructure of Tooth Enamel Apat-
ite

The structural study of enamel using XRD or TEM methods may provide
essential information about the behaviour of HAp crystals during odon-
togenesis and its contribution to the unique qualities of mature enamel.
For such a purpose, several sample preparation techniques have been
adopted to separate the pure enamel from dentine. This step is cru-
cial because both tissue develops by distinct processes and thus result
in quite different structural, compositional and qualitative properties.
However, no systematic study of the potential artifacts or disruptions
caused by tissue preparation has been introduced. In this project, six
mostly used sample enamel separation techniques (i.e. manual disinteg-
ration in a piston, drilling the dentine or enamel with/without cooling
medium using rotary drill, nitrogen shock fracturing, and deproteination
in hydrazine hydrate) were applied.

Pure enamel is composed exclusively by HAp with an admixture
of organic residues. The inappropriate separation technique affects the



3.2. MAMMALIAN ENAMEL MATURATION:
CRYSTALLOGRAPHIC CHANGES PRIOR TO TOOTH
ERUPTION

specimen by thermal stresses or by chemical reactions with hydrazine
hydrate forming other mineral phases. It is shown that even when using
a cooling medium to reduce the temperature during drilling the artificial
phases are present. Moreover, the crystallite size and shape of pure HAp
is strongly influenced by used separation technique. These results sug-
gest the importance of careful and adequate sample preparation not only
for later precise characterization of microstructural properties but also
for other studies covering phase or chemical composition determination.

This work has been published as: Kallistova A., Skila R.,
Horacek I., Miyajima N. and Malikovd R. (2015). Influence of Sample
Preparation on the Microstructure of Tooth Enamel Apatite, J. Appl.
Cryst.. 48, 763-768.

3.2 Mammalian Enamel Maturation: Crys-
tallographic Changes Prior to Tooth Erup-
tion

Here, I introduce project which analyzes in detail the growth of crystal-
lites and variations in microstrain and mechanical properties during the
maturation stage of amelogenesis. Moreover, this project comes up with
new theory about the sequence of enamel macrostructure formation and
put it into context with evolutionary trends.

The basic knowledge about the embryonic tooth development has
been derived mainly from the studies on human and rodent models. Both
orders (i.e. Primates and Rodentia) belongs to the evolutionary highly
derived mammalian groups not only in terms of dental macro—structural
patterns formed according to functional demands but also in other phylo-
genetic aspects. With respect to the prior studies of tribosphenic molar
(Osborn, 1907; Evans and Sanson, 2003; Spoutil et al., 2010; Davis,
2011), I decided to use a miniatur pig animal model that is closer to this
ancestral tooth type to assess the similarities and distinctions of enamel
development between mammalian counterparts. Moreover, due to the
large thickness of swine molar, I was able to follow the gradual progress
of amelogenesis within different parts of one tooth.

My results sugest that the crystal thickness, which has not been de-
termined before, varies depending on its distance from EDJ. These crys-
tals, observable by SEM, are composed of several crystallites according
to the crystallographic notation (Klug and Alexander, 1974) that should



3.3. ENAMEL CRYSTALLINITY: A SIGNIFICANT COMPONENT
OF THE MAMMALIAN DENTAL ADAPTATIONS

be considered as a basic structural units (cf. the structural levels defined
by Koenigswald and Clemens (1992)). The terms crystal and crystallite
are often used interchangeably. I want to underline my belief that crys-
tallite is a structural sub-unit of crystal that refers to the inner structural
properties of the crystal.

The lateral fusion of individual Hap crystallites was originally presen-
ted as a process responsible for thickening of the prisms and a main
reason for enamel hardness establishment (Robinson et al., 1989). The
systematic study of crystallite growth and also of mechanical properties
variations during the maturation stage of amelogenesis suggests that
crystallite thickening is a gradual process (no lateral fusions) and that
the final mechanical properties of swine enamel are connected with the
delayed formation of interprismatic enamel. Precisely this time lag in
interprismatic enamel formation is according to my observation an essen-
tial difference between swine and higher mammalian evolutionary levels
of tooth enamel.

This work has been published as: Kallistova A., Hordcek I.,
Slouf M., Skala R. and Fridrichovd M. (2017). Mammalian Enamel
Maturation: Crystallographic Changes Prior to Tooth Eruption. PLoS
ONE. 12, e0171424.

