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ABSTRACT

Polar and charged amino acids (AAs) are the main components of non-collagenous
proteins (NCPs), and are involved in hydroxyapatite (HA) mineralization in bone. These AAs are
able to either promote HA mineralization by attracting Ca*" and PO, ions in body fluids and
increasing the local supersaturation or inhibit HA formation by binding to nuclei of calcium
phosphate and preventing their further growth. The promoting AAs can be used to improve bone
regeneration in damaged tissues, while the inhibitory AAs are potentially useful for treating
pathological diseases caused by an excessive mineralization of HA in tissues like cartilage, blood
vessels and cardiac valves.

Although AAs are promising candidates for controlling HA mineralization, the mechanism
by which they interact with Ca** and PO,” ions or with HA crystals to induce or inhibit
mineralization is not well understood. Also, most of the studies on AAs and HA crystallization
are conducted under experimental conditions different from the physiological ones, which has
made it difficult to gain a real insight into the effects of AAs in the human body. In this work, we
investigate the effect a positively (Arg) and a negatively (Glu) charged AA have on the
morphology and crystalline structure of HA synthesized at room temperature and at a pH of 7.4.
The AAs are either in an aqueous solution or bound to a graphene oxide (GO) surface. Graphene
is a recently discovered carbon-based two-dimensional nanostructure, and it is used here as a
substrate to bind the AAs on due to its many potential applications as a bone or dentin scaffold in
tissue engineering. Our goal is to determine the inhibiting or promoting effect of AAs on HA
mineralization, and to explore the mechanism by which AAs can control HA precipitation.

Our results showed that the positively charged AA, Arg, had a stronger inhibitory effect on
HA nucleation, and was adsorbed in larger amount on HA particles, while the negatively charged
AA, Glu, was more effective in inhibiting HA crystal growth along specific crystallographic
directions. These results were interpreted in terms of the differences in stability constants
between AAs and the ions in solution. We also showed that the inhibitory effect of the single
AAs on HA nucleation was dampened if the two AAs were present together in solution, which
we interpreted to be a consequence of the preferential interaction of the AAs with each other
rather than with ions or nuclei in solution. However, the inhibitory effect of these AAs became

stronger when the Ca- and P-precursor solutions were aged for 3 days. This was explained by the



formation of nano aggregates from the initial Ca/AAs and P/AAs complexes with aging of the
precursor solutions. The AAs also affected the morphology and crystallinity of HA particles. In
general, the presence of AAs resulted in the formation of well-organized micro-spherulitic
particles, which had high degree of crystallinity. On the other hand, irregularly shaped micro
aggregates with lower crystallinity were obtained in the absence of the AAs or when the AAs
were mixed.

Contrary to when they were in solution, the AAs bound to a GO surface promoted HA
precipitation by attracting Ca®" and PO, ions and increasing the concentration of these ions on
the GO substrate. However, similar to the effect of AAs dissolved in solution, the positively
charged AA, Arg, bound to a GO surface showed a significantly stronger effect than the
negatively charged AA, Glu. Also, more organized particles with Ca/P ratios closer to that of HA
were obtained in the presence of Arg. These results were interpreted in terms of the differences
in electrostatic interactions and the stability constants of complexes forming between the AAs
and the Ca”" and PO,’ ions. The strong effect of Arg on HA formation on a GO surface may

provide a basis to design new graphene composite materials for bone regeneration applications.



RESUME

Les acides aminés (AAs) polaires et chargés sont les principaux composants des protéines
non collagéniques, et sont impliqués dans la minéralisation d'hydroxyapatites (HA) dans les os.
Bien que les AAs soit des candidats prometteurs pour contréler la minéralisation d'HA, le
mécanisme par lequel ils interagissent avec les ions Ca** et PO,> ou avec les cristaux d'HA pour
induire ou inhiber la minéralisation n'est pas encore bien compris. La plupart des études sur les
AAs et sur la cristallisation d'HA sont menées dans des conditions expérimentales différentes des
conditions physiologiques, ce qui a rendu difficile 1'obtention d'un véritable apercu des effets des
AAs dans le corps humain. Dans ce travail, nous étudions I'effet d'un AA chargé positivement
(Arg) et d'un AA chargé négativement (Glu) sur la morphologie et sur la structure cristalline
d'HA synthétisés a température ambiante et a pH 7.4. Les AAs seront, soit en solution aqueuse,
soit liés a une surface d'oxydes de graphéne (GO). Le grapheéne est une nanostructure
bidimensionnelle a base de carbone récemment découverte, et est utilisé ici en tant que substrat
pour lier les AAs en raison de ses nombreuses applications potentielles comme support en
ingénierie tissulaire de I'os ou de la dentine. Notre objectif est de déterminer 1'effet inhibiteur ou
promoteur des AAs sur la minéralisation d'HA, et d'explorer le mécanisme par lequel ils peuvent
contrdler la précipitation d'HA.

Nos résultats ont montré que I'AA chargé positivement (Arg) a eu un effet inhibiteur plus
important sur la nucléation d'HA et a été adsorbé en plus grande quantité sur les particules d'HA,
tandis que I'AA chargé négativement (Glu), a été plus efficace sur l'inhibition de la croissance
des cristaux d'HA selon des directions cristallographiques spécifiques. Ces résultats ont été
interprétés en termes de différences dans les constantes de stabilité entre les AAs et les ions en
solution. Nous avons également montré que l'effet inhibiteur des AAs seuls sur la nucléation
d'HA a été atténué si les deux AAs étaient présents ensembles en solution. Ce que nous avons
interprété comme une conséquence de l'interaction préférentielle des AAs entre eux plutdt que de
leur intéraction avec les ions ou les noyaux en solution. Cependant, 1'effet inhibiteur de ces AAs
est devenu plus important lorsque les solutions de précurseurs de calcium et phosphore étaient
agés de trois jours. Ceci s'explique par la formation de nano-agrégats a partir des complexes
initiaux Ca/AAs et P/AAs avec le vieillissement des solutions de précurseurs. Les AAs ont

¢galement affecté¢ la morphologie et la cristallinité¢ des particules d'HA. En général, la présence



des AAs a abouti a la formation de microparticules sphérulitiques bien organisées, qui ont un
haut degré de cristallinité. D'autre part, les micro-agrégats de formes irrégulieres avec des
cristallinités inférieures ont été obtenus en l'absence d'AA ou lorsque les AAs été introduits
ensemble.

Contrairement a quand ils étaient en solution, les AAs liés a la surface d'oxyde de graphene
promeuvent la précipitation d'HA en attirant les ions Ca®" et PO, et en augmentant la
concentration de ces ions sur un substrat d'oxyde de graphéne. Cependant, semblable a 1'effet
observé lorsque les AAs étaient en solution, I'AA chargé positivement (Arg) et 1ié a la surface
d'oxyde de graphéne a montré un effet beaucoup plus important que I'AA chargé négativement
(Glu). En outre, les particules d'HA les plus organisées avec des rapports Ca/P plus proches de
celui d’HA ont été obtenus en présence d’Arg. Ces résultats ont été interprétés en termes de
différences dans les interactions électrostatiques et les constantes de stabilité des complexes
formés entre les AAs et les ions Ca>" et PO43'. L'effet important de I'Arg sur la formation dHA
sur la surface d'oxyde de graphéne peut fournir une ligne directive pour concevoir des matériaux

composites Arg/graphéne pour des applications de régénération osseuse.



ACKNOWLEDGEMENTS

First of all, I would like to express my deepest gratitude to my supervisor, Prof. Marta
Cerruti for all her support, generous guidance, and continuous encouragement throughout my
PhD. I’ve been honored to be her PhD student. Her vast experience and knowledge in the field of
chemistry have helped me a lot during my PhD. Also, her motivation, enthusiasm, and positive
attitude have been always inspiring to me. I would like to also thank her for the financial support
and all materials and equipment she provided for my research. After all this research work
together, | wanted to express her my heartfelt thanks for being so kind to share her nice moments
and fun activities with us. I’ve always enjoyed her company.

I would like to thank the co-authors of the papers I published during my PhD, especially
Prof. Raynald Gauvin and Dr. Nicolas Brochu for their assistance with SEM. Also, I would like
to thank some members of our research group, Gul Zeb and Ghulam Jalani, for their help and
nice company during my PhD. And, thanks to Ophelie Gourgas for her help with the French
version of the thesis abstract. Also, thanks should be given to all staff and faculty at the
Department of Materials Engineering especially Dr. Lihong Shang, Dr. Florence Paray, Monique
Riendeau, Barbara Hanley, and Terry Zatylny for all their technical supports and kind assistance.

Also, I would like to acknowledge the funding sources of my PhD research project, McGill
Engineering Doctoral Award (MEDA), the Canada Research Chair foundation (CRC), the
Natural Science and Engineering Research Council of Canada (NSERC), and the Center for Self-
Assembled Chemical Structures (CSACS), without their financial support this research was not
possible.

I would like to take this opportunity to also express my gratitude to professors and
faculties at Shiraz University, Department of Materials Engineering, where 1 did my Bachelor
and learned the basics of Materials Science. The passion and honesty they put in their work, after
all their knowledge, have been always inspiring to me.

Finally, from depth of my heart, I would like to thank my grandfather who passed away
just a few days ago while I was working on the last pages of my thesis. His kind thoughts and
prayers have been always with me and have guided me throughout my life. Also, thanks to my
parents (my first and ever beloved ones!) who have constantly supported me and respected my

decision for pursuing my study abroad.



TABLE OF CONTENTS

ABSTRACT ...ttt ettt ettt e s bt et e st e e bt e et eate st e e bt entesbeebeeatenaeens i
RESUME ...ttt ettt et ettt e sbt e et e bt e sbeenineeas iii
ACKNOWLEDGEMENTS ...ttt sttt sttt sbe et saeesae s \4
TABLE OF CONTENTS ...ttt ettt sttt et sbe ettt be e vi
LIST OF FIGURES ..ottt sttt et s s et eesa e seeneeeseenseeneas xi
LIST OF TABLES ...ttt ettt ettt e e e seenteesaenseenseenaenseenes xviii
GLOSSARY OF ABBREVIATIONS AND SYMBOLS ........oooiiiiieeeeeeee e XX
CONTRIBUTION OF AUTHORS .......oooiiieeeeee et xxiii
CHAPTER 1: GENERAL INTRODUCTION.........coiiiiiieiieeeieeeie et 1
I R 13 (06 13 o1 0 s PRSP PRRRURRRRRTR 1
1.1.1. BiOMINETaliZAtiONn ....c.eevieuieiieieniieiceieeieste ettt ettt ebe et e seeesbeenneas 1
1.1.2. Precipitation from aqueous SOIULION .........cccvieiriieeriieeriie ettt e 2

| @ 10} 15115 A< USRS 3
CHAPTER 2: LITERATURE REVIEW ...ttt 6
2.1. Precipitation from aqueous SOIUtIONS .........eieriiieiiieeiee et aaee e 6
2.1.1. Classical MOdEL.........couiiiiiiiiiii e 7
2.1.2. Non-classical preCipItation ...........ceccueeeriieerieeeiieeeiieeeieeeeieeesneeesneeesereeesnaeesnaeeeneens 11
2.1.3. Precipitation INhiDItOTS .......cccceiiiiiiiiiniiiieieceeiene e 12

2.2. HA precipitation from aqueous SOIUtION .........cociiiiiieriieiieie ettt 13
2.2.1. Calcium phosphate phases and their transformation to HA ..........c.cccoceiiiiiiniinnnnene. 14
2.2.2. HA nucleation, growth, and morphology ...........ccceeciieiiiiiiinieniieiee e 17

2.3. HA DIomINETraliZation .....c...ooueiiiriiniieieiiesieeie ettt sttt ettt et 19

Vi



2.3.1. Biomineralization in @ENETal ..........ccceeeviiieiieeeiieecieecee e e e 19

2.3.2. Bone (composition and StIUCLUIE)........cccueeeruvieeriireeiieeeiieeeieeeeieeesveeeereeeseree e e eeeeas 21
2.3.3. HA nucleation and growth in bone............cccuveeiiiiieiiiiciieeeieecee e 24
2.3.4. Role of collagen in bone mineralization............c.cceovveeiiiieriiieeciie e 25
2.3.5. Role of NCPs in bone mineraliZation ...........cc.cecueruereenierienieneeienienieeie e 26
2.3.6. Serum-assoCiated PrOLEINS ......cc.veevierrierieeriieeieerieeteesteeeeeeseesereebeessaeenseessnesnseesseeenns 29
2.3.7. HA inhibition in body by INOTZaniC 10NS ........c.eeeueeriieiiierieeiienieeiiee e eiee e eiee e enne 30
2.4. HA precipitation in the preSence Of AAS .....ccveviieciieriieiierie ettt 31
2.4.1. AAS dissolved 1N SOIULION........oiuieiiiieiieieee e 33
2.4.2. AAS DOUNA t0 SUTTACES ....eeuviiieiieieiiieieeie ettt sttt 41
2.4.3. Poly amino acids and peptides.........cceeruieiieriienieiieeiie et 42
2.4.4. AA/HA interactions investigated by computational techniques...........ccccceecverieennenne. 43
2.4.5. AA interaction with calcite vs hydroxyapatite ..........ccceeeuieiiiniieiiieniieiee e 44
CHAPTER 3: STATEMENT OF THE PROBLEM ...........ccooiiiiiiiiieieeeee e 46

