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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

Zubńı sklovina představuje nejtvrdš́ı a nejodolněǰśı vysoce minerali-
zovanou anorganickou složku v tělech savc̊u, která významně ovlivňuje
kvalitu a délku života. Jej́ı charakteristické kvalitativńı vlastnosti jsou
ustaveny během bio-mineralizačńıho procesu, při kterém je vytvořena.
Při tomto procesu je mineralizace hydroxyapatitem (HAp), jedinou anor-
ganickou fáźı př́ıtomnou v tvrdých tkáńıch savc̊u, ř́ızena aktivitou sklo-
vinu-formuj́ıćıch buněk – ameloblast̊u – a jejich produkt̊u. V posledńıch
letech se stalo hlavńı oblast́ı výzkumu zubńı skloviny právě studium
matrixových b́ı lkovin, jejich struktury, složeńı a funkce. Nicméně, je-
dinečné vlastnosti skloviny umožňuj́ıćı zubu odolávat velkým tlakovým
a zátěžovým nárok̊um nemohou být posuzovány s velkou přesnost́ı bez
d̊ukladného a systematického studia jej́ı minerálńı složky. V této tezi
se soustřed’uji na popis krystalografických charakteristik a trend̊u che-
mického složeńı sklovinových hydroxyapatit̊u a jejich vlivu na mecha-
nické vlastnosti zubu. Źıskané výsledky jsou diskutovány v kontextu
vývojové a adaptačńı dynamiky savc̊u. Hlavńım ćılem této práce je rozš́ı-
řit znalosti o proteiny ř́ızených mineralizačńıch procesech z pohledu anor-
ganické složky a jejich pod́ılu na vytvořeńı unikátńıch mechanických
vlastnost́ı zubu.

Zvláštńı pozornost byla věnována vytvořeńı správné techniky př́ıpravy
vzork̊u pro práškovou rentgenovou difrakčńı analýzu. Je prokázáno, že
nevhodné zacházeńı se vzorky zp̊usobuje krystalizaci daľśıch ve sklovině
se normálně nevyskytuj́ıćıch fáźı. Nav́ıc, nevyhovuj́ıćı technika př́ıpravy
může negativně ovlivňovat mikrostrukturńı vlastnosti HAp krystal̊u, a to
zejména délku jejich krystalit̊u. Výsledky experiment̊u ukazuj́ı, že nej-
vhodněǰśı technikou je mechanická dezintegrace vzorku na fragmenty,
následná separace př́ıpadných fragment̊u skloviny v optickém mikro-
skopu a konečné potvrzeńı čistoty vzorku skenovaćım elektronovým mi-
kroskopem. Tento postup je nejspolehlivěǰśım zp̊usobem k źıskáńı smys-
luplných dat pro výzkum zaměřený na bio–mineralizačńı procesy.

V druhém projektu této práce jsou porovnávány změny v mikro-
a makro-strukturńıch parametrech s variacemi mechanických vlastnost́ı
skloviny v pr̊uběhu maturačńı fáze amelogeneze a ve vybraných částech
zubu miniaturńıho prasete. Krystalizačńı i maturačńı procesy zač́ınaj́ı
na rozhrańı skloviny a zuboviny v mı́stě pod budoućım hrbolkem v an-
teriorńı oblasti zubu. Oba procesy se š́ı̌ŕı směrem ke kořen̊um podél



hraničńı linie skloviny a zuboviny, dále pak směrem k povrchu zubu
a k posteriorńım oblastem. Pozdńı sekrečńı a časná maturačńı fáze jsou
charakteristické produkćı sklovinových prismat. Během těchto stádíı se
krystality HAp postupně prodlužuj́ı. Pozdńı maturačńı fáze je spojena
s tvorbou interprismatické části skloviny, náhlým poklesem v množstv́ı
mř́ıžových poruch krystalové mř́ıžky a dosažeńım konečných mecha-
nických vlastnost́ı zubu. Zpožděná tvorba interprismatické skloviny je
základńım adaptačńım motivem dynamiky vývoje praseč́ıch zub̊u.

Dále jsem studovala vztah délky vývojových krystalizačńıch proces̊u
a kvalitativńıch charakteristik praseč́ı skloviny (tj. stupeň povrchového
opotřebeńı - otěr, variace chemického složeńı, mikro-strukturńıch a me-
chanických vlastnost́ı) a jejich závislost na stář́ı zubu. Výsledky ukazuj́ı,
že č́ım deľśı je proces krystalizace skloviny během vývojových stádíı
zubu, t́ım je dosaženo větš́ıch velikost́ı krystalit̊u s nižš́ım množstv́ım
strukturńıch defekt̊u v krystalové mř́ıži. Tento jev významně ovlivňuje
konečné mechanické chováńı zubu. Kromě toho, vnitřńı struktura hyd-
roxyapatitových krystal̊u je neměnná se stář́ım jedince.

