PROCEEDINGS OF THE ENAMEL MICROSTRUCTURE WORKSHOP
UNIVERSITY OF BONN / ANDERNACH / RHINE / 24-28 JULY 1994

TOOTH ENAMEL
MICROSTRUCTURE

Edited by
WIGHART v. KOENIGSWALD & P MARTIN SANDER

Institut fiir Paldontologie, Universitit Bonn, Germany

| OFFPRINT

A.A.BALKEMA / ROTTERDAM / BROOKFIELD / 1997



Tooth enamel microstructure, W.v. Koenigswald & P.M. Sander (eds) © 1997 Baikema, Rolterdam

CHAPTER2

A shortreviewof studiesonchemicalandphysical
propertiesof enamekrystallites

TOSHIROSAKAE, KUNIHIRO SUZUKI & YUKISHIGE KOZAWA
Nihon University. School of Dentistry ar Matsudo, Japan

ABSTRACT: Tooth enamels composedf biological apatite whichs characterized
with low-crystalline, carbonate containing, 'metoichiometric' apatiteln this
chapter, characteristiasf tooth enamel crystallitesas reviewedrom the aspectsf
chemistry, crystallographyyystallite size andstrains, formatiorand transformation,
and assessmenf diagenesis.

ZUSAMMENFASSUNG: Zahnschmelwird aus biologischem\patit gebildet, der
durcheinen geringerKristalinitatsgrad, einen Karbonatgehalt widenicht stoicho-
metrischeVerteilnng gekennzeichnédt. In dieser Arbeitwerdendie Apatitkristallite
unter den folgenderAspektendiskutiert: Chemie Kristallographie, KristallitgroBe
Bildung, UmbildungsowieDiagenese.

1 INTRODUCTION

It is well known that tooth enamel mainly consistsf well oriented enameatrystal-
lites. The enamel crystallites are maaieby the so-called 'biological apatite',which

is carbonatedchydroxyapatitewith a variety of ion-substitutionsTo survey the dif
ferencedn enamel crystallites among receint/or fossil animalsijt is necessary to
understandhe present knowledge of properties of enamwgktallites. This chapter
aimsto review thechemicaland physical properties @hamel crystallites concisely
with a brief historical reviewincluding theauthor's data.

2 CHEMICAL ANALYSIS OFENAMEL (HISTORICAL REVIEW,
DISTRIBUTION)

Toothenamels unique amongertebrate hartissuesn its high mineral conterand
its low contentof organicmatterand water. Chemicahnalysis hashownthe inor-
ganic content tde about95% by weight. Theremaining componentarethe water
and organianatter(BRUDEVOLD & SOREMARK 1967).

Sincewater serves thamportant function of ion diffusion, analysisof waterin
tooth enamelhasbeen carriedut usinga variety of techniques includinghermo-
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32 T. Sakne et al.

gravimetric analysiS(TGA), infrared absorption spectroscop§tR}), electron spin
resonancg ESR), magnetic nuclearesonance (MNRRas well asclassicchemical
analysis. Itshouldbe noted thathe ability of enametlto retain foreignionsis further
enhanceddy the ability of hydroxyapatitc crystalso bind waterand hydratedons
(NEUMAN & NEUMAN 1958).

Oneof the controversies on enanmaineral was théow Ca/P ratio, whichis also
foundin dentine and bone minera&lhemicalanalysisof tooth enamemineral usu
ally showed theCa/P molar ratios lower than 1.68hereas thédeal Ca/P molar ra
tio is 1.67 for hydroxyapatite Ca,,(PO,),(OH),. This was once called the'non
stoichiometry' of biological apatite.Today, apatiteis known asone of the typical
'solid-solution minerals'. The apatite crystal structualows the substitutionof
Fionsfor OH ions. Thefollowing ionic substitutiongreknownin biological apatite:
Mg>* andNa* for Ca®*, CO,> and HPO,* for PO,*", and CO;>~ and Cl~ for OH-
(Young & BROwN 1982). The mineralsfrancolite anddahllite are carbonate
containing apatitesandby definition the lattemmineralcontainslessthan1 wt% car
bonate ions. Both mineralsccur as the inorganic componentof hone and teeth
(McCONNELL 1975).