CHAPTER 4: HYDROXYAPATITE PRECIPITATION IN THE PRESENCE OF THE
AMINO ACIDS, ARGININE AND GLUTAMIC ACID, DISSOLVED IN SOLUTION ... 48

The importance of amino acid interactions in the crystallization of hydroxyapatite ................... 49
A1 ADSITACE ..ttt et et sttt e et be e st ens 50
4.2, INEFOAUCTION ...ttt ettt et sa e e bt e e st e bee st e e sbeeeabeenbeesaneens 50
4.3. Materials and methods .........cooiiiiiiiiiiiiii e 53

4.3.1. Synthesis of HA in the presence 0f AAS ....cccviveiieeeiiie e 53
4.3.2. Characterization tEChNIQUES. ........cocuieruieeiieriieeiteeit ettt see et este et e eebeeseeesnseens 54
A4 RESUILS ..ttt ettt sttt et b et 56
4.4.1. Precipitation times and precipitate WeightS ..........coevuiiriiiiiiniieeiienieeeee e 56
4.4.2. MOTPROLOZY ..ttt ettt ettt et e et e et e et e e eaeeenbeesnbeebeens 58

Vii



4.4.3. BET ssa of synthesized partiCles ..........cocuveeiiieeiiiiiiiieeie et 59

4.4.4. Crystal structure and crystallite sizes measured by XRD.........cccccevvvvieviieinieeeieee, 62
s O Tl I | 13 TSR 64
4.4.6. Surface composition determined by XPS........cccoviiiiiiiiiiiiieee e 66
4.4.7. Colorimetric technique to measure the adsorption of AAs to HA surfaces ................ 68
4.4.8. ICP analysis on [Ca] and [P] in solution and on HA precipitates ..........c.cceeevverveennenn. 68
4.5, DISCUSSION «..cuteiieiieieeite ettt ettt ettt s bt et et e s ae e bt eatess e e bt enbeebte bt ensesate bt enteeatenbeensesneenee 70
O 1071 1¢] 11 53 T )« DO 75
4.7, ACKNOWISAZEIMENL . ......coiiiiiiiiiiieiieiie ettt ettt ete e st e esbeestaeeebeesaneesseessseensaens 75
SI. 4. Supporting iNfOrMATION. ........ceiviiiiieiieeie e eieetee et estee et e et eebeesstesbeesreeesseessaeenseessneenne 76

SI. 4.1. XRD pattern of precipitates synthesized after 2 days, in comparison with the XRD
reference pattern OF OCP. .....c.ooiiiiii et 76

SI. 4.2. Estimate of the stability constant of Glu/PO43- complex formation..........c...c..c...... 77

CHAPTER 5: ROLE OF AMINO ACIDS DISSOLVED IN SOLUTION ON THE

PRENUCLEATION STAGE OF HYDROXYAPATITE PRECIPITATION...................... 78
Amino acid/ion aggregate formation and their role in hydroxyapatite precipitation .................. 79
ST ADSETACT ..ttt ettt e b e sttt e b e st e e 80
5.2 INEEOAUCTION ...ttt et st et e b st e e b e 80
5.3. Materials and methods ............cooiiiiiiiiii e 81
5301 MAALETIALS ..ttt et ettt et et et et enaee e 81
5.3. 2. HA SYNHNESIS ..ottt 82
5.3.3. Aggregates COLIECTION ......eeiiieiiieiiecie ettt et e 83
5.3.4. Characterization teChNIQUES........cceeriieiieeiieiieeie ettt et 83

5.4 RESUILS ..ttt et et h ettt et b et st nae et 85
5.5, DISCUSSION ..cuviutiiiiiieiteeit ettt ettt ettt ettt et b et sat e st e e bt eate s bt et e sabenaeebe e bt enbeeaaesatenseentens 92
5.6, CONCIUSION. ...ttt ettt ettt ettt et b et sb e s bt et e st e bt eaaesaeenaeentens 95



5.7. ACKNOWIEAZEMENL.......ccciiiiiiiieiie ettt e e e e e e aee e eaeeeaseeesaseeennaeas 97
SL. 5. Supporting INTOrMALION. .......eceiiieeiiieeiee et et e s e e s e e saeeeseaeeesreeesseeenneeas 97
SI. 5.1. FT-IR analysis of HA PreCipitates .......cccvueeeeuieeeiieeriieeeieeeeieeesveeeeiveeeeveeseveesseneeens 98

SI. 5.2. Ca and P concentration in particles collected from the precursor solutions aged for 1

SI. 5.3. Ca and P concentration in Ca- and P-precursor solutions at different aging times

MEASUTEA DY TCP ..ottt e e e et e e sabe e e nveeenseeenseeens 101

SI. 5.4. In-situ measurement of Ca concentration in Ca-precursor solutions at different aging

times measured by Ca ion-selective electrode (ISE) .......ccccooiiiiiiiiiiiiieeeee, 102

CHAPTER 6: EFFECT OF ARGININE AND GLUTAMIC ACID BOUND TO

GRAPHENE OXIDE SURFACES ON HYDROXYAPATITE PRECIPITATION........... 103
Promoting effect of AAs bound to graphene oxide surface on HA precipitation........................ 104
0.1 ADSITACE ..ottt et ettt h et et s ettt e bt e bt et e saeebeentens 105
6.2, INTTOAUCTION ...ttt ettt ettt e bt et e e e seeenaeentens 105
6.3. Materials and MethOdS ..........cceeiiriiiiiieee e 108
0.3.1. MALETIALS ..ottt ettt e ettt et he e e nbeesneeereen 108
6.3.2. Surface modification of GO flaKes .........ccccueriiieiiiiiiieiieeiee e 108
6.3.3. Precipitation EXPErimMENt........cocueririuirierieeiiereenieeieeiteste et ettt sreesae e st enae e 110
0.3.4. CharacCteriZAtION .......cecuieiieeieeiie et eiee ettt et et et estee et esaeeeabeeseeeenbeesseeenseensaeenseens 110

0.4, RESUILS ...ttt ettt e et e et e bt e bt e et e et e st e e aeeenbeeneeas 113
6.4.1. Characterization of GO surface modification..............ccoeceeriieiieniiiniienieeeeeeee 113
6.4.2. MINETaliZation @SSAY .......eeecuiieriiireiiieeiiieesieeesteeesateeesseeesssreessseeessseeessseeessseesnssessnssens 120

0.5, DISCUSSION ...ttt ettt ettt e b e et et esab e e bt e sabe e bt e sabe e bt e enseenaees 129
6.5.1. Effect of Arg vs. Glu bound to CGO on HA precipitation.........c.cccceeevveerveeerveeennnen. 129
6.5.2. Arg-CGO as a strong nucleator of HA ...........cccviiriiiiiiiieeeeee e 130

0.6. CONCIUSION. ...ttt ettt e b e et e bt e st e bt e e st e bt e st e e bt e enbeennees 131



6.7. ACKNOWICAZEMENL........ccciiiieiiieciiieeie ettt et e et e e ere e e ve e e sabeeesaseeenseeenseeensseeans 132

SI. 6. SUPPOTtING INTOIMALION. ... .eeiiiiieeiiieeiee ettt e sree e s e e e e e seaeeeeaseeeaseeenaeeenens 133
SI. 6.1. EDC/NHS cOUPIING TCACTION.......ueieeiiieeiieeeieeeeiieeeieeeereeesveeeeveeeevee e e eaveeeeeees 133
SI. 6.2. XPS survey results for CGO-EDC and functionalized GO samples ...................... 134
SI. 6.3. TGA reference curves for Arg and Glu powders under N2 atmosphere ................ 134

SI. 6.4. XPS survey results for GO and functionalized GO samples immersed in SBF for 15

AYS 1ttt ettt et b e e b e et e e b e e e abe e bt e eabeenteerbeetteenbeennaeenbeennnas 135
SL 6.5, SEM PICTUIES ...ccuvveeiiieiieeiieetieeteeieeereesteeseteeseessseesseessseesseessseensaessseanseesssesseensseenns 135
SI. 6.6. Zeta potential measured on GO and functionalized GO samples............cccccueenneen.e. 136

PERSPECTIVES ..ottt ettt sttt ettt b b i 138
7.1. Conclusions: highlights.........cccoooiiiiiiiii e 138
7.2. Original contributions to KNOWIEAZE...........coeeviiriiniiiiiiiicenceceecece e 139
7.3, FULUIE PETSPECLIVE ..euvieiiieiiieeiieeiieeiieeieeeiteeteeeeteeteesebeesbeeesseeseeessaessaeesseeseesnsaensseesseensnas 140

REFERENCES .......ccoiiiit ettt sttt s 143



LIST OF FIGURES

Chapter 1:
Fig. 1.1. Chemical structure of Glu (a) and Arg (D). .ccoeeeiieiieieeieeee e 4
Chapter 2:
Fig. 2.1. Different factors that control precipitation from aqueous solution [22]. ........ccceeeuvennnee. 7

Fig. 2.2. Stages of precipitation and open questions in classical (a and c-k) and non-classical
precipitation (a-k) from aqueous SOIUtION [23]. ..c.iieiieiiiiiieieeie et 8

Fig. 2.3. Dependence of homogeneous nucleation rate (J) on supersaturation (S). Scr, homo 1S Shomo

at log J equal to zero. v is the specific surface energy of nuclei [22]. ......ccoceeviriiniininiinicnenne 9
Fig. 2.4. Free energy of precipitation as a function of nuclei size [62]. .......cccecoeeveiieiienieeiiiennnnne 9
Fig. 2.5. Schematic showing mono-nuclear (a) vs. poly-nuclear (b) crystal growth.................... 11

Fig. 2.6. (a) HA crystal structure and its electrical potential distribution: crystal form of HA
mineral; (b) experimental crystalline (P63/m) structure. P, O and Ca atoms not relevant for the
scheme were omitted for clarity of representation. Ca ions are at the vertices of triangles around
each hydroxyl group (red and gray spheres); (c and d) electrostatic potential view along the [010]
direction of the HA (010) plane (c¢) and top/bottom view along [001] direction of HA (001) plane
(d). Atoms are color-coded: oxygen is red, calcium is cyan, phosphorous is yellow, and hydrogen
is grey. Positive/negative values of the electrostatic potential are shown as blue/red colours
L30T ettt h et et h et e a e bttt e a e eb e ettt e bt e bt et saeenaeenae 13
Fig. 2.7. Solubility constant and stability of different phases of calcium phosphates at 37°C
137 OO SRSSRRPRUSSRN 14
Fig. 2.8. Phase and morphology evolution of calcium phosphate precipitate from ACP (a) to HA
(f) in SBF under physiological conditions at reaction times of 3 min (a), 67—73 min (b-d), 90 min
(e), and 7 h (f). Bar: (a-c) 100 nm; (d) 200 nm; (e—f) I mm [133]..ccceviieiiieiiieeieeee e 15
Fig. 2.9. Phase transformation of OCP (a) to HA (d) in SBF under physiological conditions at
reaction times of 0 (a), 10 (b), 24 (c), and 100 h (d).......ccovieiiiieiiiieieeeeee e 15
Fig. 2.10. Phase transformation of DCPD (a) to HA (c) in SBF under physiological conditions at
the reaction time of 0 h (a), 36 h (b), and 1 W (€) [145]. covrreriieeeeeeeeeeee e 16