Celkově soubor těchto výsledk̊u poskytuje spolehlivý základ pro mul-
tifaktoriálńı analýzu funkčńıch korelát̊u př́ıslušných krystalografických
proměnných a jejich odontogenetické a fylogenetické reprezentace. Dále
ukazuj́ı jak významný vliv maj́ı krystalografické charakteristiky sklovi-
nového hydroxyapatitu na unikátńı vlastnosti dospělé skloviny. Krystalo-
grafické vlastnosti HAp by tak vždy měly být zohledňovány při studíıch
biomineralizačńıch proces̊u.
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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-
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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; Iijima 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 Möller, 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 (Rodŕıguez-Carvajal, 1993; Larson and
Von Dreele, 2000; Petř́ıček 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; Rodŕıguez-
Carvajal, 2001). The characterization of HAp crystallite size in enamel
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using XRD has been adopted many times (Jensen and Möller, 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.

3



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
Liběchov. The Liběchov minipigs were originally mixed by Hormel and
Göttingen boars and sows imported from Hormel Institute (University of
Minnesota) and Institute for Animal Breeding and Genetics (University
of Göttingen, Germany) in 1967. In subsequent years, several additional
Göttingen 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 (Motĺık 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 (Vodička 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-
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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% HCl) 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 CuKα1 radiation (λ = 1.54056 Å). Data were
collected in the wide range of 2θ 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 (Rodŕıguez-Carvajal, 2001).

The infrared spectra were recorded using transmission technique (KBr
pellets) on a Nicolet 6700 FTIR spectrometer with 2 cm−1 resolution and
Happ-Genzel apodization in the 400-4000 cm−1 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 (HIT ), indentation modulus
(EIT ), indentation creep (CIT ), and the elastic part of the indentation
work (ηIT ) using software Indentation 5.18 (CSM Instruments, Switzer-
land) according to the theory of Oliver and Pharr (2004).
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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

6



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: Kallistová A., Skála R.,
Horáček I., Miyajima N. and Maĺıková 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; Špoutil 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
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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: Kallistová A., Horáček I.,
Šlouf M., Skála R. and Fridrichová 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-
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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: Kallistová A.,
Skála R., Šlouf M., Čejchan P., Matulková I. and Horáček I. (2017).
Enamel Crystallinity: a Significant Component of the Mammalian Dental
Adaptations. Submitted to Scientific Reports.
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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:

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

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

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

• 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:

• 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.

• 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.

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

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

• 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).

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

• 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:

• 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.

• 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

Úvod

Sklovina, nejtvrdš́ı tkáň v tělech zv́ı̌rat poskytuj́ıćı silnou ochrannou
a kryćı funkci zub̊um, představuje význačný bio-mineralizačńı systém.
Tato jedinečná tkáň spojuje rozličné vědecké oblasti, aby společně rozluš-
tily záhadu princip̊u biologicky indukované a ř́ızené mineralizace a jej́ı
vliv na výjimečné vlastnosti skloviny. V posledńıch desetilet́ıch se naše
porozuměńı složitým proces̊um odontogeneze prohloubilo d́ıky vývoji
nových zobrazovaćıch, spektroskopických a daľśıch analytických metod.
Tyto nové techniky poskytuj́ı nepřeberné množstv́ı informaćı nejen o
chováńı zub-tvoř́ıćıch buněk během všech stádíı embryonálńıho vývoje
zubu a složek mezibuněčné matrix, o lokalizaci gen̊u na chromozomu a
procesech b́ılkovinné exprese, a konečně o mechanismech zajǐst’uj́ıćıch
vhodné mezibuněčné prostřed́ı pro mineralizaci hydroxyapatit̊u, ale také
o paleontologických a evolučńıch trendech. Nejv́ıce studovanými oblastmi
adaptivńı odontogeneze pak jsou typ a kvalita výživy jedince, sociálńı
zubńı choroby, cesty postupného vývoje tvaru zub̊u, jejich morfologie a
vnitřńı architektury v návaznosti na jejich konečnou funkci.