Biological apatite may contaia considerable amounf carbonatdons,i.e. sewv
eral percentn tooth enamelboth at theOH-site (A-site)andat the PO;site (B-site)
(McConnELL 1975,LEGEROCS, 1991). The content of carbonate iortd tooth enamel
apatitehas beeninvestigatedintensivelyand now carbe determinedquantitatively
using Fourierinfrared absorptiorspectrometry(FI-IR). An FT-IR study revealed
thatfossil proboscidean®oth enamelpreserveda considerable amounf carbonate
ions (Fig.1). Human toothenamelusually contains abou8 to 4% (LEGEROS 1991),
and recentlephanttooth enamelalso containsalmost the sameamount(Fig. I).
Amountof carbonate ioni tooth enamel fronhe fossil proboscideangaried but
did notcorrelatewith geologicaltime (Fig. ).

Loxodonta
Elephas
Mammuthus
Palaeoloxodon
Stegodon
Stegolophodo
Deinotherium
Gornphotherium
Palaeornastodo
Moeritherium
Human
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3 CRYSTALLOGRAPHYOFENAMEL CRYSTALLITES(IDENTIFICATION
AS APATITE)

Using a polarizing microscope , VALENTIN (1961) found that the birefringenceof
enamelwas much strongerthan that of dentineand cementum(SCHMIDT & KEeiL.
1971).In 1862 HoprE observedhattheopticalsignchangedrom positivein imma
tureenametlo negativein matureenamelref.in SCHMIDT & KeiL 1971).He alsoas
sumedthe opticalaxisto be parallelto theenamelprismlong axis. This would mean
thatthe uniaxialapatiticcrystallitesareelongatedparallelto their opticalaxes.It had
notbeen believedthatenamekrystallitesconsistedf a variety of apatitebecausef
the considerablearbonatecontentwhich accordingto generalkconceptsat the time
could notenterthe apatitelattice. However McCoNNELL (1952)madea strongsug
gestionthatbiologicalapatitemaycontaincarbonatéonsin appreciablamount.
Identificationof enametrystalliteswasperformedoy Gross (1926)usingX-raydif-
fraction.He alsoshowedhe preferred orientationof enamelcrystallites.t wasfour
yearslater that the crystal structureof apatite was establishedoy NARAY-SzABO
(1930)and independenthypy MEHMEL (1930) using X-ray diffraction. However,it
took anotherthirty yearsuntil the detailedcrystal structureof apatitewas resolved
(KAY etal. 1964).

Crystallographi@nalysisof enamelcrystallitesrevealedthat the unit cell dimen
sionsare about0.9441 nm for the a-axis and 0.6884 nm for the c-axis, which are
comparablédo thatof synthetichydroxyapatitef).9421nm and0.6881nm (ELLIOTT
1994). The unit cell dimensionsof apatite vary due to ionic substitutionsas
in Tablel (YOUNG& BROWN 1982).

Underthe transmissiorelectronmicroscopeenamelappeargo consistof a mass
of rod-like crystallites,orientedessentiallywith theirlong axesparallelto the direc
tion of theenamelprismsandseparatedby exceedinglynarrowspacesThe average
crystallite size was measureds 160 nm in length and 20 nm in width for human
enamelby transmissiorlectronmicroscopy(RONNHOLM 1962).Thesevaluesarein
accordancevith thoseof hippopotamusnameldeterminedby GrLAS & OMNELL
(1960)by X-raydiffraction.

The volumeof individual enamekrystalliteswasestimatedo averagemore than
200timesthatof dentineandbonecrystallites.Theimportantstudy by NYLEN et al.
(1963)showedthatincreasecenamelcalcificationwasdueto anincreasen crystal
size.Shapeand size of humanenamelcrystalliteswere carefully measureduring
maturationstage(DAcuLSI et al. 1984).Their'sand othefTEM studiesshowedthat
crystallitesfrom theearly formationstagewereribbonor lath-like in shapeandvery
longin thec-axisdimensionNeighboringcrystallitesfusedlaterduring maturation.