Xi



Fig. 2.11. Stable prenucleation cluster of calcium phosphate in SBF: a) High-resolution TEM
image of aggregated clusters in SBF kept at 37°C for 24 h; b) The diameter of prenucleation
clusters determined by extrapolation of the diameter measured in HR-cryo TEM images at
different defocusing values; ¢) computer representation of the Posner cluster with composition of
Cag(POy)6 [143]. The arrow indicates gold particles used as a fiducial marker for tomography.
NToz:1 (o Vi I 4V o WP 16
Fig. 2.12. SEM images of HA crystals grown for 24 h in the SBF-based solution in the presence
of commercial HA nanoparticles seeds (a) at 37 (b-d) and 160° C (e and f) at the pH of 6.5 (b), 7
(cand e), and 7.5 (A and £) [156]. uveeeiiieiie et e aae e 17
Fig. 2.13. The SEM images of HA particles, at different magnifications, synthesized from an
aqueous solution at physiological conditions [91].......ccccecieriieiiieiiiiiiieiieeerie e 18
Fig. 2.14. Effect of bis(2-ethylhexyl)sulfosuccinate sodium salt (AOT) on controlling the
morphology of calcium phosphate precipitate obtained from calcium chloride and potassium
dihydrogen phosphate under ambient conditions: a) control HA crystals; b) elongated plate-like
crystals of brushite, networks of amorphous nano particles, and octacalcium phosphate spheres
produced at low AOT concentration; ¢) bundles of aligned HA filaments with structural features
resembling mineral found in tooth enamel produced at high AOT concentration [157].............. 18
Fig. 2.15. Examples of biominerals with astonishing structures found in nature: a ) coccosphere,
which is a complex arrangement of individual plates of calcium carbonate produced by single-
celled algae known as coccolithophores;. b) intricately detailed silica cell walls, known as
frustules, produced by unicellular eukaryotic algae [4, 158]...ccccieriiriieniieieieeeeeeeee e 18
Fig. 2.16. Sensory organs (otoliths in fish (a) and otoconia in higher vertebrates (b)) of inner ear
containing biomineralized structures that deflect the sensory hair bundles of these organs. Cross

sections show that these organs are composite materials consisting of organic matrices and

lighter zones of calcium carbonate MiCroCIYStalS. ........cvveviiiiiriiiinienieeeeeee e 19
Fig. 2.17. The 9 levels of hierarchical structure in bone [164]........c.ccccvvviieniiiiieniiieieieeieeee, 23
Fig. 2.18. Chemical structure of pyrophosphate. ...........ccccvveviiieiiiieiiieeieccee e 31
Fig. 2.19. Schematic showing the factors that can regulate the uptake and release of AAs by
PATtICULAT CEIIS [245]. oottt ettt sttt et e et e s e et eeateenbeenneas 31
Fig. 2.20. Chemical Structure Of AAS. .....coieriiiiirieieeteeteee ettt 34

xii



Fig. 2.21. Different pathways for HA precipitation in a bricks (HA) and mortar (ACP)

configuration in presence of Glu and Gly [254]. c..oveeviieeiiieee e 39
Fig. 2.22. SEM images of the HA crystals synthesized without any AAs (a) or in the presence of
Gly (b), Ser (c), Asp (d), and Glu (d). Scale bar: 300 [37]. .ccceeevvierieeiieieeieerie et 40
Fig. 2.23. Schematic showing the reduced interfacial energy barrier between DCPD and HA in
the presence 0f ACIAIC AAS [32]. i iiiiiiiie ettt e e rte e e ee e et e e s raeesaeeessbeeesaseeesseessseeens 40
Fig. 2.24. Schematic showing the steps involved in the precipitation of HA in the presence of
Asp-capped gold nano PartiCles [47]. c.veeieeieieeie ettt et eees 42
Chapter 4:

Fig. 4.1. Effect of AAs on the precipitation time (prec. time) of HA. The precipitation time was
considered to be the time at which the solution became visibly cloudy. Each data point is the
average of at least 3 samples. Asterisks (*) indicate the samples that were statically significantly
different (P<0.003) from the control SAMPIe...........cccuviiiiiiiiiiieciieeee e e 57
Fig. 4.2. Effect of Glu, Arg, and combination of Glu and Arg on the weight of precipitates after 2
days of reaction. Each data point is the average of at least 3 samples. Asterisks (*) and plus sign
(+) indicate the samples that were statically significantly different from the control sample with
P<0.0005 and 0.02, 1ESPECLIVELY. ....eeruiiriiiiiiiiiiiieetet ettt 58
Fig. 4.3. SEM images of samples HA-Cont (a and b), HA-Glu (c and d), HA-Arg (e and f), and
HA-Combo (g and h) at precipitation time. Scale bars: 1um (a, c, e, g) and 200 nm (b, d, f, h). 60
Fig. 4.4. SEM images of samples HA-Cont (a and b), HA-Glu (c and d), HA-Arg (e and f), and
HA-Combo (g and h) after 2 days of reaction. Scale bars: 1um (a, c, e, g) and 200 nm (b, d, f, h).

Fig. 4.5. Effect of Glu, Arg, and combination of Glu and Arg on the BET ssa of synthesized HA
powders after 2 days of reaction. Asterisks (*) indicate the samples that were statically
significantly different from the control sample with P<0.05. ........c.ccceeveriiiniininiiniiicnicneeens 62
Fig. 4.6. XRD patterns of HA-Cont, HA-Glu, HA-Arg, and HA-Combo collected at the
precipitation time (a), and after 2 days (b). The vertical lines are the reference pattern for HA
(PDF number: 00-009-0432)........ooiiieieeieieeieeiee ettt ettt sttt sseesteente et enseeneeeneennes 63
Fig. 4.7. Average crystallite sizes along [002] and [310] measured by XRD for HA-Cont, HA-
Arg, HA-Glu, and HA-Combo at the precipitation time (a) and after 2 days (b). Asterisks (*)

Xiii



indicate samples that were significantly different from HA-Cont (P<0.05 in a and P<0.08 in b).

Fig. 4.8. IR spectra of control and AAs samples at precipitation time (a and b) and after 2 days (c
and d). All spectra are normalized with respect to the main phosphate peak of CHA at 1055 cm™.
Spectra are then translated along the y axis for clarity. Sections (a and c): 4000-2400 cm™ region;
(b and d): 750-2000 cm™ region. Inset in section c: zoom-in of 3000 to 2800 cm™ region for
spectra HA-Cont (1), HA-Glu (2), HA-Arg (3), and HA-Combo (4)....c.ccoevvevieriieiienieeieeeene, 65
Fig. 4.9. C and N atomic % relative to Ca atomic % for HA-Cont, HA-Glu, HA-Arg, and HA-
Combo at precipitation time and after 2 days of reaction, measured from XPS survey spectra.
Asterisks (*) indicate the samples that were statically significantly different from the control
SAMPLE WIth P<O.02. ..ottt ettt ettt et e s ebeesbeessbeenbaessseesseessseenseensseenns 66
Fig. 4.10. Surface Ca atomic % relative to P atomic % for HA-Cont, HA-Glu, HA-Arg, and HA-

Combo at precipitation time and after 2 days of reaction, measured from XPS survey spectra.

Asterisks (*) indicate samples that were significantly different from HA-Cont (P<0.03). ......... 67
Fig. 4.11. [Ca] (a) and [P] (b) in the supernatant solution for HA-Cont, HA-Combo, HA-Glu,
ANA HA-ATZ SAMPIES....oieeiiiiiiiiiecieeciie ettt ettt e ete et eebeessaeebeesseeasseessseenseessseesseesssesseens 69

Fig. 4.12. Bulk Ca/P atomic ratios as measured by ICP-AES on HA-Cont, HA-Glu, HA-Arg, and
HA-Combo at precipitation time and after 2 days of reaction. Asterisk (*) indicates the sample
that was significantly different from HA-Glu, HA-Arg, and HA-Combo samples synthesized
ATLET 2 dAYS (P<O.03). ettt ettt et e et e e s tae e satteessbeeeesbeeessseeessseesnnseeensseesnnseeans 69

Chapter 5:

Fig. 5.1. Effect of precursor solution aging on HA precipitation. (a and b), Precipitation time
determined by visual observation (a) and precipitate weights after 2 days of reaction (b). Each
data point is average of at least 3 samples. Asterisks (*) and plus sign (+) indicate the difference
between 3 day and not aged samples was significant with P=0.009 and 0.09. The weight of all
precipitates is lower than expected if all Ca and P combined to form HA (0.081 g), thus
confirming the inhibitory effect of tris and AAs on HA precipitation; (c), [Ca] in supernatant
measured by ICP for HA-Cont and HA-Arg with not aged or aged precursors. [Ca] decreases in
the supernatant of HA-Arg aged for 3 days earlier than when the visual precipitation occurs on

this sample (a), thus indicating formation of Ca-containing nuclei even before visible

Xiv



precipitation. (d-1), SEM images of HA-Cont (d and g), HA-Glu (e and h), and HA-Arg (f and 1)
with not aged (d-f) or aged precursors (g-1); all samples are collected after 2 days of incubation.
Scale bars: Ium. (j and k), XRD of HA-Cont, HA-Glu, and HA-Arg prepared with precursors
not aged (j) or aged (k). Vertical lines represent reference pattern for HA (PDF number: 00-009-
0432). Please note that Figs. g-k were also shown in our previous work [331]......cccceeevreennenne 86
Fig. 5.2. HA surface composition differs depending on precursor aging. Ca/P (a) and C/Ca (b)
atomic % for HA-Cont, HA-Glu, and HA-Arg collected after 2 days of reaction, measured from
XPS survey spectra. Asterisks (*) indicate that the difference between the samples prepared with
aged and not aged precursors was statically significant with P<0.04. C can originate from two
main sources: tris (present in all samples) and AAs (only present in the AA samples). HA-Arg
shows significantly higher C/Ca than HA-Glu when the precursors are aged. This indicates that
much more organic material is present in this sample, which suggests that Arg incorporates in
HA more than Glu. A quantitative estimate is hard to make, since Arg has a longer carbon chain
than Glu, and the tris/AA incorporation ratio i N0t KNOWN. ........cccceeviiiiiiniiiiiienie e, 87
Fig. 5.3. Aging precursor solutions that contain AA drastically changes HA structure. TEM
images and SAED patterns of HA formed from 3 day old precursor solutions in the presence of
Glu (HA-Glu, a-d), Arg (HA-Arg, e-h), or in the absence of AAs (HA-Cont, m-p), and HA
formed from the not aged precursor solutions in the presence of Arg (HA-Arg, i-1). HA particles
were collected before visible precipitation, specifically after 1.5 (HA-Cont) and 6 h (HA-Glu and
o N 3 TSRS 88
Fig. 5.4. EDS spectra for HA samples shown in Fig. 5.3: (a) and (b), spot A and B in Fig. 5.3b,
respectively; (c), spot A in Fig. 5.3f; (d), spot A in Fig. 5.3j; (e), spot A in Fig. 5.3n. The Cl
observed on EDS spectra in a, b, d, and e could have originated from CaCl, or HCl.................. 89
Fig. 5.5. Analyses of aggregates collected from the Ca- and P-precursor solutions aged for 1
month. (a) Weight of aggregates collected from precursor solutions by vacuum filtration using
filters with pore size of 200 nm. Asterisks (*) indicate the samples that were statically
significantly different with P<0.05. (b), C-N and C=0O atomic % relative to C-C atomic %
measured from XPS C 1s high resolution spectra of aggregates collected from Ca-Glu-ps (c), P-
Glu-ps (d), Ca-Arg-ps (e) and P-Arg-ps (f). Asterisks (*) indicate the samples that were statically
significantly different from their correspondent samples containing Ca with P<0.05. (+)

indicates the sample that was different from its correspondent sample containing Glu with

XV



P<0.08. Peaks observed on C high resolution spectra (c-f) at 284.9, 286.3, and 288 correspond
C-C, C-N, and C=0, respectively. While C-C and C-N bonds are present in both AAs and tris,
the C=0 component can only originate from the AAS. ........cccceeviieiiieriieiiieie e 90
Fig. 5.6. TEM images and EDS spectra of aggregates collected from precursor solutions aged for
3 days. No aggregates are observed for Ca-Cont-ps (a) and P-Cont-ps (b) samples. Aggregates
with average dimensions of 16+4 nm, 34+8 nm, 158467 nm, and 4+1 nm are observed for Ca-
Glu-ps (c), Ca-Arg-ps (e), P-Glu-ps (d), and P-Arg-ps (f) samples, respectively. Cl observed on
the EDS spectra of Ca-Glu-ps (c¢) and Ca-Arg-ps (e) must be derived from either CaCl, or HCI.