3.3 Enamel Crystallinity: a Significant Com-
ponent of the Mammalian Dental Ad-
aptations

I further studied the relationship of the degree of enamel surface wear,
amelogenesis/calcification duration and the microstructural HAp para-
meters using miniatue pig model. In this project, the effect of different
crystallite sizes, microstrain and crystallinity onto the final enamel qual-
ity is emphasized.

I compared chemical composition, microstructural, stuctural and mech-
anical properties of three molar types (i.e. first, second and third molar
within the same dentition), teeth providing the same biting function
having various time span of amelogenesis. This enabled me to determ-
ine directly the mutual connections between those parameters and their
dependency on the length of calcification processes without the influence
of other especially biological variables.

I can summarize that the chemical composition and lattice para-



3.3. ENAMEL CRYSTALLINITY: A SIGNIFICANT COMPONENT
OF THE MAMMALIAN DENTAL ADAPTATIONS

meters display no correlation with any other qualitative or quantitative
factors. The HAp crystallite size and stiffness of enamel increase accom-
panied by a significant drop in relative amount of lattice imperfections
as well as in elastic part of indentation work with respect to the duration
of mineral compound calcification during the amelogenesis. Same cor-
relations were observed using red deers model. This suggest a general
behaviour of prolonged calcification and thus an adaptation predeter-
mination for the qualitative demands especially tooth wear resistance.
Moreover, the inner structure of HAp is not age dependent.

This work was submitted for publication as: Kallistovd A.,
Skéla R., Slouf M., Cejchan P., Matulkové I. and Horacek 1. (2017).
Enamel Crystallinity: a Significant Component of the Mammalian Dental
Adaptations. Submitted to Scientific Reports.



Chapter 4

Conclusions

This PhD. thesis shows that the crystallographic characterization us-
ing whole pattern fitting methods and the investigation of chemical and
phase composition of the animal hard tissues contributes to our under-
standing of qualitative behaviour of inorganic body compounds namely
hydroxyapatite. In addition, the presented results give evidence about
the relationship between these characteristics and the mechanism of am-
elogenesis and its adaptation on the functional demands of the tooth.

In search of the most suitable sample preparation technique of the
pure enamel, I found that:

e An inappropriate preparation techniques influence the shape of
crystallite mainly in the (001) direction.

e Effect of the strain is insignificant considering the fact that calcu-
lated strain values vary within computed errors.

e New phases appear due to the temperature increase when drilling
or due to the chemical reaction with hydrazine hydrate during
deproteination.

e Mechanical separation is most suitable as it leads to results agree-
ing most with previous experimental data.

The study of maturation stage of amelogenesis from the perspective
of inorganic compound brought the following findings:

e Enamel maturation and crystallite growth are gradual processes
that start beneath the future molar cusp at the enamel-dentine
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junction of the mesial tooth part, and then spread toward the
roots and distal direction.

e Rapid elongation of HAp crystallites during the secretory stage
is replaced by slow gradual crystallite thickening, which does not
suggest the lateral fusion of individual crystallites.

e HAp crystal is an aggregate composed of 2 or 3 sub—units (i.e.
crystallites).

e During the appositional growth of HAp, crystal microstructure
relaxes (density of lattice imperfections rapidly decreases).

e Crystallization of interprismatic enamel comes after formation of
prism scaffold, this is considered as an apomorphic character of
mammals with tooth close to ancestral tooth types (i.e. tribosphenic
molar).

e Characteristic qualitative features of adult enamel are achieved
after the interprismatic part is formed.

e Miniature pig’s third molar reaches full maturity at around 26
months of animal life.

I finally demonstrated that the enamel structural and microstructural
characteristics play a significant role in mammalian dental adaptations.
It was shown that:

e Crystallite size increases and microstrain decreases together with
improvement of crystallinity and mechanical properties with longer
developmental mechanism, i.e. duration of enamel mineralization
influences its microstructural characteristics, which are reflected in
the resulting enamel quality and resistance.

e The above mentioned results should be considered as a general
behaviour of prolonged amelogenesis of the majority of mammalian
species.
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Kapitola 1
Uvod