Table1. Enamekbrystallitesizeandshapdvariationin stagesindamonganimals).

OneTEUNt | wi% CO; | wt% CO; (20H7), by (OH), by  (OH), byF,
of H,0 in B-site in A-site (O;~+ Dy Cl,

Aa{nm) +0,0041 -0,00059 +0,0026 -0,00268 +0,0223%  —0,0052x
Ac (om) - +0,00024  -0,00080 4,00129 -0,0166x  —0,00
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4 INTERACTIONWITH CIRCUMSTANCES (NUCLEATION,
THERMODYNAMIC AND FOSSILIZATION)

Formation of biological apatite: It is a well known fact thatprecipitates formed
under conditions close to physiological circumstances are amorphagcium
phosphaterather than crystalline apatitéDriESSENS 1982). Freshly precipitated
‘amorphous' tricalcium phosphatéy,(P(Q,),, is believedto beapatitic in nature and
its formula canbe written asCag(PO,4)snH,0O (POSNERetal. 1984), or Cag| 1 (POy),

[ 1,. where[ ] is a vacancy(CORBRIDGE 1985).In the presencef water somehydro-
lysis occurs and the materiaventually becomescrystalline Cag[ 1 (PO,);(HPO,)
(OH) [ ] (CORBRIDGE 1985). Althoughthe amorphousalcium phosphate ACP) pre-
cursor theory wasncegenerally adoptedto explainthe formation ofbonecrystal-
lites, thereis strongdoubt abouits validity because aeries ofinvestigations failed
to show evidencéor it in honeandotherhardtissuegGRYNPUS et al. 1984).

While apatite bas a vast stable aire#he solubilitydiagram(NANNCOLLAS 1982),
the first formedcrystalline material maybe octacalcium phosphat@CP, CazH,
(PO,)¢'5H,0) which easily is transformed toapatite (BROwWN 1962, BROWN et al.
1962,1L.EGEROS etal. 1989). The platy or ribbon habit of precipitated and biological
apatites has bedakenasevidencethat these crystallites were formeda an OCP
intermediate and matphereforestill contain intercrystallinéayersof OCP(BROWN et
al. 1987).The OCP precursortheory explains well the nosstoichiometricnatureof
biological apatite with it's mangnic substitutions.

Transformation of biological apatite: Hydroxyapatiteitself is stableup to at least
1000°C. andhbove 1500°Gt decomposeito a mixture oftricalcium phosphatend
tetracalcium phosphate(CoRBRIDGE 1985). Biological apatitejncluding enamel
crystallites,decomposesnore easily anélong a differenpathway.Theyfirst loose
theadhesive watein the temperatureangebelow 120°C.With increasingempera
ture, theorganic materialsis almost completelyburned out between 200°C and
600°C. In this temperatureange, thenorganic phasef human enamefransforms
into the combinationof apatiteand whitlockite, Ca;(PO,),, (SAKAE & HiraT 1984,
LEGEROS 1984), and apatite an€CaQ in the caseof bone (LEGEROS & LEGEROS
1984). During thisprocess, carbonat@nd water evolve from the inorganighase.
This wateris attributedto the HPO, in thecrystal structuref biologicalapatite.

Unit celldimensionf enamel apatite crystal change during tthermal treatment
accordingto theabovementionedionic movementskigure 2 shows thathe changes
of the unit cell dimensiongfor the fossil proboscideans tooth enanak similar to
that of human tooth enamellhe similar patterngn decreasing -@xis lengths sug
gested thathemical compositionof the crystalswas almostthe sameamongthese
specimens.

X-ray diffractionanalysis showed that the thermal decomposipiatternof tooth
enamelvariesamong recenand fossil elephanteeth (SAKAE 1991). As the ratio of
apatiteto whitlockite after thermaldecompositiormay reflectthe originalchemical
composition oftheenamel(SAKAE & HirAl 1984), the differentWh/Ap ratio canbe
usedto detectdistinctchemicalcompositions. Recerdtoxadonta and Elephas molar
enamelwas transformedompletely intowhitlockite, while fossil Deinotherium mo-
lar enamelwastransformed intavhitlockite andalphatricalcium phosphatéFig. 3).
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Theseresults indicatghat the magnesium contenf tooth enamel is greater the
recentproboscidea thanasin the ancient one.