Protože sklovina nemá regenerativńı schopnosti jako kost a zubovina,
má moderńı společnost stále rostoućı potřebu technologického vývoje
nových biomateriál̊u svým složeńım a strukturou podobných sklovině,
které budou vhodné pro použit́ı při výplńıch zub̊u, jako zubńı implantáty
nebo jako mineralizaci-indukuj́ıćı činidla. Č́ım podobněǰśı bude regeneraci-
indukuj́ıćı materiál či implantát př́ırodńı sklovině, t́ım zajist́ıme lepš́ı me-
chanické, estetické a funkčńı kvality celého zubu. Vývoj takových ma-
teriál̊u bezpodmı́nečně vyžaduje úplné porozuměńı mechanismům bio-
mineralizačńıch proces̊u. Biologicky indukovaná a ř́ızená mineralizace
skloviny je založena na spolupráci ameloblast̊u a jimi vylučovaných b́ılko-
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vin (tj. amelogeninu, ameloblastinu, enamelinu, a daľśıch) s minerálńımi
složkami. Tento mechanismus je pravděpodobně kĺıčovým faktorem ame-
logeneze. Proto neńı žádným překvapeńım, že současný výzkum je primár-
ně zaměřen na detailńı porozuměńı tohoto pozoruhodného procesu in-
terakce minerálńı fáze s organickou matrix (Aoba et al., 1987; Fin-
cham et al., 1994; Iijima et al., 2001; Robinson, 2007; Margolis et al.,
2014). Během posledńıch několika málo let bylo dosaženo významného
pokroku ve smyslu porozuměńı struktuře, složeńı, genové lokalizaci a
časoprostorovému uspořádáńı proteinové sekrece a př́ıslušné funkci sklo-
vinových matrixových b́ılkovin (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 nyńı máme o organických
složkách přisṕıvaj́ıćıch do tvorby skloviny, poskytuj́ı hodnotný základ
pro naše porozuměńı amelogenezi. Avšak, minerálńı fáze - hydroxyapa-
tit, který tvoř́ı v́ıce než 95% dospělé skloviny, byl studován výhradně
ve smyslu distribuce chemického složeńı (Shaw and Yen, 1972; Young,
1974; Elliott et al., 1985; Simmer and Fincham, 1995), velikosti krys-
talit̊u (Jensen and Möller, 1948; Daculsi and Kerebel, 1978; Cuisinier
et al., 1993), změn mř́ıžkových parametr̊u či délek vazeb v závislosti na
variaćıch chemického složeńı (Elliott, 1964, 1994), typ̊u mř́ıžových de-
fekt̊u (Cuisinier et al., 1990) a distribuce minerálńı hustoty (Robinson
et al., 1995).V minulosti bylo několik pokus̊u zkoumat změny chemického
složeńı HAp a r̊ustu krystalit̊u během jednotlivých stádíı amelogeneze
(Weatherell et al., 1975; Daculsi and Kerebel, 1978; Robinson et al.,
1995), nicméně krystalografické charakteristiky HAp fáze nebyly dopo-
sud úzce propojeny s mechanismem amelogeneze a z toho vyplývaj́ıćımi
evolučńımi aspekty.

Prášková rentgenová difrakce (XRD) je efektivńım nástrojem pro sta-
noveńı vlastnost́ı krystalové struktury. S vývojem nových poč́ıtačových
programů pro analýzu krystalografických dat (Rodŕıguez-Carvajal, 1993;
Larson and Von Dreele, 2000; Petř́ıček et al., 2014) můžeme kromě infor-
maćı o mř́ıžkových parametrech, intenzitě difrakćı a jejich pozici a tvaru,
pozici atomů a délkách vazeb, provést také d̊ukladnou analýzu velikosti
krystalit̊u a mikronapět́ı. Kromě toho byly do Rietveldovy a LeBai-
lovy metody vloženy možnosti výpočtu anizotropńıho chováńı obou mi-
krostrukturńıch parametr̊u (Lutterotti et al., 1992; Rodŕıguez-Carvajal,
2001).Velikost krystalit̊u hydroxyapatit̊u ve sklovině pomoćı XRD byla v
minulosti stanovena mnohokrát (Jensen and Möller, 1948; Trautz et al.,
1953; Grove et al., 1972), nicméně přesné určeńı anisotropie velikosti
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krystalit̊u a mikropnut́ı analytickými metodami aproximace celého namě-
řeného záznamu doposud nebylo použito. Kromě toho, stále existuj́ı velké
mezery v pochopeńı vlivu odontogenetických proces̊u na mikrostrukturńı
vlastnosti HAp a jak variace těchto parametr̊u mohou ovlivnit konečné
kvality skloviny.

Ćılem tohoto výzkumu je pomoćı metod aproximace celého XRD
záznamu charakterizovat strukturńı a mikrostrukturńı rysy zubńıho HAp,
určit jejich vliv na mechanické vlastnosti skloviny, sledovat variace v che-
mickém/fázovém složeńı a diskutovat tyto aspekty v kontextu ameloge-
nese a evolučńıch trend̊u savc̊u. Dále otestovat rozličné techniky př́ıpravy
vzork̊u pro práškovou rentgenovou difrakčńı analýzu a ukázat jejich vliv
na mikrostrukturńı vlastnosti HAp. Tento nový př́ıstup v konečném
d̊usledku umožńı porozumět bio-mineralizačńım proces̊um prob́ıhaj́ıćım
ve sklovině z pohledu anorganické složky. Nav́ıc, může poskytnout vod́ıtko
pro lepš́ı charakterizaci nově vytvořených biomimetických materiál̊u nejen
ve smyslu makrostrukturńıho popisu skloviny (správného vývoje prismat
a krystal̊u HAp) ale také vnitřńıch strukturńıch charakteristik krystal̊u,
které ovlivňuj́ı celkové kvalitativńı vlastnosti skloviny. V neposledńı řadě
má tato studie potenciálně významný dopad na vńımáńı amelogeneze
a jej́ı adaptace na funkčńı a potravńı nároky jednotlivých zub̊u.
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Kapitola 2