Fig. 5.7. Schematic representation of possible pathways for HA precipitation in the presence of
Ca- and P-aggregates. Ca (red sphere) and P (green triangle) precursor solutions containing AAs
(blue lines) are prepared separately. Complexes between AAs and ions form in the precursor
solutions (see left side of the figure). If the solutions are mixed right away (arrow “no aging”),
Ca/AA and P/AA aggregates do not have time to form, and HA crystals (cubes) only contain
Ca®" and PO, ions. However, if Ca- and P-precursor solutions are aged for 3 days, Ca/AA (pink
sphere) and P/AA (green sphere) aggregates start forming (arrow “3 days”). The longer the aging
time, the larger the aggregates become (arrow “1 month”). If the precursor solutions are mixed
after 3 day aging, HA precipitates include not only Ca*" and PO, ions, but also the aggregates
that had grown during the 3 day aging. The aggregates could be either occluded inside the HA
crystals, or at the interface between different crystals (A colored version of this figure can be

TOUNA ONTINE). ..ottt ettt et et e bt e et e e et e eabeesaeeenbeessaesnneens 96

Chapter 6:

Fig. 6.1. XPS quantitative analysis: (a) O, C, S, and N atomic % on GO, CGO, CGO-Glu, and
CGO-Arg obtained from survey spectra; (b and c) percentages of the different components used
to fit high resolution XPS C 1s (b) and O 1s (c) spectra shown in Fig. 6.2.........cccccoeovreiennnnnn. 112
Fig. 6.2. XPS C 1s (a) and O 1s (b) high resolution spectra for GO, CGO, CGO-Glu, and CGO-
F N T3 111 o) (SRR 114
Fig. 6.3. FTIR spectra recorded on GO, CGO, CGO-Glu, and CGO-ATg. .....cevvevveeereeeeieeennen. 116

XVi



Fig. 6.4. TGA curves collected under N, atmosphere on GO, CGO, CGO-Glu, and CGO-Arg
samples. The empty circles correspond to the temperatures at which peaks were observed on the
OMASS/OT AETIVALIVE CUIVES. ..cutiiutiiiiiieieriiestteie ettt et ettt ettt sbe et eatesete bt et e sbeenbeenneseeenbeensens 118
Fig. 6.5. [Ca] (a) and [P] (b) measured by ICP on negative control sample (SBF, grey bars) and
in SBF containing GO (solid black), CGO (striped black), CGO-Glu (solid red), CGO-Arg
(striped red) and positive control (HA powder, blue bars) after 0, 3, 8 and 15 days of immersion
in SBF. Asterisk (*) and plus (+) signs indicate values that are statically significantly different
from the correspondent values measured on GO and CGO samples, respectively, with P lower
EHAN 0,05, .. ettt ettt e b et e a e e teen e e eaeeteentenseenteeneenreentens 120
Fig. 6.6. Analysis of precipitates formed on GO, CGO, CGO-Glu, and CGO-Arg after 15 day
immersion in SBF: (a) TGA curves collected in air. GO 0d is a GO sample not immersed in SBF.
The empty circles correspond to the temperatures at which peaks were observed on the dmass/dT
derivative curves. (b) P, Ca, and Mg atomic % measured from XPS survey spectra. Complete
survey results are shown in Table S6.2. Asterisk (*) and plus (+) signs indicate values that are
statically significantly different from the correspondent values measured on GO and CGO
samples, respectively, with P lower than 0.05. (¢) FTIR spectra normalized with respect to the
C=C peak at approximately 1585-1597 cm™. HA is a reference spectrum for HA powder....... 122
Fig. 6.7. BSE-SEM images of GO sample not immersed in SBF (a-c) and GO (d-f), CGO (g-i),

CGO-Glu (j-1), and CGO-Arg (m-q) sample immersed in SBF for 15 days. .......ccocceevieneenne. 125
Fig. 6.8. TEM images (a and c), and corresponding SAED patterns (b and d), and EDS spectra
(insets) for CGO-Arg sample immersed in SBF for 15 days. ......ccccooevviniininiininiiiicces 127

Fig. 6.9. Schematic showing possible interactions of Glu and Arg with CGO surface and Ca*"
(circle) and PO, (triangle) ions. The ions are shown in red or blue if they are interacting with

the AAs by forming complexes or electrostatically, respectively. ........ccocervieniiiiiiniinnenenn 128

XVii



LIST OF TABLES

Chapter 2:

Table 2.1. Calcium phosphate crystalline phases and their Ca/P ratios [84, 131]. .....ccceeveneeee. 14
Table 2.2. Bone composition of female Wistar rats [161]. ......cccoooiiiiieiiieiieniicieeeeeree e 20
Table 2.3. Mechanical properties of hard tissues in human body [92]. ......cccoeeeeiiiiiiieiiiieeiee 20
Table 2.4. Concentrations of ions in blood plasma [169]. .......ccccuvireiiiieiiieie e, 24
Table 2.5. Review of HA syntheses in the presence of AAS in SOIUtION. ....ovvveverierienierienenne. 35

Table 2.6. Particle and crystal size of HA synthesized in the presence of AAs dissolved in
Y0 1015 T} § FO USSR 36

Table 2.7. Affinity constants for various amino acid inhibitors of HA crystal growth [40]........ 37

Chapter 4:

Table 4.1. Summary of AA concentrations in different samples. ..........cccoevevieniiienieninneneene. 54

Table 4.2. Pore volume and pore size for HA samples synthesized in the presence of Glu, Arg,

and their combination after 2 days. .......ccueiiiiiiieiieeee e 59
Table 4.3. AAs adsorbed to HA particle surfaces after 2 days of reaction. ...........cccceeevveervrennnnn. 68
Chapter 5:
Table 5.1. Concentrations of Ca, P and AAs in precursor solutions............cceceeverveeneeneneeneenne. 82
Chapter6:
Table 6.1. List of samples used in this WOTK. ..........cccoviiiiiiiiiiiiiiieeeee e 109

Table 6.2. Assignments of peaks found on FTIR spectra shown in Fig. 6.3 for GO, CGO, CGO-
Glu, and CGO-Arg. Note that only the main contributions for each peak are reported in this
table. Multiple species may contribute to each peak. .......c.cccoceeviriiiiiiiniiniiiee 116
Table 6.3. Weight loss temperature (°C) and corresponding weight loss (% WL) observed on the
TGA curves (Fig. 6.4) for GO, CGO, CGO-Glu, and CGO-Arg samples. Asterisk (*) and plus
(+) signs indicate values that are statically significantly different from the correspondent values
measured on GO and CGO samples, respectively, with P lower than 0.05...............cccoeceeneenn 118
Table 6.4. Weight loss percentages and temperatures (°C) for GO not immersed in SBF (GO 0d),
and for GO, CGO, CGO-Glu, and CGO-Arg samples immersed in SBF for 15 days. Asterisk (*)

XViii



and plus (+) signs indicate values that are statically significantly different from the correspondent
values found on GO 15d and CGO 15d, respectively, with P-value lower than 0.05. ............... 121
Table 6.5. Assignments of the peaks related to HA measured by FTIR on GO, CGO, CGO-Glu,
CGO-Arg and the control HA sample after immersion in SBF for 15 days (Fig. 6.6c). The other
peaks observed on these spectra are relative to GO, and have been already reported in Table 6.2.
Table 6.6. Mg/P and Ca/P ratio calculated from the SEM-EDS spectra on GO, CGO, CGO-Glu,
and CGO-Arg after 15 day immersion in SBF. ..........cccoiiiiiiiiiiiiicee e 124

XiX



GLOSSARY OF ABBREVIATIONS AND SYMBOLS

AA Amino acid

ACP Amorphpus calcium phosphate

Ala Alanine

ANK Ankylosis

AP Alkaline phosphatase

Arg Arginine

ASARM Acidic serine and aspartate-rich motif

Asn Asparagine

Asp Aspartic acid

BGP Bone Gla protein

BMPs Bone morphogenic proteins

BSE Back-scattered electron

BSP Bone sialoprotein

CFE-SEM Cold-field emission scanning electron
microscope

CGO Carboxylated graphene oxide

CHA Carbonated hydroxyapatite

CPP Casein phosphopeptide

CPP Calciprotein particle

Cys Cysteine

DCPA Dicalcium phosphate anhydrate

DFT Density functional theory

DI Deionized

DMP 1 Dentin matrix protein 1

DPP Dentin phosphophoryn

DRIFT Diffuse reflectance infrared fourier transform

DTGS Deuterated triglycine sulfate

ECF Extracellular fluid

XX



ECM
EDS
FGF
FT-IR
GFN
Gla
Glu
Gly
GFNs
GO
HA
Hyp
ICP-AES

ISAB
ISE
ITC
Lys
MCT
MD
MEPE
MGP
MV
NCP
NMR
ocCp
OPN
PC
PDA
PD-BSE
Phe

Extracellular matrix

Energy dispersive spectrometer
Fibroblast growth factor

Fourier transform infrared

Growth front nucleation

y-carboxylated glutamic acid

Glutamic acid

Glycine

Graphene family of nanomaterials
Graphene oxide

Hydroxyapatite

Hydroxyproline

Inductively coupled plasma atomic emission
Spectroscopy

Ionic strength adjustment buffer
Ion-selective electrode

Isothermal titration calorimetry

Lysine

Mercury-cadmium-telluride

Molecular dynamic

Matrix extracellular phosphoglycoprotein
Matrix Gla protein

Matrix vesicle

Non-collagenous protein

Nuclear magnetic resonance

Octacalcium phosphate

Osteopontin

Prenucleation cluster

Polydopamine

Photo-diode backscattered electron detector

Phenylalanine

XXi



Pro
PSer
rGO
SAED
SAMs
SBF
SEM
Ser

SIBLINGs

SLRPs
ssa
Tau
TEM
TGA
TNAP
tris
Tyr
VSMC
XPS
XRD

Proline

Phospho Ser

Reduced graphene oxide

Selected area electron diffraction
Self-assembled monolayers

Simulated body fluid

Scanning electron microscope

Serine

Small integrin-binding ligand, N-linked
glycoproteins

Small leucine-rich proteoglycans
Specific surface area

Taurine

Transmission electron microscopy
Thermogravimetric analysis
Tissue-nonspecific alkaline phosphatase
Tris(hydroxymethyl)aminomethane
Tyrosine

Vascular smooth muscle cell

X-ray photoelectron spectroscopy

X-ray diffraction

XXii



CONTRIBUTION OF AUTHORS

This thesis presents a collection of three published or submitted manuscripts written by the
candidate under the supervision of Prof. Marta Cerruti. These articles form the basis of Chapters
4, 5 and 6 of this thesis.

As the first author of all manuscripts, I designed and conducted all the experiments. In
addition, material preparation and testing, data collection and analysis, and writing the
manuscripts have been my responsibility. The Candidate’s supervisor, Prof. Marta Cerruti,
guided me throughout the whole process and extensively reviewed the manuscripts.

Collaboration was necessary in order to cover all experiments and instruments required to
fulfill the objectives of this research project. The role of each of the contributors and co-authors
of the manuscripts is explained below:

Dr. Raynald Gauvin is a professor at McGill University. He collaborated on providing us
with access to an advanced scanning electron microscopy (SEM) and advising us on the SEM
analyses presented in manuscript 3 (Chapter 6).

Dr. Nicolas Brodusch is a research associate at McGill University and collaborated on
taking and analyzing the SEM images shown in manuscript 3 (Chapter 6).

Ms. Guanhan Yao was an undergraduate student at McGill who worked in our lab for a
summer project. She collaborated on material preparation, data collection and data analysis of

the precipitation experiments presented in manuscript 1 (Chapter 4).

XXiii



CHAPTER 1

GENERAL INTRODUCTION

1.1. Introduction

1.1.1. Biomineralization

Living organisms regulate the formation of a variety of inorganic minerals, ranging from
apatite in bones, calcium carbonate in seashells, calcium sulphate in gypsum to iron oxide in
magnetotactic bacteria. These biominerals are formed during a highly regulated process called
biomineralization, and often they have exceptional mechanical properties, complex shapes, and
intricate hierarchical structures, which distinguish them from their artificially synthesized
counterparts [1-3]. These characteristic properties of biominerals are obtained under the direct
influence of biomolecules, usually proteins and peptides, which remarkably control and regulate
their nucleation and growth under conditions that are much milder than those used in
conventional processing techniques [3-6].