Assessment of the effect of diagenesison fossil tooth enamel: It is well known that
diagenetic changes occur during the busfalertebrate skeletonsARKER & TOOTS
(1980) dividedthechemical elements involved these changes intbreegroups:

1. Additions: Suclasfluorine, silicon, manganese, iron and yttrium;

2. Losses: Sodium, magnesium, chloramepotassiumand

3. Unaffected: Suclasstrontium.

These chemical changes during diagenmsigvary among different tissugpes;
enamelis the least changeable. Therefdiee observed decreag® magnesiuntorn
tent in fossil elepharibothenameimay notbethe effect offessilization alone.

X-ray diffraction patterngor fossil mastodonenamel showed somewhat greater
diffuse scatteringhanthoseot humanenamel, probably attributabte a combina-
tion of effects,i.e. greater departure from the ideal crystallsyenmetrybecausef
CO, groups within the structuraswell asa greater rangm sizeof the individual
crystallites(McConneLL 1973).1t may be noteworthythat the chemical composi
tion of the mastodon enamel (dahllite) diverged frputehydroxyapatitei.e. CaO:
51.44%, MgO:0.34%, Na,0:(0.80%, K,0:005%, Fe,0s:0.03%, CO,:2.72%,
H,0™): 2.83%, H,09): 0.80%, P,0s: 39.92%, Cl: 0.42%, F:0.03% (MCCONNELL
1973).

Broadeningof the X-ray diffraction peakis indicative of crystal sizeand strains
effects,and biological apatites show appreciableray diffractionpeakbroadening
which is attributable to ionic substitutions in it's crystal structure. The broadening
variedamong the layersf humantooth enamel (&AE 1988); the peak broadening
waslargerfor the enamelinner layerthanfor the outer layer indicatinthatcrystal-
lite sizewaslarger in the outer layef enamel.

Whitlockite formation after heat treatmemfsgreater in the inner layer than in
theouter layeSAKAE 1988), suggesting that magnesium was more concentiated
theinner layer.Ropmson et al. (1981) documented that the amoohtmagnesium
andcarbonate ions increased towards the inner lagieraimantooth enamel. The
increasein crystallinity, or crystal perfection, towardle outer layersof human
tooth enamelwasin accordancevith the elemental distribution. Biological apatite,
including tooth enamel apatite, generally contains a large ambiumiic substitu
tionssuchas Mg for CaandCO, for PO, and OH. Theseonic substitutions cause
theloweringof crystallinity due to the ionic size difference.

Fossil elephant tooth enamel exhibited the same dtmeuterpatternas human
toothenamel,i.e. that crystallinity, measurdoly the peak broadenings, is higher
the outer layers than in the inner layers (Fig. ®)e possible cause for theystal-
linity deviationwas thediffering amount of ionic substitutions mentioned above. The
X-ray diffraction studyrevealed thatherewasa similar relationshipn the aaxis
length between the innandouter layerf the fossil proboscidemothenameland
thoseof humantoothenamel (Figb).

Thesetwo relationshipdbetweerthe inner and outer layeo$ tooth enamel for the
fossil pmboscidea strongly suggest that these fossil specimenstheepriginal
crystallographic properties.

The factthat thefossil toothenamel kepttheir original properties supportkebe-
lief that toothenamelis the least leached material during diagenassiggestedby
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SAKAE etal. (1991) thattheolder elephantooth enamel wadransformedinto a low
WHh/Ap ratio crystalcombinationafterthe heattreatment.Theyalso documentethat
the a-axis length of the fossil elephant enametrystallites was shorterin the older
one;0.9431nmfor Moeritherium asopposedo 0.9441nmfor Loxodonta. Thesere-
sultsmay, howeverreflect that thefossilelephantooth enamehada somewhadif-
ferentchemical composition from the receone. Further studyis neededto clarify
theevolutionarychangesn tooth enametrystallites.
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