Materiály a Metodika

Ve všech třech projektech mé teze jsem jako zv́ı̌rećı model použila minia-
turńı prasata z chov̊u Ústavu živočǐsné fyziologie a genetiky AV ČR, v.v.i.
v Liběchově. Liběchovská miniprasata byla p̊uvodně zkř́ıžena z Hor-
melských a Göttingenských kanc̊u a prasnic přivezených z Hormelského
institutu univerzity v Minnesotě a Institutu po chov zv́ı̌rat a genetiku
univerzity v německém Göttingenu v roce 1967. V následuj́ıćıch letech
byli přivezeni daľśı Göttingenšt́ı kanci ke kř́ıžeńı, č́ımž bylo doćıleno kon-
trolovaného výběru tvaru těla, zdrav́ı zv́ı̌rat, b́ılé barvy k̊uže umožňuj́ıćı
studium kožńıch kmenových buněk (Motĺık et al., 2007) a zvýšeńı pr̊uměr-
né velikosti vrhu (dnes okolo 6-10 selat). Jedinci dosáhnou sexuálńı
dospělosti ve zhruba 4–5 měśıćıch věku, kdy se jejich pr̊uměrná váha
pohybuje okolo 12–15 kg. Váha dospělého jedince může dosáhnout 40–
120 kg (Vodička et al., 2005; Baxa et al., 2013; Schramke et al., 2015).

Horńı a spodńı čelisti byly odebrány z 24 usmrcených jedinc̊u a
všech šest stoliček spodńı čelisti bylo použito na experimenty. Zuby jed-
noho jedince jsem vyloučila z výzkumu, protože na jejich povrchu bylo
př́ılǐs velké množstv́ı zubńıho kamene, který nešel odstranit, a také nešlo
vyloučit možnou př́ıtomnost zubńıho kazu. Všechny stoličky byly nej-
prve zdokumentovány za pomoci optického mikroskopu s digitálńım fo-
toaparátem. Vybrané části skloviny každé stoličky byly rozčleněny na
fragmenty, které byly následně rozdrceny v acetonu. Výsledný prášek
byl použit při experimentech na práškovém rentgenovém difraktome-
tru a infračerveném spektrometru. Zbytek vzorku byl zalit do epoxidové
pryskyřice a jeho povrch byl naleštěn.

K určeńı chemického složeńı skloviny byla použita energiově-disperzńı
rentgenová spektroskopie. Vzorky byly analyzovány ve vysokém vakuu
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při pracovńı vzdálenosti 8–10 mm skenovaćım elektronovým mikrosko-
pem (SEM) Tescan Vega3 XM doplněným energiově–disperzńım spek-
trometrem Bruker Quantax 200. SEM byl v nastaveńı sekundárńıch
či zpětně odražených elektron̊u se stejnými měř́ıćımi podmı́nkami také
použit pro zobrazeńı strukturńıho uspořádáńı skloviny. Leštěné vzorky
určené na chemické analýzy byly na povrchu pouhĺıkovány zat́ımco k
zobrazováńı struktury byly nejprve analyzovány leštěné nábrusy popráše-
né zlatem a pak byl povrch stejných vzork̊u leptán 3% roztokem kyseliny
solné a opět pozlacen a analyzován.

Prášková rentgenová difrakce (XRD) byla použita k charakterizaci
strukturńıch a mikrostrukturńıch parametr̊u sklovinových HAp. Analýzy
byly provedeny pomoćı difraktometru Bruker D8 Discover s lineárńım
detektorem LynxEye a primárńım germaniovým monochromátorem po-
skytuj́ıćım CuKα1 primárńı zářeńı o vlnové délce 1.54056 Å. Záznamy
byly poř́ızeny v širokém rozsahu úhl̊u 2θ s úzkým krokem (0.013–0.015)
a nač́ıtaćım časem pohybuj́ıćım se v rozsahu 5 až 7 vteřin na krok v
závislosti na potřebách daného projektu. Le Bailova analýza s použit́ım
aproximace celého záznamu a výpočty mikrostrukturńıch vlastnost́ı byly
uskutečněny programem FullProf (Rodŕıguez-Carvajal, 2001).

Infračervená spektra byla sb́ırána v rozmeźı oblasti 400–4000 cm−1

pomoćı spektrometru Nicolet 6700 v transmisńım uspořádáńı (KBr pe-
lety) s rozlǐseńım 2 cm−1 a s Happ-Genzelovou apodizaćı. Pološ́ı̌rka pás̊u
(FWHM) infračervených spekter odráž́ı spojeńı efekt̊u relativńı velikosti
zrn a lokálńıho uspořádáńı krystal̊u. Abych z dat źıskala pouze čistý
př́ıspěvek lokálńıho uspořádáńı krystalu, věnovala jsem velkou pozornost
technice př́ıpravy vzork̊u (Asscher et al., 2011; Poduska et al., 2011).
Pološ́ı̌rka a infračervený splitting faktor nebo také index krystalinity,
považovaný za př́ımého ukazatele lokálńıho uspořádáńı, byl vypoč́ıtán
podle Weiner and Bar-Yosef (1990).