Sklovina, nejtvrdsi tkan v télech zvitat poskytujici silnou ochrannou
a kryci funkci zubum, pfedstavuje vyznacny bio-mineralizaéni systém.
Tato jedine¢na tkan spojuje rozlicné védecké oblasti, aby spole¢né rozlus-
tily zdhadu principt biologicky indukované a fizené mineralizace a jeji
vliv na vyjimecné vlastnosti skloviny. V poslednich desetiletich se nase
porozumeéni slozitym procesim odontogeneze prohloubilo diky vyvoji
novych zobrazovacich, spektroskopickych a dalsich analytickych metod.
Tyto nové techniky poskytuji nepreberné mnozstvi informaci nejen o
chovéani zub-tvoficich bunék béhem vsech stadii embryonalniho vyvoje
zubu a slozek mezibunééné matrix, o lokalizaci gent na chromozomu a
procesech bilkovinné exprese, a koneéné o mechanismech zajistujicich
vhodné mezibunécné prostiedi pro mineralizaci hydroxyapatitu, ale také
o paleontologickych a evolu¢nich trendech. Nejvice studovanymi oblastmi
adaptivni odontogeneze pak jsou typ a kvalita vyzivy jedince, socidlni
zubni choroby, cesty postupného vyvoje tvaru zubu, jejich morfologie a
vnitini architektury v navaznosti na jejich kone¢nou funkci.

Protoze sklovina nema regenerativni schopnosti jako kost a zubovina,
mé moderni spolecnost stale rostouci potiebu technologického vyvoje
novych biomateridlu svym slozenim a strukturou podobnych skloving,
které budou vhodné pro pouziti pii vyplnich zubi, jako zubni implantaty
nebo jako mineralizaci-indukujici éinidla. Cim podobnéjsi bude regeneraci-
indukujici materidl ¢i implantat pFirodni skloviné, tim zajistime lepsi me-
chanické, estetické a funkéni kvality celého zubu. Vyvoj takovych ma-
teridlu bezpodminecné vyzaduje iplné porozumeéni mechanismum bio-
mineraliza¢nich procesu. Biologicky indukovand a fizend mineralizace
skloviny je zaloZena na spolupréci ameloblastt a jimi vylu¢ovanych bilko-
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vin (tj. amelogeninu, ameloblastinu, enamelinu, a dalsich) s minerdlnimi
slozkami. Tento mechanismus je pravdépodobné klicovym faktorem ame-
logeneze. Proto neni zidnym piekvapenim, ze soucasny vyzkum je primar-
né zaméfen na detailni porozuméni tohoto pozoruhodného procesu in-
terakce minerdln{ faze s organickou matrix (Aoba et al., 1987; Fin-
cham et al., 1994; Tijima et al., 2001; Robinson, 2007; Margolis et al.,
2014). Béhem poslednich nékolika mélo let bylo dosazeno vyznamného
pokroku ve smyslu porozuméni struktute, slozeni, genové lokalizaci a
Casoprostorovému uspoiadani proteinové sekrece a prislusné funkei sklo-
vinovych matrixovych bilkovin (Moradian-Oldak et al., 1998; Fincham
et al., 1999; Iwasaki et al., 2005; Margolis et al., 2006; Holcroft and
Ganss, 2011; Moradian-Oldak, 2012; Ganss and Abbarin, 2014; Ruan
and Moradian-Oldak, 2015). Znalosti, které nyn{ mdéme o organickych
slozkach pfispivajicich do tvorby skloviny, poskytuji hodnotny zaklad
pro naSe porozuméni amelogenezi. AvSak, mineralni fdze - hydroxyapa-
tit, ktery tvoii vice nez 95% dospélé skloviny, byl studovan vyhradné
ve smyslu distribuce chemického slozeni (Shaw and Yen, 1972; Young,
1974; Elliott et al., 1985; Simmer and Fincham, 1995), velikosti krys-
talittt (Jensen and Moller, 1948; Daculsi and Kerebel, 1978; Cuisinier
et al., 1993), zmén mi{zkovych parametru ¢i délek vazeb v zavislosti na
variacich chemického slozeni (Elliott, 1964, 1994), typu mfizovych de-
fektu (Cuisinier et al., 1990) a distribuce mineralni hustoty (Robinson
et al., 1995).V minulosti bylo nékolik pokust zkoumat zmény chemického
slozeni HAp a rustu krystaliti béhem jednotlivych stddii amelogeneze
(Weatherell et al., 1975; Daculsi and Kerebel, 1978; Robinson et al.,
1995), nicméné krystalografické charakteristiky HAp fdze nebyly dopo-
sud tzce propojeny s mechanismem amelogeneze a z toho vyplyvajicimi
evoluénimi aspekty.