The most well-known and maybe most complex example of biomineralization occurs
during the formation of bone, an organic-inorganic hybrid material made of collagen, non-
collagenous proteins (NCPs), and carbonated hydroxyapatite (CHA) (Cajo-x(PO4)sx(CO3)x(OH),-
x) crystals [7]. Collagen fibres provide a framework known as extracellular matrix (ECM), where
CHA nucleates and grow. Even though the ECM determines the ultimate structure and
orientation of hydroxyapatite (HA, Cas(PO4);OH) crystals, it does not have the capacity to
initiate HA mineralization despite the fact that body fluids are supersaturated with respect to HA.
HA nucleation is mainly initiated by a set of negatively charged phosphorylated NCPs associated
with the ECM. These proteins attract Ca*" and PO43 “ions and increase the local supersaturation
to a level sufficient to form nuclei of a critical size, which can develop into HA crystals [7, 8].

Another set of NCPs have the ability to inhibit undesirable formation of HA in tissues such as
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cartilage and arteries, continuously exposed to body fluids. These inhibitory proteins are either
associated with the ECM of tissues or found in the plasma and limit the formation of HA by
binding to the surface of nascent mineral nuclei, thus restricting their further growth [9].

While striving to understand the process of biomineralization, researchers have
investigated the effect of smaller biomolecules like amino acids (AAs) and peptides (short
polymers of AAs) on HA mineralization. AAs are the building block of proteins, and negatively
charged AAs such as aspartic acid (Asp), glutamic acid (Glu) and phosphoserine (PSer) are
highly abundant in the acidic domain of NCP (e.g. osteopontin (OPN), bone sialoprotein (BSP),
dentin matrix protein 1 (DMP 1), and dentin phosphophoryn (DPP)) involved in HA
mineralization in bone and dentine. Similar to proteins, charged AAs can either inhibit or induce
HA mineralization [10-12]. AAs are also effective in modifying the morphology and crystalline
structure of HA due to the electrostatic and stereochemical effects of their charged residues,
especially carboxylate and phosphate groups [11, 13-15]. In comparison with proteins or
peptides, AAs are much less expensive and more stable, which makes them cost-effective
candidates for clinical applications. In-vitro studies show that promoting AAs are useful for
improving bone regeneration in damaged tissues [14], while inhibitory AAs are potential
candidates for treating pathological diseases caused by an excessive mineralization of HA in

tissues like cartilages [16, 17], blood vessels and cardiac valves [17-19].

1.1.2. Precipitation from aqueous solution

Biomineralization happens as a precipitation from aqueous solutions [53, 55]. According to
classical models, precipitation involves two main stages: nucleation and growth. Nucleation
happens in a supersaturated solution, when metastable nuclei of a critical size form by stochastic
solute clustering [20]. These critical-sized nuclei would be the earliest precursors of crystalline
materials: after they form, they grow and make larger and larger crystals [21, 22]. Recent studies
however indicate that small clusters forming earlier than the critical sized nuclei play a dominant
role in the precipitation of organic [23] and inorganic compounds [20], as well as in the presence
of biomolecules [24]. The existence of these clusters, commonly known as prenucleation clusters

(PCs), is reported by several researchers [24-31].



1.2. Objectives

Although AAs are promising potential candidates for controlling HA mineralization, the
mechanism by which they interact with HA crystals to induce or inhibit mineralization is hardly
understood. In fact, the studies on AAs and HA crystallization are mostly conducted under
experimental conditions different from the physiological ones (i.e. high supersaturation, high
temperature or high pH) which have made it difficult to have a real insight into the effects of
AAs inside the human body [32-35]. Moreover, most of the studies on the effect of AAs are
conducted on the nucleation and growth stage of precipitation [10, 34, 36-47] while the
prenucleation stage (stage before critical nuclei form) can play critical role in regulating HA
precipitation.

Our objectives in this work are to:

1. Investigate the inhibitory effect of differently charged AAs (the positively charged
Arg vs. the negatively charged Glu) dissolved in solution on HA precipitation at

physiological conditions.

AAs dissolved in solution can inhibit HA precipitation by chelating Ca*" and PO, ions. In
general, it is believed that the negatively charged AAs containing carboxylate or phosphate
groups are more effective in controlling HA precipitation due to their strong interaction with
Ca”" jons [8, 48-51]. However, contradictory results reported by different authors make it
difficult to draw a comprehensive conclusion about the effect of AAs dissolved in solution on
HA crystallization. For example, Jack et al reported a significant inhibitory effect of alanine
(Ala) and aspartic acid (Asp) on the growth of HA particles [52]. In contrast, Palazzo et al
showed that Asp promoted HA particle growth while Ala had no effect on HA particle sizes [11].
According to Jack at al., a positively charged AA, lysine (Lys), had the strongest affinity to HA
surfaces [52]; however, Koutsopoulos and Dalas showed that the negatively charged Asp had the
largest affinity to HA among the AAs that they investigated [44, 53-56].

Here, we investigated the inhibitory effect of a positively charged (Arg) and a negatively
charged (Glu) AA (Fig. 1.1) dissolved in solution on the morphology and crystallization
(nucleation and growth) of HA synthesized at physiological temperature and pH. Negatively
charged AAs, such as Asp and Glu are highly expressed in NCPs and play critical role in HA
mineralization in the body [6]. NCPs also contain positively charged AAs, such as Arg and Lys.
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Fig. 1.1. Chemical structure of Glu (a) and Arg (b).

Here we focus on Glu and Arg because they are less investigated than their counterparts Asp and
Lys [9, 22-27]. To achieve this objective, the AA-containing Ca- and P-precursor solutions were
mixed after 3 days aging. The precipitation behavior of these AA-containing solutions was
compared with the aged solution that didn’t contain any AAs.

2. Investigate the formation of ion/AA clusters in AA-containing precursor solutions,
and study the mechanism pathway through which these clusters can regulate HA

precipitation.

While nanometer-sized PCs are formed in inorganic systems, larger clusters have been
discussed as metastable precursors for the formation of crystals of many organic substances,
including proteins and AAs [57]. Here, we investigated the formation of clusters made of
precursor ions and AAs, and studied their role in HA precipitation before the nucleation stage.
To do this, we ran two different sets of experiments. In the first set, the AA-containing Ca- and
P-precursor solutions were mixed right away, and in the second set, these precursor solutions
were mixed after 3 days of aging. The interaction between the AAs (Arg and Glu) and Ca*" and
PO, ions in the precursor solutions resulted in the formation of Ca/AAs and P/AAs complexes,
and as the precursor solutions were aged, these complexes grew into larger and larger clusters.
Once the aged Ca- and P-precursor solutions were mixed, the Ca/AAs and P/AAs clusters
brought into contact and interacted with each other before HA nucleated. In this work, we

investigated the clusters’ interactions and their effect on HA precipitation.



3. Investigate the promoting effect of differently charged AAs bound to a graphene
oxide (GO) surface on HA precipitation at physiological conditions, and develop a GO-

based substrate with high mineralization ability for bone regeneration applications.

As discussed in the previous section, there have been many studies on the effect of AAs
dissolved in solution on HA precipitation [10, 34, 36-46]; however the effect of AAs or other
small biomolecules bound to surfaces has been the subject of just a few studies [47, 58, 59].
Since the AAs involved in HA precipitation in bone are associated with ECM and cannot move
freely, studies concerning the AAs bound to surfaces can model the in-vivo precipitation of HA
more closely than the AAs dissolved in solution. Similar to NCPs, AAs bound to surfaces can
promote HA precipitation by attracting Ca*” and PO, ions and increasing the local degree of
supersaturation [12].

In this work, we used GO as a surface to bind the AAs on. There are just a few studies
investigating the mineralization of graphene-based materials [58-61]. We study the promoting
effect of a positively charged (Arg) and a negatively charged (Glu) AA bound to GO on the
morphology and crystallization of HA synthesized at physiological conditions. To achieve this
goal, we grafted the AAs onto GO flakes, and then immersed the AA-coated GO samples and a
control GO sample without AA coating in simulated body fluid (SBF) to investigate the
precipitation of HA on the GO flakes.



CHAPTER 2

LITERATURE REVIEW

Biomineralization is a process by which living organisms produce minerals. Biominerals
usually have complex structures and excellent properties obtained under the influence of
biomolecules that regulate the mineralization process. Bone, composed of 70% of HA, is one of
the most studied examples of biomineralization.

Aqueous precipitation is the most common technique used to study HA biomineralization
due to its similarity to biological systems. In this section, we first introduce concepts related to
aqueous precipitation in general; then we review different studies on the synthesis of HA using
this method, and finally we review the biomineralization of HA and describe the effect of various
biomolecules, such as proteins, peptides, and their building blocks, AAs, on HA precipitation in-

vitro.

2.1. Precipitation from aqueous solutions

Precipitation is probably the most common operation in industries and laboratories [21,
22]. Aqueous precipitation is defined as the formation of a solid product via chemical reactions
occurring in water. The properties of the solid product are determined by the following factors:
(a) solid-liquid equilibria; (b) crystallization kinetics, i.e. supersaturation, nucleation, and
growth; (c) colloid surface chemistry, i.e. the aggregation of particles and the adsorption of
impurities/additives, and (d) the reactor design (Fig. 2.1) [22]. All these factors are important in
directing the precipitation process. However, we will mainly focus on the crystallization kinetics

(Sections 2.1.1 and 2.1.2), and will briefly discuss some effects of additives in Section 2.1.3.
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Fig. 2.1. Different factors that control precipitation from aqueous solution [22].

2.1.1. Classical model

According to classical models, precipitation involves two main stages: nucleation and
growth [21, 22]. Nucleation happens in a supersaturated solution, when metastable nuclei of a
critical size form by stochastic solute clustering [20]. These critical sized nuclei would be the
earliest precursors of crystalline materials: after they form, they grow and make larger and larger

crystals [21, 22].

2.1.1.1. Supersaturation

According to thermodynamics of classical precipitation, a solid phase forms when [22],

a
AG = —RTIn(—) <0 Q.1)

ao
where AG: molar Gibbs free energy; R: the universal gas constant; T: the absolute temperature;
a: activity of the solute in the initial solution; and ao: activity of the solute in the final solution.
We define the ratio o/ao as the saturation ratio, S. For crystallization reactions, i.e.

A(aq)+B(aq)—AB(s), the saturation ratio can be defined as [22];

S = 2.2)

where K, = [Aleq[Bleq- When S>1, we have AG<0. This is the condition of supersaturation.
Therefore, in classical models, supersaturation is considered to be the driving force for

crystallization.
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Fig. 2.2. Stages of precipitation and open questions in classical (a and ¢-k) and non-classical precipitation
(a-k) from aqueous solution [23].

2.1.1.2. Nucleation

Nucleation is the process in which molecules or precursor ions (Fig. 2.2a) combine
together to form nuclei, which could be crystalline (Fig. 2.2¢) or amorphous (Fig. 2.2d). The
nuclei constantly form and disappear until they reach a critical size, r. [22]. In fact, nucleation
starts when a critical S value (S,) is exceeded. Beyond this S, value the nucleation rate increases
sharply and reaches its maximum quickly (Fig. 2.3) [22]. Nucleation rate (J) is an exponential or
high power function of supersaturation as shown by the following equation; therefore, J has a

strong dependency on supersaturation [62].
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where A is a nucleation constant, k is the Boltzmann constant, vy is the interfacial tension between
the developing surface of nuclei and the supersaturated solution, and v is the molecular volume
of precipitate.

Depending on the nucleation site, we have three different nucleation mechanisms:

1) Homogeneous nucleation: primary nuclei form in solution.

i1) Heterogeneous nucleation: primary nuclei form on a foreign surface.

ii1) Surface nucleation: primary nuclei form on the surface of preformed precipitate.

The free energy change, AG (r), associated with the formation of the nuclease is given by
[22]:

AG(r) = AGyo; — AGgyrs 2.4)

where the first term, AG,, is the free energy change associated with the generation of volume
and the second term, AGyy,y, is associated with the generation of new surface. AGy, is negative
but the second term, AGyyy, is positive; therefore, it is only after a certain size r. that AG(r)
becomes negative. A plot of AG(r) as a function of nuclei size (r) is shown in Fig. 2.4. The

AGp,x represents an activation energy barrier [62].
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Fig. 2.3. Dependence of homogeneous nucleation  Fig, 2.4. Free energy of precipitation as a function
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nuclei [22].



Heterogeneous and surface nucleation are easier than homogeneous nucleation because the
surface energy change, and as a result AGp,y, is lower than that required to create a new nucleus
in solution [22].Therefore, heterogeneous and surface nucleation are favored at lower
supersaturations when the driving force for precipitation is lower while homogeneous nucleation
happens at high supersaturation conditions. The critical supersaturation for nucleation decreases

as follows for different mechanisms of nucleation: S¢; homo > Scr, hetero > Ser, surface 1.