Mikromechanické vlastnosti byly stanoveny pomoćı instrumentované-
ho mikrotvrdoměru Micro-Combi Tester, CSM Instruments. Ve vybrané
části každého vzorku bylo provedeno alespoň 10 vtisk̊u ve stejné vzdáleno-
sti od rozhrańı skloviny a zuboviny nebo povrchu zubu. Vtisky byly pro-
vedeny Vickersovým indentorem ve tvaru pyramidy (úhel mezi dvěma
nesoused́ıćımi plochami je 136) se specifickými parametry měřeńı pro
každý projekt. Z křivek ukazuj́ıćıch vynaloženou śılu (F) oproti hloubce
vtisku (h) byly vypočteny pomoćı programu Indentation 5.18 (Oliver
and Pharr, 2004) následuj́ıćı parametry: mikrotvrdost (HIT ), indentačńı
modul (EIT ), indentačńı creep (CIT ) a elastická část indentačńı práce
(ηIT ).
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Kapitola 3

Výsledky a Diskuze

V této kapitole chci představit tři projekty, které byly součást́ı výzkumů
souvisej́ıćıch s mým doktorským studiem, a které byly publikovány nebo
předloženy do mezinárodně renomovaných časopis̊u. Hlavńı ćıle, otázky
a základńı shrnut́ı výsledk̊u mé práce jsou zd̊urazněny v následuj́ıćıch
sekćıch.

3.1 Vliv př́ıpravy vzorku na mikrostrukturu
apatitu zubńı skloviny

Studium struktury skloviny pomoćı XRD a TEM metod může poskyt-
nout nedocenitelné informace o chováńı HAp krystal̊u během odonto-
geneze a jejich př́ınosu k jedinečným kvalitativńım vlastnostem dospělé
skloviny. K těmto účel̊um bylo vytvořeno několik technik separace čisté
skloviny od zuboviny. Tento krok je velmi d̊uležitý, protože obě tkáně se
vyv́ıjej́ı odlǐsnými procesy, které ve výsledku zajist́ı jejich odlǐsné struk-
turńı a kvalitativńı vlastnosti, spolu s odlǐsným chemickým složeńım.
Doposud ale nebyla předložena systematická studie o vzniku možných
artefakt̊u či poruch v d̊usledku nevhodné př́ıpravy tkáně. V tomto pro-
jektu jsem na zkoumané vzorky aplikovala šest nejběžněji použ́ıvaných
technik separace skloviny (tj. dezintegrace skloviny v ručńım ṕıstovém
drtiči, odvrtáńı zuboviny nebo skloviny s a bez chlad́ıćıho média pomoćı
mikrobrusky, fragmentace tepelným šokem pomoćı tekutého duśıku, de-
proteinace v hydrazin hydrátu).

Čistá sklovina je složena výhradně z HAp s př́ıměśı organických
zbytk̊u. Nevhodná separačńı technika může p̊usobit na vzorek termálńım

18



3.2. MATURACE SAVČÍ SKLOVINY: KRYSTALOGRAFICKÉ
ZMĚNY PŘEDCHÁZEJÍCÍ PROŘEZÁNÍ ZUBU

zat́ıžeńım nebo vyvolat chemickou reakci (např. s hydrazin hydrátem)
a podńıtit tak tvorbu daľśıch minerálńıch fáźı. Je ukázáno, že dokonce
i při použit́ı chlad́ıćıho média k redukci tepelné námahy při odvrtáváńı
vzorku vznikaj́ı arteficiálńı fáze. Kromě toho mohou být nevhodně vybra-
nou technikou př́ıpravy vzorku silně ovlivněny i tvar a velikost krystalit̊u
HAp. Tyto výsledky ukazuj́ı d̊uležitost pečlivé a odpov́ıdaj́ıćı př́ıpravy
vzork̊u nejen pro pozděǰśı přesnou charakterizaci mikrostrukturńıch vlast-
nost́ı krystal̊u, ale také pro daľśı výzkumy zabývaj́ıćı se určováńım fázové-
ho nebo chemického složeńı skloviny.

Tato práce byla publikována jako: Kallistová A., Skála R., Horá-
ček I., Miyajima N. and Maĺıková R. (2015). Influence of Sample Prepa-
ration on the Microstructure of Tooth Enamel Apatite, J. Appl. Cryst..
48, 763–768.

3.2 Maturace savč́ı skloviny: krystalografi-
cké změny předcházej́ıćı prořezáńı zubu

V této sekci představ́ım výsledky projektu, který detailně popisuje r̊ust
HAp krystalit̊u a variace v mikropnut́ı a mechanických vlastnostech
během maturačńıho stádia amelogeneze. Přináš́ım zde také nový pohled
na posloupnost tvorby makrostrukturńıch prvk̊u skloviny a dávám je do
kontextu se savč́ımi evolučńımi trendy.

Základńı znalosti, které dnes máme o embryonálńım vývoji zubu,
byly źıskány převážně experimenty na lidském či hlodavč́ım modelu.
Oba tyto řády (tedy primáti a hlodavci) patř́ı do evolučně vysoce od-
vozených savč́ıch skupin nejen z pohledu zubńıch makrostrukturńıch
znak̊u vytvořených v souladu s funkčńımi nároky, ale také v daľśıch
fylogenetických aspektech. S ohledem na předchoźı studie tribosfenické
stoličky (Osborn, 1907; Evans and Sanson, 2003; Špoutil et al., 2010)
jsem se rozhodla studovat podobnosti a odlǐsnosti ve vývoji skloviny
savc̊u pomoćı modelu miniaturńıho prasete, který je evolučně bližš́ı to-
muto ancestrálńımu typu zubu. Kromě toho, d́ıky velké tloušt’ce sklo-
vinové vrstvy praseč́ı stoličky, jsem byla schopna po kroćıch sledovat
postupný vývoj amelogeneze v rámci jednoho zubu.