Praskova rentgenova difrakce (XRD) je efektivnim ndstrojem pro sta-
noveni vlastnosti krystalové struktury. S vyvojem novych pocitacovych
programu pro analyzu krystalografickych dat (Rodriguez-Carvajal, 1993;
Larson and Von Dreele, 2000; Petiicek et al., 2014) muzeme kromeé infor-
maci o miizkovych parametrech, intenzité difrakei a jejich pozici a tvaru,
pozici atomu a délkach vazeb, provést také dukladnou analyzu velikosti
krystaliti a mikronapéti. Kromé toho byly do Rietveldovy a LeBai-
lovy metody vlozeny moznosti vypoc¢tu anizotropniho chovani obou mi-
krostrukturnich parametriu (Lutterotti et al., 1992; Rodriguez-Carvajal,
2001).Velikost krystalitt hydroxyapatitu ve skloviné pomoci XRD byla v
minulosti stanovena mnohokrat (Jensen and Moller, 1948; Trautz et al.,
1953; Grove et al., 1972), nicméné presné urceni anisotropie velikosti
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krystalitu a mikropnuti analytickymi metodami aproximace celého nameé-
feného zaznamu doposud nebylo pouzito. Kromé toho, stale existuji velké
mezery v pochopeni vlivu odontogenetickych procesu na mikrostrukturni
vlastnosti HAp a jak variace téchto parametri mohou ovlivnit koneéné
kvality skloviny.

Cilem tohoto vyzkumu je pomoci metod aproximace celého XRD
zaznamu charakterizovat strukturni a mikrostrukturni rysy zubniho HAp,
urcit jejich vliv na mechanické vlastnosti skloviny, sledovat variace v che-
mickém/fdzovém slozeni a diskutovat tyto aspekty v kontextu ameloge-
nese a evoluénich trendu savcu. Déle otestovat rozliéné techniky piipravy
vzorkl pro praskovou rentgenovou difrakéni analyzu a ukézat jejich vliv
na mikrostrukturni vlastnosti HAp. Tento novy pfistup v konecném
dusledku umozni porozumét bio-mineralizatnim procesum probihajicim
ve skloviné z pohledu anorganické slozky. Navic, muze poskytnout voditko
pro lepsi charakterizaci nové vytvorenych biomimetickych materidlu nejen
ve smyslu makrostrukturniho popisu skloviny (spravného vyvoje prismat
a krystala HAp) ale také vnitinich strukturnich charakteristik krystala,
které ovliviiuji celkové kvalitativni vlastnosti skloviny. V neposledni fadé
maé tato studie potencidlné vyznamny dopad na vnimani amelogeneze
a jeji adaptace na funkéni a potravni naroky jednotlivych zubu.
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Kapitola

Materialy a Metodika

Ve vsech trech projektech mé teze jsem jako zvireci model pouzila minia-
turnf prasata z chovit Ustavu zivocisné fyziologie a genetiky AV CR, v.v.i.
v Libéchové. Libéchovskd miniprasata byla puvodné zkiizena z Hor-
melskych a Gottingenskych kancu a prasnic privezenych z Hormelského
institutu univerzity v Minnesoté a Institutu po chov zvifat a genetiku
univerzity v némeckém Gottingenu v roce 1967. V nésledujicich letech
byli pfivezeni dalsi Gottingensti kanci ke kfizeni, ¢imz bylo docileno kon-
trolovaného vybéru tvaru téla, zdravi zvifat, bilé barvy kuze umozinujici
studium koznich kmenovych bunéek (Motlik et al., 2007) a zvySeni prumér-
né velikosti vrhu (dnes okolo 6-10 selat). Jedinci dosdhnou sexudlni
dospélosti ve zhruba 4-5 mésicich véku, kdy se jejich priumérna véha
pohybuje okolo 12-15 kg. Vaha dospélého jedince muze dosdhnout 40—
120 kg (Vodicka et al., 2005; Baxa et al., 2013; Schramke et al., 2015).