2.1.1.3. Growth

Crystal growth happens through a series of stages: a) transportation of solute in solution, b)
solute adsorption on the particle surface, c¢) surface diffusion, and finally d) incorporation of
solute into crystal [22].

While the nucleation rate is exponentially dependent on supersaturation (Eq. 2.3), the
growth rate (G) of a spherical particle of radius r can be explained by a first order or more rarely
second order equation in terms of supersaturation (Eq. 2.5) [22]; therefore, G shows less

dependency to supersaturation than J.

dr
G = = kgCeg(S— 1) 2.5)

Where t is time, k, is the growth constant, and Cq is the solubility of the precipitating solute
species.

There are two modes of particle growth depending on the relative magnitude of surface
nucleation rate vs. crystal growth rate [22] (Fig. 2.5). The first mode is the layered or mono-
nuclear growth. This occurs when the crystal growth is fast, but the surface nucleation is the rate
limiting step. This results in crystal growth by addition of molecules to the initial nucleus formed
instead of the formation of new nuclei (Fig. 2.5a). The second mode is the continuous or poly-
nuclear growth, which occurs when growth is the rate-limiting step. In this case, the growth of
the initial nucleus is not favored; therefore, the crystal grows by forming new nuclei on the
favorable sites of its surface (Fig. 2.5b). The growth by either of these modes can result in
crystalline (Fig. 2.3j) or amorphous particles (Fig. 2.3k).

There is also a third growth mode, which happens by aggregation of crystalline nuclei of
10 to 100 nm, which aggregate to form larger crystalline or amorphous particles (Fig. 2.3i). This
mode of growth is favored when the colloid stability is suppressed or the population density of

colloidal particles increases (Fig. 2.3i) [22].
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Fig. 2.5. Schematic showing mono-nuclear (a) vs. poly-nuclear (b) crystal growth.

2.1.2. Non-classical precipitation

While classical models assume that the initial nuclei simply form by stochastic solute
clustering, which results in an initial uphill in free energy to form a critical sized nucleus [24],
recent studies indicate that small clusters (Fig. 2.3b) forming earlier than the critical nuclei play
a dominant role in the precipitation of organic [23] and inorganic compounds [20], as well as in
the presence of biomolecules [24].

According to recent studies [23, 24], nucleation and growth in complex systems involve 1)
the interaction of water, protons, hydroxyls, or biomolecules with the precursor ions, ii) the
formation of PCs or biomolecule/ion aggregates, iii) the rupture or coalescence of aggregates to
from critical nuclei, and finally iii) crystal growth. All these steps may involve activation
energies different from the activation energy associated with the formation of critical nuclei in
classical models. The interplay of all the factors described above will result in different
crystallization behaviours, such as delayed or promoted precipitation, and will strongly affect the
final properties of the precipitates in terms of crystalline structure, crystallite sizes, and
morphology [23, 24]. The calcium carbonate system is one of the most studied at this regard [20,
63-66]. Several studies have shown the formation of stable ionic PCs as a prerequisite for the
formation of calcium carbonate in a calcium and carbonate ion solution, even though the
solution was not supersaturated with respect to calcium carbonate [20, 28]. Bewernitz et al also
showed the formation of liquid-like calcium carbonate clusters as precursors for the formation of
calcium carbonate [25]. These clusters seemed to be stabilized by organic additives, such as
polyaspartate and acidic poly peptides [25, 26].

PCs have been observed in many other systems. Yang et al showed that an optically clear
solution of dissolved silica contain a significant number of polymeric nano clusters acting as
precursors for silica formation [67, 68]. Solutions containing aluminum (Al) ions at neutral pH

include extensive amounts of clusters composed of a central A1O4 tetrahedron bonded to 12 other
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Al ions, with water and hydroxyl groups holding the cluster together [69, 70]. These clusters
have many features characteristic of crystalline Al hydroxides. Large ions such as uranium,
molybdenum, and tungsten also form complexes in aqueous solutions [71]. For example,
carbonate groups are shown to play a major role in holding the uranium clusters together. The
crystalline uranium is formed by the coalescence of such clusters rather than the nucleation of a

crystalline phase [71, 72].

2.1.3. Precipitation inhibitors

Precipitation inhibitors are important for applications as diverse as preventing scale
formation in water treatment plants or inhibiting the formation of renal stones in the body.
Inhibitors work mainly in two ways:

1. The additive may form stable complexes with one of the precipitating ions. The effective
concentration of free precursor ions would, therefore, be reduced. For this factor to be effective,
the concentration of additives should be at least of the same order of magnitude as that of
precipitating ions [73].

ii. The additive may be adsorbed at particle or crystal growth sites, thus preventing their
further growth [4]. If adsorption takes place preferentially only at certain cites, the morphology
of the growing crystal may be significantly changed. For example, Mullin et al showed that the
morphology of potassium dihydrogen phosphate crystals is significantly influenced not only by
pH and supersaturation, but also by the presence of low concentration of foreign cations, such as
Cr’’, Fe’", and A" [74].

The absorbability of additives on crystal surfaces and the stability constants of complexes
formed between the precipitating ions and additives are two important factors that determine the
inhibitory effect of additives according to the mechanisms described in (i) and (ii) [38, 43-45,
73].

Ionic additives can also work according to a third, additional mechanism:

iii. They can influence the ionic strength of solution and change the solubility of the
precipitating phase. If the solubility increases, the supersaturation with respect to the
precipitating phase will decrease; therefore, precipitation will be inhibited. This mechanism
could be active even at very low concentrations of inhibitors [73].

In general, organic phosphates are particularly at concentrations as low as 5X10™ M [73].

Pyrophosphate (P,0;") is an active inhibitor for the biomineralization of calcium oxalate [75],
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calcium carbonate [76], and calcium phosphate [77, 78]. Researchers have also shown the
inhibitory effect of many other ions, such as Fe’*, Cu**, and Mg”" on the crystallization rate of

different inorganic materials [79-83].

2.2. HA precipitation from aqueous solution

HA has a hexagonal structure (Fig. 2.6) belonging to the P63;/m space group, and cell
dimensions of a=b=9.42 A, and ¢=6.88 A. HA has a stoichiometric Ca/P ratio of 1.67; however,
the biological HA found in bone has lower Ca/P ratio due to the substitution of Ca*" ions with
Na’, K*, and Mg ions [84]. HA can be synthesized by a variety of techniques including wet
chemistry [85-100], solid state reaction [101, 102], and hydrothermal treatment [103-117].
However, HA precipitation from aqueous solutions containing Ca>” and PO, ions best simulates

the process of HA formation in the body [96, 98, 118-129].

d b

Bottom

Fig. 2.6. (a) HA crystal structure and its electrical potential distribution: crystal form of HA mineral; (b)
experimental crystalline (P63/m) structure. P, O and Ca atoms not relevant for the scheme were omitted
for clarity of representation. Ca ions are at the vertices of triangles around each hydroxyl group (red and
gray spheres); (¢ and d) electrostatic potential view along the [010] direction of the HA (010) plane (c)
and top/bottom view along [001] direction of HA (001) plane (d). Atoms are color-coded: oxygen is red,
calcium is cyan, phosphorous is yellow, and hydrogen is grey. Positive/negative values of the electrostatic
potential are shown as blue/red colours [130].
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Table 2.1. Calcium phosphate crystalline phases and their Ca/P ratios [84, 131].

Name Symbol Formula Ca/P
Monocalcium Phosphate Monohydrate MCPM Ca(H,P0O4),.H,O 0.5
Monocalcium Phosphate Anhydrate MCPA Ca(H,PO,), 0.5
Dicalcium Phosphate Dihydrate DCPD CaHPO,.2H,0O 1.0
Dicalcium Phosphate Anhydrate DCPA CaHPO, 1.0
Calcium Pyrophosphate pyro Ca,P,0,.2H,0 1.0
Octacalcium Phosphate OCP Cag(HPO,),(PO,),4.5H,0 1.33
Tricalcium Phosphate TCP Ca,(POy4)y.nH,O 1.2-2.2
Hydroxyapatite HA Ca;y(PO,)s(OH), 1.67
Tetracalcium Phosphate TTCP Cay(PO,),0 2.0
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Fig. 2.7. Solubility constant and stability of different phases of calcium phosphates at 37°C [132].

2.2.1. Calcium phosphate phases and their transformation to HA

Calcium phosphates have many different crystalline forms as shown in Table 2.1 [84,
131]. HA is the most stable form of calcium phosphate at physiological temperature and pH (Fig.
2.7); however, its crystallization from aqueous solutions does not occur right away. Amorphous
calcium phosphate (ACP) is the first precursor forming in the reaction solution [21, 85, 133-
135]; then, ACP transforms to HA either by the direct transformation of ACP to HA [21, 85,
133] (Fig. 2.8), or through the intermediate formation of octacalcium phosphate (OCP) (Fig. 2.9)
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[134, 135]. There is some evidence that dicalcium phosphate dihydrate (DCPD) too can act as a
precursor or an intermediate phase for HA crystallization (Fig. 2.10) [136]. However, the
formation of HA (a basic calcium phosphate) from acidic phases such as DCPD is not strongly
confirmed.

The ACP precursor itself consists of nano-building blocks, called Posner’s clusters,
containing both ionic and covalent bonds [137-143]. Posner’s clusters with the formula of
Cay(POy)s are likely to form the core of ACP [142], and are recently shown to form also the
smallest (~1nm) unit of HA structure [139]. Posner’s clusters can be the evidence of PCs for
ACP and HA. Indeed, Dey et al showed that HA precipitation started from ACP nuclei
previously formed through the aggregation of nano-sized PCs with the formula of Cag(POs)s
(Fig. 2.11) [143]. However, Habraken et al [144] more recently showed that the very first PCs
are in fact calcium triphosphate ion-association complexes, which can aggregate and take up an
extra calcium ion to form Cay(HPO4)s® cluster, which is a precursor for ACP. Continued
calcium uptake can result in ACP converting into OCP and subsequently into HA, which both

contain the calcium triphosphate complexes as their building blocks.

o P WL

Fig. 2.8. Phase and morphology evolution of calcium phosphate precipitate from ACP (a) to HA (f) in
SBF under physiological conditions at reaction times of 3 min (a), 67—73 min (b-d), 90 min (e), and 7 h
(). Bar: (a-c) 100 nm; (d) 200 nm; (e—f) 1 mm [133].

=1\

Fig. 2.9. Phase transformation of OCP (a) to HA (d) in SBF under physiological conditions at reaction
times of 0 (a), 10 (b), 24 (c¢), and 100 h (d).
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siological conditions at the
reaction time of 0 h (a), 36 h (b), and 1 w (c) [145].
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Fig. 2.11. Stable prenucleation cluster of calcium phosphate in SBF: a) High-resolution TEM image of
aggregated clusters in SBF kept at 37°C for 24 h; b) The diameter of prenucleation clusters determined by
extrapolation of the diameter measured in HR-cryo TEM images at different defocusing values; c)
computer representation of the Posner cluster with composition of Cag(PO,)s[143]. The arrow indicates
gold particles used as a fiducial marker for tomography. Scale bar, 20 nm.

The presence of chemical additives, such as Mg2+, C032', and F~ in the precipitation
solution can strongly inhibit the conversion of ACP into HA [146-148]. This is explained by the
incorporation of these additives in the ACP structure, which results in the formation of crystal
defects, and delays ACP transformation into a crystalline phase. Also, any compounds with a

phosphate group, such as pyrophosphate, tripolyphosphate, imidodiphospahte, phosphocitrate, or

with an acidic group, such as citrate, polyacrylate, poly-glutamate, poly-lysine and casein can
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potently inhibit the transformation of ACP to HA [146, 147]; however, the phosphate —
containing molecules are more powerful inhibitors because they can substitute their phosphate
groups for phosphates present in ACP structure [146, 147]. Also, ACP to HA transformation is
slower at higher pH, ionic strength, and Ca/P ratio, and at lower initial supersaturation and

temperature [147].

2.2.2. HA nucleation, growth, and morphology

Nucleation and growth of HA is faster at higher pH, temperature, ionic strength, Ca/P
molar ratios, and initial supersaturation [90, 149-151]. On the other hand, both nucleation and
growth are strongly inhibited in the presence of chemical additives, such as Mg**, Zn" and P,O;*
[148, 152-155].