Dosažené výsledky naznačuj́ı, že tloušt’ka krystal̊u HAp, která do-
posud nebyla stanovena, je proměnlivá v závislosti na vzdálenosti od
hranice zuboviny a skloviny. Tyto krystaly, pozorovatelné skenovaćım
elektronovým mikroskopem, jsou složené z několika krystalit̊u v sou-
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3.3. KRYSTALINITA SKLOVINY: VÝZNAMNÁ SOUČÁST SAVČÍ
ZUBNÍ ADAPTACE

ladu s krystalografickou notaćı (Klug and Alexander, 1974), které by
tak měly být považovány za základńı strukturńı jednotky skloviny (po-
rovnej se strukturńımi stupni definovanými Koenigswald and Clemens
(1992)). Termı́ny krystal a krystalit jsou často zaměňovány. Proto bych
ráda zd̊uraznila své přesvědčeńı, že krystalit je strukturńı podjednotka
krystalu, která se vztahuje k jeho vnitřńım strukturńım vlastnostem.

Laterálńı fúze jednotlivých HAp krystalit̊u byla p̊uvodně představena
jako proces, který je zodpovědný za rozšǐrováńı sklovinových prismat
během embryonálńıho vývoje zubu a jako hlavńı d̊uvod ustaveńı konečné
tvrdosti skloviny (Robinson et al., 1989). Systematická studie r̊ustu krys-
talit̊u a také změn mechanických vlastnost́ı během maturačńıho stádia
amelogeneze naznačuje, že r̊ust krystalit̊u do š́ı̌rky je postupný proces
(tedy bez laterálńı fúze) a že ustáleńı konečných mechanických vlastnost́ı
praseč́ı skloviny je spojeno s opožděnou tvorbou interprismatické sklo-
viny. Právě tato časová prodleva mezi tvorbou prismatické a interprisma-
tické části skloviny je na základě mých pozorováńı zásadńım rozd́ılem
mezi praseč́ı a evolučně výše odvozenými stupni savč́ı skloviny.

Tato práce byla publikována jako: Kallistová A., Horáček I.,
Šlouf M., Skála R. and Fridrichová M. (2017). Mammalian Enamel Ma-
turation: Crystallographic Changes Prior to Tooth Eruption. PLoS ONE.
12, e0171424.

3.3 Krystalinita skloviny: významná součást
savč́ı zubńı adaptace

Dále jsem studovala vztah mezi stupněm povrchového opotřebeńı zubu,
délkou amelogeneze/kalcifikace a mikrostrukturńımi parametry HAp. V
tomto projektu, je zd̊urazněn vliv rozd́ıl̊u ve velikosti krystalit̊u, mikro–
napět́ı a krystalinity na konečné kvality skloviny.

Porovnávala jsem chemické složeńı, mikrostrukturńı, strukturńı a me-
chanické vlastnosti tř́ı typ̊u stoliček miniaturńıho prasete (tzn. prvńı,
druhé a třet́ı stoličky z jedné dentice), zub̊u poskytuj́ıćıch stejnou kousaćı
funkci a maj́ıćıch rozd́ılnou délku embryonálńıho vývoje. Tento postup
mi umožnil př́ımo určit vzájemné propojeńı mezi sledovanými parametry
a jejich závislost na délce kalcifikačńıho procesu amelogeneze bez vlivu
jiných zejména biologických proměnných.

V souhrnu, chemické složeńı a mř́ıžkové parametry nekoreluj́ı s ostat-
ńımi sledovanými kvalitativńımi i kvantitativńımi faktory. Velikost HAp

20



3.3. KRYSTALINITA SKLOVINY: VÝZNAMNÁ SOUČÁST SAVČÍ
ZUBNÍ ADAPTACE

krystalit̊u a tuhost skloviny se postupně zvyšuj́ı s ohledem na délku kalci-
fikace minerálńı fáze během amelogeneze, oproti tomu relativńı množstv́ı
mř́ıžových poruch stejně jako elastická část indentačńı práce vykazuj́ı
výrazný pokles hodnot. Stejné korelačńı trendy jsem pozorovala i u je-
lena evropského. Toto pozorováńı naznačuje obecněǰśı charakter efekt̊u
prodloužeńı kalcifikace a t́ım i jej́ı adaptačńı předurčeńı pro kvalitativńı
požadavky, zejména odolnost v̊uči otěru. Kromě toho, vnitřńı struktura
HAp se neměńı s věkem zv́ı̌rete.

Tato práce byla předložena k publikaci jako: Kallistová A.,
Skála R., Šlouf M., Čejchan P., Matulková I. and Horáček I. (2017).
Enamel Crystallinity: a Significant Component of the Mammalian Dental
Adaptations. Předloženo do Scientific Reports.
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Kapitola 4

Závěry

Ćılem této doktorské práce bylo ukázat jak krystalografická charakteri-
zace za použit́ı metod aproximace celého difrakčńıho záznamu a výzkum
chemického a fázového složeńı savč́ıch tvrdých tkáńı přisṕıvaj́ı našemu
porozuměńı kvalitativńımu chováńı anorganické součásti těla, tedy hyd-
roxyapatitu. Kromě toho předložené výsledky dokazuj́ı, že existuje vztah
mezi těmito charakteristikami, mechanismem amelogeneze a také jej́ıch
adaptačńıch strategíı vzhledem k funkčńım nárok̊um zubu.