Horni a spodni celisti byly odebrdny z 24 usmrcenych jedincu a
vSech Sest stolicek spodni celisti bylo pouzito na experimenty. Zuby jed-
noho jedince jsem vyloucila z vyzkumu, protoze na jejich povrchu bylo
prilis velké mnozstvi zubniho kamene, ktery nesel odstranit, a také neslo
vylou¢it moznou pfitomnost zubniho kazu. Vsechny stolicky byly nej-
prve zdokumentovany za pomoci optického mikroskopu s digitalnim fo-
toaparatem. Vybrané c¢asti skloviny kazdé stolicky byly rozélenény na
fragmenty, které byly nasledné rozdrceny v acetonu. Vysledny prasek
byl pouzit pii experimentech na praskovém rentgenovém difraktome-
tru a infracerveném spektrometru. Zbytek vzorku byl zalit do epoxidové
pryskyfice a jeho povrch byl nalestén.

K uréeni chemického slozeni skloviny byla pouzita energiové-disperzni
rentgenova spektroskopie. Vzorky byly analyzovany ve vysokém vakuu
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pfi pracovni vzdalenosti 8-10 mm skenovacim elektronovym mikrosko-
pem (SEM) Tescan Vega3 XM doplnénym energiové—disperznim spek-
trometrem Bruker Quantax 200. SEM byl v nastaveni sekundarnich
Ci zpétné odrazenych elektronu se stejnymi méficimi podminkami také
pouzit pro zobrazeni strukturniho uspotfadani skloviny. Lesténé vzorky
urcené na chemické analyzy byly na povrchu pouhlikovany zatimco k
zobrazovani struktury byly nejprve analyzovany lesténé ndbrusy poprése-
né zlatem a pak byl povrch stejnych vzorku leptdn 3% roztokem kyseliny
solné a opét pozlacen a analyzovan.

Praskové rentgenovd difrakce (XRD) byla pouzita k charakterizaci
strukturnich a mikrostrukturnich parametru sklovinovych HAp. Analyzy
byly provedeny pomoci difraktometru Bruker D8 Discover s linedrnim
detektorem LynxEye a primarnim germaniovym monochromatorem po-
skytujicim CuKy primarni zéfeni o vinové délce 1.54056 A. Zaznamy
byly pofizeny v sirokém rozsahu thlua 26 s dzkym krokem (0.013-0.015)
a nacitacim ¢asem pohybujicim se v rozsahu 5 az 7 vtefin na krok v
zéavislosti na potfebach daného projektu. Le Bailova analyza s pouzitim
aproximace celého zaznamu a vypocty mikrostrukturnich vlastnosti byly
uskuteénény programem FullProf (Rodriguez-Carvajal, 2001).

Infracervend spektra byla sbirdna v rozmezi oblasti 400-4000 cm™
pomoci spektrometru Nicolet 6700 v transmisnim usporadéni (KBr pe-
lety) s rozlisenim 2 cm~! a s Happ-Genzelovou apodizaci. Polosfika pést
(FWHM) infracervenych spekter odrazi spojeni efektu relativn{ velikosti
zrn a lokalntho uspofdadani krystali. Abych z dat ziskala pouze Cisty
prispévek lokalniho usporadani krystalu, vénovala jsem velkou pozornost
technice piipravy vzorka (Asscher et al., 2011; Poduska et al., 2011).
Polositka a infracerveny splitting faktor nebo také index krystalinity,
povazovany za piimého ukazatele lokalniho uspotradani, byl vypocitan
podle Weiner and Bar-Yosef (1990).

Mikromechanické vlastnosti byly stanoveny pomoci instrumentované-
ho mikrotvrdoméru Micro-Combi Tester, CSM Instruments. Ve vybrané
¢asti kazdého vzorku bylo provedeno alespon 10 vtisku ve stejné vzdaleno-
sti od rozhrani skloviny a zuboviny nebo povrchu zubu. Vtisky byly pro-
vedeny Vickersovym indentorem ve tvaru pyramidy (tihel mezi dvéma
nesousedicimi plochami je 136) se specifickymi parametry méfeni pro
kazdy projekt. Z kiivek ukazujicich vynalozenou silu (F) oproti hloubce
vtisku (h) byly vypoéteny pomoci programu Indentation 5.18 (Oliver
and Pharr, 2004) nésledujici parametry: mikrotvrdost (Hrr), indentaéni
modul (Err), indentaéni creep (Crr) a elastickd ¢ast indentacni prace

(nrr)-

1
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Kapitola 3

Vysledky a Diskuze

V této kapitole chci predstavit tfi projekty, které byly soucasti vyzkumu
souvisejicich s mym doktorskym studiem, a které byly publikovany nebo
predlozeny do mezindrodné renomovanych ¢asopisu. Hlavni cile, otdzky
a zékladni shrnuti vysledki mé prace jsou zduraznény v nésledujicich
sekcich.