The crystallinity of HA increases with temperature, and higher degrees of crystallinity
usually result in the formation of nano particles with regular shape and smooth surfaces.
However, various morphologies can be obtained at different experimental conditions, such as pH
and temperature (Fig. 2.12) [156]. The formation of spherulitic particles consisting of nano-
platelets is generally believed to be the result of synthesis of HA at physiological conditions [91,
118] (Fig. 2.13). In the presence of chemical additives, even other forms of calcium phosphates

with different morphologies can be obtained (Fig. 2.14) [157].

¥ 100 nm
5y —

500 nm

Fig. 2.12. SEM images of HA crystals grown for 24 h in the SBF-based solution in the presence of
commercial HA nanoparticles seeds (a) at 37 (b-d) and 160° C (e and f) at the pH of 6.5 (b), 7 (c and e),
and 7.5 (d and f) [156].
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Fig. 2.13. The SEM images of HA particles, at different magnifications, synthesized from an
aqueous solution at physiological conditions [91].

Fig. 2.14. Effect of bis(2-ethylhexyl)sulfosuccinate sodium salt (AOT) on controlling the morphology of
calcium phosphate precipitate obtained from calcium chloride and potassium dihydrogen phosphate under
ambient conditions: a) control HA crystals; b) elongated plate-like crystals of brushite, networks of
amorphous nano particles, and octacalcium phosphate spheres produced at low AOT concentration; ¢)
bundles of aligned HA filaments with structural features resembling mineral found in tooth enamel
produced at high AOT concentration [157].

Fig. 2.15. Examples of biominerals with astonishing structures found in nature: a ) coccosphere, which is

a complex arrangement of individual plates of calcium carbonate produced by single-celled algae known

as coccolithophores;. b) intricately detailed silica cell walls, known as frustules, produced by unicellular
eukaryotic algae [4, 158].
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2.3. HA biomineralization

2.3.1. Biomineralization in general

Biomineralization is a complex processes by which living organisms produce minerals
including a variety of oxides and salts, the most well-known of which are calcium carbonate,
calcium phosphate, calcium sulphate, and iron oxide. Biominerals are attractive due to their
exceptional properties, complex shapes, and their intricate hierarchical structures (Fig. 2.15)
which distinguish them from their inorganically produced counterparts [2-4, 158]. These unique
characteristics of biominerals are obtained under the direct influence of biomolecules, which
remarkably regulate their nucleation and growth [2, 3, 5, 6]. For example, fish can grow complex
structures known as otoliths (Fig. 2.16a) within the inner ear. These structures assist the fish in
sensing and balancing, and are composed of calcium carbonate crystallites surrounded by an
organic matrix. An acidic protein called Starmaker regulates their mineralization and strongly

influences their morphology and crystal structure [159, 160].

Otolith
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Fig. 2.16. Sensory organs (otoliths in fish (a) and otoconia in higher vertebrates (b)) of inner ear
containing biomineralized structures that deflect the sensory hair bundles of these organs. Cross sections
show that these organs are composite materials consisting of organic matrices and lighter zones of
calcium carbonate microcrystals.
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Similar to otolith in fish, otoconia (Fig. 2.16b) are small crystals of calcium carbonate in
the human inner ear embedded in strongly acidic phosphorylated proteins. Due to their unique
structure, otoconia are sensitive to gravity and linear acceleration and give information about
vertical and horizontal movements [161]. As another example, nacre, also known as mother of
pearl, is produced by molluscs. Nacre has a layered structure composed of aragonite (a form of
calcium carbonate) and an organic matrix mainly consisting of silk-like proteins. This structure
almost doubles the Young modulus of calcium carbonate (from 35-50 GPas to 70 GPas) [3],
providing the shells with high mechanical strength.

Table 2.2. Bone composition of female Wistar rats [161].

Components Percentage
Total protein 15.99
Raw fiber 3.86
Raw fat 3.08
Lysine 0.82
Methionine with cystine 0.58
Calcium 1.11
Phosphorus 0.72
Magnesium 0.19
Zinc 4.80 x 10
Copper 0.85x 107
Iron 1.60 x 10
Vitamin D; 11U/g
Cadmium 1.15x 107

Table 2.3. Mechanical properties of hard tissues in human body [92].

Tissue Compressive Strength Tensile strength Modulus of normal
(MPa) (MPa) elasticity (GPa)
Cortical tissue of bone 88-164 89-114 3.9-11.7
Dentin 295 52 18.2
Enamel 384 10 82.4
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2.3.2. Bone (composition and structure)

Natural bone is an organic-inorganic hybrid material (Table 2.2) and has a complex
hierarchical structure (Fig. 2.17) which gives rise to an ideal strength and elasticity (Table 2.3)
for bone to undergo severe tensile and compressive stresses [162-164].

The molecular components of bone are water (9%), non-stoichiometric CHA (69%),
collagen type I (20%), and other organic materials, such as proteins, polysaccharides, and lipids,
which are present in small amounts based on weight. These components all together constitute
the first level of bone hierarchical structure [162]. The CHA crystals in bone are plate-shaped
and are among the smallest known biological crystals (30-50 nm long, 20-25 nm wide, and 1.5 to
4 nm thick). Collagen type I is the most abundant protein in the human body, and is mainly
composed of the AAs, glycine (Gly), proline, and hydroxyproline, which all together constitute
more than 50% of collagen AA composition. These are often expressed as Gly-X-Y repeats
(where X and Y are either proline or hydroxyproline) [9]. The main role of collagen is to provide
a matrix for bone mineralization, and to contribute to bone mechanical strength and toughness by
providing flexible organic fibrils that are spread through the brittle inorganic phase of bone,
CHA platelets [165, 166].

When analyzing the first level of bone organization, Reznikov et al recently found that
two different materials can be distinguished [164]: a) an ordered material mainly made of aligned
arrays of mineralized collagen fibrils arranged into different patterns, with minor amounts of
non-collagenous organic materials, such as NCPs and proteoglycans, and b) a disordered
material composed of a mineralized matrix with poorly oriented collagen type I fibrils and
abundant non-collagenous organic materials. The disordered material is a continuous phase that
mainly fills the spaces between the ordered fibril arrays. The ratio of the ordered to disordered
material in humans is approximately 4 to 1 [164].

The second level of bone structure is given by collagen fibrils (80 to 120 nm in diameter)
mineralized with CHA crystals. Mineralized collagen fibrils are the main component of the
ordered material [164]. The disordered material also contains some mineralized collagen fibrils;
however, they are only one of the components of this material, which also contains abundant
organic materials such as NCPs and cells. In the disordered material, CHA was found both
within and between the collagen fibrils [164]. The texture of the mineralized collagen fibrils

reported in [164] was very similar to that reported by previous researchers, who usually call the
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CHA crystals located within collagen fibrils “intrafibrillar” mineral, and those located between
collagen fibrils “extrafibrillar” mineralization [167, 168]. However, the extrafibrillar
mineralization reported in [164] was found only in the disordered components of bone.

The third level is given by mineralized collagen fibrils arrays associated as bundles or
aligned along their long axis in the ordered material, and randomly oriented collagen fibrils in
the disordered material [162]. The fourth level is given by the arrangement of mineralized
collagen fibrils in specific patterns depending on the type of bone [162]. This can include
unidirectional array pattern and fanning pattern in the ordered phase [164]. The disordered phase
appears as thin layers of randomly orientated collagen fibrils located between the fibrillar
patterns. The fifth level of hierarchy is given by the formation of superstructures [164]. In the
ordered phase, this includes the cylindrical arrays of collagen bundles. In the disordered phase,
the fifth level refers to the cells and lacunae and canaliculi networks that are embedded in the
disordered component of bone, and they altogether form the disordered superstructure that fills
the gap between the lamellae in the ordered phase [164].

The sixth level refers to the specific 3D patterns of the mineralized lamellae, which mainly
includes lamellar bone, fibrolamellar bone, and woven bone [164]. Lamellar bone is composed
of a series of lamellae, with the disordered material and embedded canaliculi network filling the
gap between the lamellae. The fibrolamellar bone is composed of unidirectional bundles of
mineralized collagen fibrils, which are separated by the thin layer of the disordered material.
Woven bone is composed by mineralized collagen fiber bundles with no preferred 3D
orientation. This type of bone is frequently found during bone development.

Lamellar bone is the most common structure in mammalian bone; the higher levels of bone
hierarchy are relevant only to this type of bone. The seventh level refers to the formation of
lamellar packets and osteons [164]. The lamellar packets are formed by the removal of some
lamellar bone in trabecular or spongy bone. Osteons are cylindrical structures formed by
osteoclast and osteoblast cellular activities in compact bone [162]: osteoclasts resorb bone and
form tunnels, and osteoblasts subsequently lay down lamellae in stacked concentric layers until a
small channel is left behind. The eight level of bone structure is the formation of osseous tissue,
either as spongy (trabecular) or compact (cortical) bone [162]. The trabecular bone is extremely

porous, providing space for marrow and blood vessels, while cortical bone is the dense outer
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layer that allows for the supporting functions of bone [162]. Finally, the ninth level of hierarchy

1s the whole bone.
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Fig. 2.17. The 9 levels of hierarchical structure in bone [164].
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Table 2.4. Concentrations of ions in blood plasma [169].

Na* K* Mg*  Ca™ cr HCO; HPO,/ SO/
Blood plasma 142.0 3.6-55 1.0  2.1-2.6  95.0-107.0 270  0.65-145 1.0

2.3.3. HA nucleation and growth in bone

As previously discussed, HA crystals in bone are formed within and between collagen
fibrils. This collagenous matrix, known as extracellular matrix (ECM), is thus the site where HA
nucleates and grows. More specifically, it is generally believed that HA crystals start nucleating
within the less dense hole zones (3-6 A in width and 400 A in) found within the collagen fibrils
[170-174]. However, collagen itself is not able to initiate HA mineralization even though plasma
(Table 2.4) is supersaturated with respect to HA, and many researchers have shown that a set of
highly acidic, negatively charged non-collagenous proteins (NCPs), able to attract Ca*” and PO4>
ions present in the body fluids, are required for the formation of HA on collagen [7, 8].

A relatively recent hypothesis is that collagen mineralization starts within matrix vesicles
(MVs), round or oval-shaped entities with a diameter of approximately 100 nm or 30x300 nm,
surrounded by a bilaminar membrane [175-177]. The MVs are released from the osteoblast
cellular membranes, and migrate towards the ECM [178]. Although there is no general
consensus [178, 179], it is believed the initial nucleation of minerals may first occur within the
inner membrane of MV, where calcium would be attracted by the acidic phospholipids of the
vesicle membrane and enters the membrane via an annexin channel. Phosphate can enter the
vesicle membrane via a type III Na' dependent phosphate carrier [177, 179], and further
increased in concentration by the action of alkaline phosphatase (AP) present within the MV
membrane, which hydrolyzes pyrophosphate to inorganic phosphate [179]. Recent studies have
shown that free phosphate in MVs can also be generated by the PHOSPHO1 enzyme, which can
cleave phosphocholine and phosphoethanolamine. These molecules are the by-products of
phospholipid degradation, which has been shown to occur extensively in MVs [178]. The initial
HA crystals formed within the MV membrane grow until MVs rupture; after this, they are
deposited on the collagenous ECM and exposed to extracellular body fluid, which contains

sufficient Ca>" and PO,>" ions to support further growth of HA [180]. Although the presence of
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MVs is now almost generally accepted, the extent of mineralization started by MVs is still

unclear [179].

2.3.4. Role of collagen in bone mineralization

Although collagen cannot initiate mineralization, it certainly plays a role in this process.
For example, the physical structure of collagen determines the size of the molecules that can
penetrate into the water channels present within the fibrils, which contain the ionic precursors for
HA nucleation [181]. Toroian et al showed that only molecules smaller than 6 kDa, such as
osteocalcin, citrate, glucose, and etidronate, as well as calcium, phosphate, and pyrophosphate
ions can move through the aqueous channels found within collagen type I fibrils, where HA
forms. However, larger molecules such as fetuin, albumin, and dextran cannot penetrate into the
collagen fibrils [181]. This finding can be extended to help our understanding of NCPs as
important regulators of HA precipitation. Larger NCPs such as BSP would be able to induce
extrafibrillar mineralization, while smaller NCPs such as osteonectin can actively induce
mineralization within the hole zones, and start intrafibrillar mineralization [181]. Single AAs
might therefore help intrafibrillar mineralization too, especially considering that some modeling
studies have shown that AAs can fit within the hole zones of collagen matrixes [182].