Při hledáńı nejvhodněǰśı techniky př́ıpravy vzorku čisté skloviny jsem
ukázala, že:

• Nevhodná technika př́ıpravy ovlivňuje tvar krystalitu a to předevš́ım
ve směru (001).

• Vliv mikronapět́ı je nevýznamný vzhledem k tomu, že jeho abso-
lutńı hodnoty se pohybuj́ı v rozmeźı vypoč́ıtaných směrodatných
odchylek.

• Dı́ky zvýšeńı teploty při odvrtáváńı nebo také d́ıky chemické reakci
s hydrazin hydrátem během deproteinace docháźı ke vzniku nových
fáźı.

• Mechanická separace je nejvhodněǰśı metodou př́ıpravy vzorku, ne-
bot’ vede k výsledk̊um shoduj́ıćım se s předchoźımi experimentálńı-
mi daty.

Studium maturačńı fáze amelogeneze z pohledu anorganické složky
přineslo následuj́ıćı poznatky:
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• Maturace skloviny a r̊ust krystalit̊u jsou postupně prob́ıhaj́ıćı pro-
cesy, které zač́ınaj́ı na rozhrańı zuboviny a skloviny v mı́stě pod bu-
doućım hrbolkem v mesiálńı části zubu, a dále se š́ı̌ŕı podél hraničńı
linie směrem ke kořen̊um, současně k povrchu a do distálńıch část́ı
zubu.

• Rychlý r̊ust krystalit̊u do délky během sekrečńıho stádia amelo-
geneze je nahrazen pomalým postupným rozšǐrováńım krystalit̊u,
které nenaznačuje laterálńı fúzi jednotlivých krystalit̊u.

• Krystal HAp je agregát složený ze 2 až 3 subjednotek (tedy krys-
talit̊u).

• Během r̊ustu HAp docháźı k relaxaci mikrostruktury - hustota
mř́ıžových poruch rychle klesá.

• Ke krystalizace interprismatické skloviny docháźı až po vytvořeńı
prismatické kostry, což je bráno jako apomorfńı znak savč́ı dentice
bĺızké ancestrálńım typ̊um skloviny (tzn. tribosfenické stoličce).

• Charakteristické kvalitativńı vlastnosti dospělé skloviny jsou ustále-
ny po vytvořeńı interprismatické části.

• Třet́ı stolička miniaturńıho prasete dosahuje plné dospělosti okolo
26 měśıce života zv́ı̌rete.

Nakonec jsem ukázala, že strukturńı a mikrostrukturńı charakte-
ristiky zubńıho HAp hraj́ı významnou roli při evolučńıch adaptaćıch
savč́ıch zub̊u. V souhrnu:

• Velikost krystalit̊u roste, zat́ımco hodnota mikronapět́ı klesá společ-
ně se zlepšeńım krystalinity HAp a mechanických vlastnost́ı sklo-
viny s prodloužeńım embryonálńıho vývoje zubu, tzn. délka mine-
ralizace skloviny ovlivňuje jej́ı mikrostrukturńı charakteristiky, což
se odráž́ı ve výsledné kvalitě a odolnosti skloviny.

• Výše uvedené výsledky lze považovat za obecné chováńı proces̊u
amelogeneze u většiny savč́ıch druh̊u.
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Rodŕıguez-Carvajal, J. (1993). Recent advances in magnetic structure
determination by neutron powder diffraction. Phys. B: Condensed
Matter, 192(1-2):55–69.
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Current status Charles University, Prague

Faculty of Natural Sciences · Department of Geology ·PhD student
Institute of Geochemistry, Minealogy and Mineral Resources
Thesis: Structural and chemical aspects of calcium phosphate formation in tooth enamel
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Meisser, Herman Goethals, Vladimı́r Machovič & Ladislav Lapčák;
Journal: Mineralogical Magazine, 77(3), 429–441



2013 Švenekite, Ca[AsO2(OH)2]2, a new mineral
from Jáchymov, Czech Republic

Author: Petr Ondruš, Roman Skála, Jakub Plášil, Jiřı́ Sejkora, FrantišekMineralogical
Magazine Veselovský, Jiřı́ Čejka, Anna Kallistová, Jan Hloušek, Karla Fejfarová, Radek

Škoda, Michal Dušek, Ananda Gabašová, Vladimı́r Machovič & Ladislav
Lapčák; Journal: Mineralogical Magazine, 77(6), 2711–2724

conferences and meetings

2016 Mammalian Enamel Maturation:
Crystallographic Changes Prior to Tooth Eruption

Authors: Anna Kallistová, Ivan Horáček, Miroslav Šlouf, Roman SkálaEnamel9
& Michaela Fridrichová
Event: Enamel Symposium – Enamel9, Harrogate, UK
poster and talk

2016 Wall Paintings from the Southern Wing of
the Brick Complex at Usli, Sudan

Authors: Lenka Varadzinová, Lenka Lisá, Anna Kallistová, Alexandra12th International
Conference for