3.1 Vliv pripravy vzorku na mikrostrukturu
apatitu zubni skloviny

Studium struktury skloviny pomoci XRD a TEM metod muze poskyt-
nout nedocenitelné informace o chovani HAp krystali béhem odonto-
geneze a jejich piinosu k jedine¢nym kvalitativnim vlastnostem dospélé
skloviny. K témto té¢elum bylo vytvoreno nékolik technik separace Cisté
skloviny od zuboviny. Tento krok je velmi dulezity, protoze obé tkané se
vyvijeji odlisnymi procesy, které ve vysledku zajisti jejich odlisné struk-
turni a kvalitativni vlastnosti, spolu s odlisnym chemickym slozenim.
Doposud ale nebyla predlozena systematickd studie o vzniku moznych
artefaktt ¢ poruch v dusledku nevhodné piipravy tkéné. V tomto pro-
jektu jsem na zkoumané vzorky aplikovala Sest nejbéznéji pouzivanych
technik separace skloviny (tj. dezintegrace skloviny v ruénim pistovém
drti¢i, odvrtani zuboviny nebo skloviny s a bez chladictho média pomoci
mikrobrusky, fragmentace tepelnym Sokem pomoci tekutého dusiku, de-
proteinace v hydrazin hydrétu).

Cista sklovina je slozena vyhradné z HAp s pifmeési organickych
zbytku. Nevhodnd separacni technika muze pusobit na vzorek termalnim
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3.2. MATURACE SAVCI SKLOVINY: KRYSTALOGRAFICKE
ZMENY PREDCHAZEJICI PROREZANI ZUBU

zatizenim nebo vyvolat chemickou reakci (napf. s hydrazin hydrdtem)
a podnitit tak tvorbu dalsich mineralnich fazi. Je ukdzano, ze dokonce
i pfi pouziti chladictho média k redukci tepelné ndmahy pii odvrtavani
vzorku vznikaji arteficialni faze. Kromé toho mohou byt nevhodné vybra-
nou technikou piipravy vzorku silné ovlivnény i tvar a velikost krystalitu
HAp. Tyto vysledky ukazuji dulezitost peclivé a odpovidajici piipravy
vzorkil nejen pro pozdéjsi presnou charakterizaci mikrostrukturnich vlast-
nosti krystalu, ale také pro dals{ vyzkumy zabyvajici se uréovanim fazové-
ho nebo chemického slozeni skloviny.

Tato prace byla publikovana jako: Kallistova A., Skala R., Hora-
¢ek 1., Miyajima N. and Malikova R. (2015). Influence of Sample Prepa-
ration on the Microstructure of Tooth Enamel Apatite, J. Appl. Cryst..
48, 763-768.

3.2 Maturace savéi skloviny: krystalografi-
cké zmény predchazejici prorezani zubu

V této sekci predstavim vysledky projektu, ktery detailné popisuje rust
HAp krystaliti a variace v mikropnuti a mechanickych vlastnostech
béhem matura¢niho stadia amelogeneze. Pfindsim zde také novy pohled
na posloupnost tvorby makrostrukturnich prvki skloviny a ddvam je do
kontextu se savéimi evoluénimi trendy.

Zakladni znalosti, které dnes mame o embryondlnim vyvoji zubu,
byly ziskany pfrevazné experimenty na lidském ¢&i hlodavéim modelu.
Oba tyto fady (tedy primati a hlodavci) patii do evoluéné vysoce od-
vozenych savéich skupin nejen z pohledu zubnich makrostrukturnich
znakl vytvorenych v souladu s funkénimi naroky, ale také v dalsich
fylogenetickych aspektech. S ohledem na pfedchozi studie tribosfenické
stolicky (Osborn, 1907; Evans and Sanson, 2003; Spoutil et al., 2010)
jsem se rozhodla studovat podobnosti a odlisnosti ve vyvoji skloviny
savcu pomoci modelu miniaturniho prasete, ktery je evoluéné blizsi to-
muto ancestralnimu typu zubu. Kromé toho, diky velké tloustce sklo-
vinové vrstvy praseCi stolicky, jsem byla schopna po krocich sledovat
postupny vyvoj amelogeneze v ramci jednoho zubu.

Dosazené vysledky naznaéuji, ze tloustka krystali HAp, kterd do-
posud nebyla stanovena, je proménliva v zavislosti na vzdéalenosti od
hranice zuboviny a skloviny. Tyto krystaly, pozorovatelné skenovacim
elektronovym mikroskopem, jsou slozené z nékolika krystaliti v sou-
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3.3. KRYSTALINITA SKLOVINY: VYZNAMNA SOUCAST SAVCI
ZUBNI ADAPTACE

ladu s krystalografickou notaci (Klug and Alexander, 1974), které by
tak meély byt povazovdny za zdkladni strukturni jednotky skloviny (po-
rovnej se strukturnimi stupni definovanymi Koenigswald and Clemens
(1992)). Terminy krystal a krystalit jsou ¢asto zaménovény. Proto bych
rdda zduraznila své presvédceni, ze krystalit je strukturni podjednotka
krystalu, kterd se vztahuje k jeho vnitinim strukturnim vlastnostem.

Lateralni fuze jednotlivych HAp krystalitu byla ptivodné predstavena
jako proces, ktery je zodpovédny za rozsSifovani sklovinovych prismat
béhem embryonalniho vyvoje zubu a jako hlavni duvod ustaveni kone¢né
tvrdosti skloviny (Robinson et al., 1989). Systematickd studie rustu krys-
taliti a také zmén mechanickych vlastnosti béhem matura¢niho stadia
amelogeneze naznacuje, ze rust krystalitu do sifky je postupny proces
(tedy bez lateralni fize) a zZe ustélen{ koneénych mechanickych vlastnost{
praseci skloviny je spojeno s opozdénou tvorbou interprismatické sklo-
viny. Pravé tato ¢asova prodleva mezi tvorbou prismatické a interprisma-
tické ¢asti skloviny je na zdkladé mych pozorovani zasadnim rozdilem
mezi praseci a evoluéné vyse odvozenymi stupni savéi skloviny.

Tato prace byla publikoviana jako: Kallistova A., Horacek 1.,
Slouf M., Skéla R. and Fridrichova M. (2017). Mammalian Enamel Ma-
turation: Crystallographic Changes Prior to Tooth Eruption. PLoS ONE.
12, e0171424.

3.3 Krystalinita skloviny: vyznamna soucast
savCi zubni adaptace

Dale jsem studovala vztah mezi stupném povrchového opotiebeni zubu,
délkou amelogeneze/kalcifikace a mikrostrukturnimi parametry HAp. V
tomto projektu, je zduraznén vliv rozdilu ve velikosti krystalit, mikro—
napéti a krystalinity na koneéné kvality skloviny.

Porovnéavala jsem chemické slozeni, mikrostrukturni, strukturni a me-
chanické vlastnosti ti{ typu stolicek miniaturniho prasete (tzn. prvni,
druhé a tteti stolicky z jedné dentice), zubti poskytujicich stejnou kousact
funkei a majicich rozdilnou délku embryondalniho vyvoje. Tento postup
mi umoznil pfimo uré¢it vzdjemné propojeni mezi sledovanymi parametry
a jejich zavislost na délce kalcifikacniho procesu amelogeneze bez vlivu
jinych zejména biologickych proménnych.

V souhrnu, chemické slozeni a mfizkové parametry nekoreluji s ostat-
nimi sledovanymi kvalitativnimi i kvantitativnimi faktory. Velikost HAp
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3.3. KRYSTALINITA SKLOVINY: VYZNAMNA SOUCAST SAVCI
ZUBNI ADAPTACE

krystalitu a tuhost skloviny se postupné zvysuji s ohledem na délku kalci-
fikace minerdlni faze béhem amelogeneze, oproti tomu relativni mnozstvi
miizovych poruch stejné jako elasticka ¢ast indentaéni prace vykazuji
vyrazny pokles hodnot. Stejné korelacni trendy jsem pozorovala i u je-
lena evropského. Toto pozorovani naznacuje obecnéjsi charakter efektu
prodlouzeni kalcifikace a tim i jeji adaptaéni predurceni pro kvalitativni
pozadavky, zejména odolnost viuci otéru. Kromeé toho, vnitini struktura
HAp se neméni s vékem zvitete.