Meroitic Studies
Kosinová, Jolana Malátková, Martin Dvořák & Miroslav Bárta
Event: 12th International Conference for Meroitic Studies, Prague, CR
talk

2016 Dual nature of mammalian enamel
formation

Authors: Anna Kallistová, Ivan HoráčekZoological Days
Event: Zoological Days, České Budějovice, CR
talk

2015 Enamel embryonic development and its
impact on microstructure of tooth hydroxyapatite

Authors: Anna Kallistová, Ivan Horáček & Roman SkálaBiominXIII
Event: 13th International Symposium on Biomineralization – BiominXIII,
Granada, Spain
talk

2015 Embryonic Development of Molars in Terms
of XRD

Authors: Anna Kallistová, Ivan Horáček & Roman SkálaGoldschmidt2015
Event: Goldschmidt2015, Prague, CR
poster

2015 Enamel microstructure and tooth
embryonic development

Authors: Anna Kallistová, Ivan Horáček, Petr Čejchan & Roman SkálaECM29
Event: 29th European Crystallographic Meeting, Rovinj, Croatia
poster

2014 An influence of sample preparation on the
microstructure of dental Hydroxylapatite

Authors: Anna Kallistová, Roman Skála, Radana Malı́ková & Ivan HoráčekCEMC4
Event: 4th Central European Mineralogical Conference – CEMC4, Skalský Dvůr,
CR
poster



2014 The dependence of Hydroxylapatite
microstructure on the duration of tooth development

Authors: Anna Kallistová, Ivan Horáček & Roman SkálaStructure2014
Event: Colloquium organized by Czech and Slovak Crystallographic
Association and Regional Committee of the IUCr – Structure2014, Kutná Hora,
CR.
talk

awards and honors

2012-2015 Grant Agency of the Charles University

Project leader: Anna KallistováGrant
Project: Vertebrate dentition: Mineralogical and crystallographic
characterization of inorganic component
Grant Agency of the Charles University (GAUK) - founding for young
researchers

2012-2013 Grant Agency of the GLU AV CR

Project leader: Anna KallistováGrant
Project: Mammalian dentition from mineralogical and crystallographic
perspective
Grant Agency of the Geological Institute Academy of Science

2015 Josef, Marie and Zdena Hlávka Foundation

Josef, Marie and Zdena Hlávka Foundation for young talented scientists,Award
writers and artists · Travel award · 13th International Symposium on
Biomineralization (BiominXIII), Granada, Spain

2016 Enamel9

Early career researcher travel award · Enamel Symposium 2016, Harrogate,Award
UK

short courses

2012

The 13th Ad Hoc Workshop on Jana2006 · 3d and 4d modulated structuresJana2006
refined from powder data, powder profiles in detail (asymmetry, fundamental
approach), application of rigid body and of local symmetry · Institute of
Physics, Academy of Sciences, CR

2012

Basics in XRD Applications · qualitative and quantitative analysis ofBruker softwares
polycrystalline material using Diffract. Evaluation and DQuant software
programs · Karlsruhe, Germany

2012

Topas Rietveld Applications and Structure Solutions Applications · profileBruker softwares
analysis and Rietveld refinement by using the fundamental approach,
theoretical fundamentals of ab-initio structure determination and refinement
from powder diffraction data as implemented in the Diffrac. TOPAS software ·
Karlsruhe, Germany



2011

High-pressure experimental techniques · an introduction to state-of-the-artDMG Short
Course experimental methods in mineralogy, geochemistry and geophysics as applied

to understanding the composition, structure and dynamics of the Earth’s
interior – i.e. high-pressure/high-temperature experimental methods,
spectroscopy and X-ray diffraction at high-pressure, transmission electron
microscopy, thermodynamics and phase equilibria, high-pressure crystal
chemistry, equations of state, transformation kinetics, diffusion and
deformation · ECTS certificate · Bayerishes Geoinstitut, Bayreuth, Germany

2010

The 4th Ad Hoc Workshop on Jana2006 · solution of 3d structures,Jana2006
application of charge flipping to 3d and modulated structures, powder data
refinement, solution of 4d structures from single crystal and powder data,
twins and multiphases · Institute of Physics, Academy of Sciences, CR

2005

Gemology course II. · evaluation of diamonds (4C) · Faculty of NaturalGemology
Sciences, Charles University, CR

2005

Gemology course I. · theoretical knowledge about color gemstones and use ofGemology
analytical methods to determine their authenticity and origin · Faculty of
Natural Sciences, Charles University, CR

other information

X-ray powder diffraction · Single crystal X-ray difraction (data processing) ·Lab techniques
Multi-anvil and diamond anvil cell experimental techniques · Optical
microscopy · SEM · EDAX · EPMA · FTIR · LA-ICP-mass
spectrometry · Instrumented micro/nanoindentation techniques

Topas · Diffract. Eva · Jana2006 · FullProf · HighScore Plus · BedeComputer Skills
ZDS · Latex · GnuPlot · ImageJ · Inkscape · GIMP · CorelDRAW

English · B2 – C1Languages

French · A2

Latin · A1
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