Tato prace byla predlozena k publikaci jako: Kallistova A.,
Skéla R., Slouf M., Cejchan P., Matulkova I. and Horacek 1. (2017).
Enamel Crystallinity: a Significant Component of the Mammalian Dental
Adaptations. Predlozeno do Scientific Reports.
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Kapitola 4
Zavéry

Cilem této doktorské prace bylo ukazat jak krystalografickd charakteri-
zace za pouziti metod aproximace celého difrakéniho zdznamu a vyzkum
chemického a fazového slozeni savcich tvrdych tkani prispivaji nasemu
porozumeéni kvalitativnimu chovani anorganické soucasti téla, tedy hyd-
roxyapatitu. Kromé toho predlozené vysledky dokazuji, ze existuje vztah
mezi témito charakteristikami, mechanismem amelogeneze a také jejich
adaptacnich strategii vzhledem k funkénim narokum zubu.

Pti hledéni nejvhodnéjsi techniky ptripravy vzorku ¢isté skloviny jsem
ukazala, ze:

e Nevhodna technika piipravy ovliviiuje tvar krystalitu a to predevsim
ve sméru (001).

e Vliv mikronapéti je nevyznamny vzhledem k tomu, ze jeho abso-
lutni hodnoty se pohybuji v rozmezi vypocitanych smérodatnych
odchylek.

e Diky zvySeni teploty pii odvrtavani nebo také diky chemické reakci
s hydrazin hydratem béhem deproteinace dochéazi ke vzniku novych
fézi.

e Mechanicka separace je nejvhodnéjsi metodou ptipravy vzorku, ne-
bot vede k vysledkiim shodujicim se s pfedchozimi experimentalni-
mi daty.

Studium maturacéni faze amelogeneze z pohledu anorganické slozky
prineslo nasledujici poznatky:
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e Maturace skloviny a rust krystalitu jsou postupné probihajici pro-
cesy, které zac¢inaji na rozhrani zuboviny a skloviny v misté pod bu-
doucim hrbolkem v mesidlni ¢dsti zubu, a déle se §ifi podél hraniéni
linie smérem ke kofentum, soucasné k povrchu a do distalnich ¢asti
zubu.

e Rychly rust krystalitu do délky béhem sekre¢niho stddia amelo-
geneze je nahrazen pomalym postupnym rozsifovanim krystalitu,
které nenaznacuje laterdlni fuzi jednotlivych krystaliti.

e Krystal HAp je agregat slozeny ze 2 az 3 subjednotek (tedy krys-
taliti).

e Béhem rustu HAp dochdzi k relaxaci mikrostruktury - hustota
miizovych poruch rychle klesa.

e Ke krystalizace interprismatické skloviny dochézi az po vytvoreni
prismatické kostry, coz je brano jako apomorfni znak savcéi dentice
blizké ancestralnim typum skloviny (tzn. tribosfenické stolicce).

e Charakteristické kvalitativni vliastnosti dospélé skloviny jsou ustéale-
ny po vytvoreni interprismatické ¢asti.

e Tieti stolicka miniaturniho prasete dosahuje plné dospélosti okolo
26 mésice zivota zvitete.

Nakonec jsem ukdazala, ze strukturni a mikrostrukturni charakte-
ristiky zubniho HAp hraji vyznamnou roli pii evolu¢nich adaptacich
savCich zubu. V souhrnu:

e Velikost krystaliti roste, zatimco hodnota mikronapéti klesd spolec-
né se zlepSenim krystalinity HAp a mechanickych vlastnosti sklo-
viny s prodlouzenim embryonalniho vyvoje zubu, tzn. délka mine-
ralizace skloviny ovliviiuje jeji mikrostrukturni charakteristiky, coz
se odrazi ve vysledné kvalité a odolnosti skloviny.

e Vyse uvedené vysledky lze povazovat za obecné chovani procesu
amelogeneze u vétsiny savéich druhu.
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