In addition to its role as a framework for bone formation, some studies have also
investigated the role of collagen in mineralization promotion. For example, using a combination
of cryoTEM and modeling, Nudelman et al showed that charged AAs present both in the gap and
overlap regions of collagen fibrils regulate collagen mineralization, including both the nucleation
of ACP and its transformation to HA, and its orientation [182]. In addition, regions containing
large concentrations of positively charged AAs were found to be crucial in determining the
points where negatively charged ACP-poly Asp or ACP-fetuin complexes entered the collagen
fibrils [182]. Landis and Silver investigated the molecular packing model of collagen fibrils and
showed that the presence of charged AAs, such as Lys, Glu, and Arg in the vicinity of the hole
zone of collagen fibrils creates a pocket that can accommodate and retain calcium and phosphate
ions [183]. Overall, though, the specific domains of collagen involved in HA mineralization are

not clear yet, and need further investigation [184].
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2.3.5. Role of NCPs in bone mineralization

2.3.5.1. Glycoproteins

While many individual NCPs are involved in HA mineralization, a family of NCPs known
as SIBLING (small integrin-binding ligand, N-linked glycoproteins) proteins are of particular
importance. SIBLING proteins are a group of highly acidic proteins that play a key role in
regulating HA precipitation in bone [8, 185-188]. A unique feature of SIBLING proteins is the
presence of an acidic serine and aspartate-rich motif, known as ASARM motif. In addition to its
acidic AAs, the ASARM motif contains several phosphorylated sites at serine residues, which
play a critical role in HA nucleation and growth [189-191].

SIBLING family members include osteopontin (OPN), bone sialoprotein (BSP), matrix
extracellular phosphoglycoprotein (MEPE), dentin matrix acidic phosphoprotein 1 (DMP1), and
DPP (dentin phosphophoryn) [8]. These glycoproteins all contain an integrin binding tripeptide
(Arg-Gly-Asp) and share similar phosphorylated and glycosylated sites [9]. SIBLING proteins
are present ubiquitously in the bone matrix [9], but they are also present in non-mineralized
tissues, such as salivary glands and kidneys [192]. This suggests many additional roles for these
proteins; in fact, even in mineralized tissues their role is complex. This is attributed to the
intrinsically disordered and flexible structure of these proteins, their extensive post-translational
modifications, and their ability to interact with a variety of binding partners [193, 194].

MEPE is found in both bone and dentin and acts as a mineralization inhibitor [§8]. MEPE is
rich in serine phosphorylation sites and contains an RGD domain essential for integrin
recognition. The ASARM peptide present at the C-terminal end is responsible for inhibiting
mineralization by sequestering free calcium or binding to HA crystal surface through its
phosphorylated residues [195-199]. PHEX (a phosphate-regulating gene with homologies to
endopeptidases on the X chromosome), a proteolytic enzyme, can cleave the ASARM peptide
and thus regulate MEPE activity. The loss of PHEX can lead to accumulation of ASARM
peptides, which can bind to HA surfaces and prevent their further growth, thus resulting in
defective bone mineralization (as found for example in osteomalacia) [195].

OPN is the most studied SIBLING due to its important role in HA mineralization and in
other processes, such as immunology, inflammation, and cancer [9]. OPN is a potent
mineralization inhibitor. This inhibitory action is achieved by the ASARM domains of OPN [8],
which can bind to HA crystals and prevent the further precipitation of HA [200]. The high
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flexibility of OPN structure may facilitate its adsorption to HA surface and promotes its
inhibitory effect. While OPN is known for its inhibitory effect on HA mineralization [201, 202],
it can also promote calcium phosphate precipitation in special circumstances, for example when
it is crosslinked or bound to surfaces [203]. In these cases, HA nucleates on the aspartic acid-rich
sequences of OPN, DDDDDDDDD in rats and DDEDDDD in humans [204]. The binary effect
of OPN on HA mineralization is attributed to the fact that OPN is extensively post-translationally
modified. Its phosphorylation and glycosylation state, its proteolytic processing by enzymes such
as PHEX or thrombin, and whether it is crosslinked by enzymes such as transglutaminases affect
its mineralization action [9].

BSP is the most abundant NCP in bone [8]. BSP has high affinity for calcium and it is a
potent nucleator of HA owing to its polyglutamic acid regions, such as
DSSEENGNGDSSEEEEEEEETS located in the amino terminal half of the molecule [205-210].
Harris et al showed that the presence of at least eight consecutive glutamic acid residues is
required for HA nucleation on BSP [211]. BSP also contain phosphorylated residues, but they
are not as highly expressed as in OPN and they are fewer than thiol groups. Overall, the
cooperative effect of phosphate, thiol, and carboxyl groups is responsible for the strong binding
of BSP to HA [209, 210, 212, 213].

DMP1 and DPP are also highly acidic NCPs, and both are critical for the formation of
normal teeth [9]. Two acidic domains at the C-terminal, ESQES and QESQSEQDS, play a
critical role in HA mineralization by DMP1 [210]. These two peptides can form B-sheet
structures in the presence of calcium ions, thus providing an ideal surface for the localized
nucleation and growth of calcium phosphate. An important feature of DPP is the presence of
DSS repeats throughout the molecule and of SD domains expressed at the C-terminal end [214].
Most of the serine groups in both DSS and SD domains are phosphorylated, thus strongly
interacting with calcium ions and inducing calcium phosphate precipitation. However, in vitro
studies show both DMP1 and DPP, when dissolved in solution, inhibit HA mineralization by
sequestering calcium and phosphate ions [§].

In addition to SIBLINGS, there are also other individual glycoproteins that play important
roles in body. For example, osteonectin is an acidic ECM glycoprotein that plays several roles in
bone mineralization, cell-matrix adhesion, and collagen binding [215]. Osteonectin has four

different domains: domain I is an acid domain rich in Glu. Domain II is rich in cysteine (Cys)

27



and contains N-Glycosylation sites. Domain III is a hydrophilic region with a high a-helix
content, and domain IV contains EF-hands (helix-loop-helix structural domains), which can bind
Caions [216, 217]. The high affinity of osteonectin for Ca and HA surface is attributed to the
Glu rich domains of osteonectin and the EF-hands [218], while the collagen binding and cell
adhesion properties are assigned to domain III and IV, respectively [217].

Fibronectin is a high molecular weight ECM glycoprotein that binds to integrins and ECM
components, such as collagen, fibrin, and heparin sulfate [9]. The main role of fibronectin is to
improve cell adhesion, growth, migration, and differentiation, and it is important for processes
such as wound healing [219]. However, studies demonstrate the ability of fibronectin to nucleate
HA crystals even when dissolved in solution [220, 221]. The promoting effect of fibronectin on
HA nucleation is attributed to the formation of fibronectin networks that can template HA

nucleation and growth [220].

2.3.5.2. Proteoglycans

Proteoglycans are another major family of NCPs involved in bone mineralization [9, 222].
Proteoglycans are a heterogeneous group of proteins consisting of a core protein decorated by
one or more covalently attached glycosaminoglycan chain. These side chains are long
polysaccharides consisting of a repeating disaccharide unit. Common glycosaminoglycans
include chondroitin sulfate, keratan sulfate, dermatan, heparin sulfate, and hyaluronan [9].

Proteoglycans can play different roles in mineralization depending on their molecular size
[9]. Most studies show that small proteoglycans act as mineralization promoters. These
proteoglycans usually carry chondroitin side chains. Mineralized matrixes, such as bone and
dentin collagen, are often enriched in small leucine-rich proteoglycans (SLRPs), such as
biglycan, decorin, fibromodulin, osteoadherin, and lumican. SLRPs promote bone mineralization
by interacting with growth factors, such as fibroblast growth factor (FGF) and bone morphogenic
proteins (BMPs), which play a key role in HA mineralization. Other small proteoglycans such as
syndecan, serglycin, and glypican reside on the cell surface of many cells. They often contain
heparan sulfate glycosaminoglycans and are involved in a variety of processes including,
mineralization and cell adhesion [9].

On the other hand, large proteoglycans such as aggrecan are typically considered as
mineralization inhibitors and they are usually found in high concentrations in matrixes that

should remain unmineralized such as cartilage [9]. Large proteoglycans may inhibit
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mineralization simply by covering the hole zones in collagen fibrils to prevent crystal nucleation
[223], or by chelating calcium through their sulfate and carboxyl groups, thus reducing the

available calcium necessary for calcium phosphate precipitation [9].

2.3.5.3. Gla—containing proteins

Osteocalcin is a small NCP involved in HA precipitation in bone and dentine, and is the
only NCP whose crystallographic structure is known. The primary structure of osteocalcin is
highly conserved among vertebrates, and it contains two or three residues of y-carboxylated
glutamic acid (Gla) responsible for its strong affinity for calcium ions [224]. Because of its Gla
residues, osteocalcin has been also called bone Gla protein (BGP). Nuclear magnetic resonance
(NMR) analysis has shown that osteocalcin has a a-helical secondary structure in its folded state
[225]. Hoang et al were able to find the X-ray crystallographic structure of this molecule; they
showed that an extensively negatively charged surface of osteocalcin centered on helix al and
containing three Gla residues together with an Asp residue coordinates five calcium ions in a
spatial orientation that is complementary to calcium ions in the HA crystal lattice [226]. In
addition, when osteocalcin is bound to HA surfaces, other regions including the carboxy
terminus would be well oriented to interact with osteoclast [227] and osteoblast [228] cells,
which are actively involved in bone resorption and deposition. Recent studies show that
osteocalcin also plays a role in vascular calcification by stimulating the osteochondrogenic
differentiation of vascular smooth muscle cells (VSMCs) [229, 230)].

Matrix Gla protein (MGP) is another Gla-containing protein found in bone and cartilage
ECM and in body plasma. Similar to osteocalcin, MGP has high affinity for calcium ions;
however, MGP acts as an essential mineralization inhibitor in soft tissues, such as arteries and
cartilage [231, 232]. The inhibitory action of MGP is associated with its Gla residues, which are
located in the N-terminal half of the protein and can bind to HA surfaces [233]; however, the

inhibitory mechanism of MGP is still unclear.

2.3.6. Serum-associated proteins

In addition to NCPs associated with ECM, many other NCPs are found in high
concentration in blood plasma. Several of these proteins have been investigated for their
interactions with HA. Albumin and fibrinogen are two abundant water-soluble proteins found in

the plasma, both acting as inhibitors of HA precipitation. Albumin plays important roles, such as
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regulating blood volume and acting as a carrier for lipophilic molecules. Unless it is
immobilized, albumin can inhibit HA mineralization by complexing calcium ions [9]. Albumin
can also stabilize the OCP phase thus preventing its conversion to HA [234]. Fibrinogen is a
precursor for fibrin, a protein that is involved in blood clotting [9]. The presence of fibrinogen in
solution delays ACP to HA transformation by adsorbing on ACP particles, thus overall inhibiting
HA mineralization [235].

Statherin is a highly acidic protein in the saliva that strongly binds to HA surfaces and
inhibits the formation of HA in mouth [149-152]. The acidic domain at the N-terminus of
statherin interacts with HA surfaces [149-151] while the basic domains reduce protein-protein
charge repulsion, thus increasing statherin packing density on HA surfaces [152]. Fetuin is
another potent inhibitor of mineralization, found in blood plasma. Fetuin interacts with calcium
and phosphate to form stable colloidal particles called calciprotein particles (CPPs), thus
sequestering precursors for calcium phosphate precipitation [236, 237]. Price et al showed that
due to its large size, fetuin cannot penetrate within the collagen fibrils; therefore, in the presence
of fetuin, mineral growth is inhibited outside the collagen fibrils, and is restricted to interfibrillar
zones where fetuin is absent [238]. The authors called this effect “mineralization by inhibitor
exclusion”, where selective mineralization of collagen matrix happens by excluding a

macromolecular inhibitor from the hole zones within collagen fibrils.

2.3.7. HA inhibition in body by inorganic ions

There are many ions present in body fluids that can inhibit HA crystallization. The most
prominent one is pyrophosphate (Fig. 2.18), produced by intracellular metabolic reactions. A
transmembrane protein called ankylosis (ANK) regulates the intracellular to extracellular
movement of pyrophosphate ions [239-241]. Extracellular pyrophosphates can be also produced
by hydrolysis of extracellular nucleoside triphosphates [242]. Pyrophosphate is a potent mineral-
binding ion and a strong inhibitor of both nucleation and growth of calcium phosphate [152-154,
243, 244]: pyrophosphate ions can bind to HA crystals and substitute for the phosphate ions in
HA crystal structure, thus blocking the nucleation sites of calcium phosphate and inhibiting its
further growth [244]. In addition to its direct binding to growing crystals, Addison et al showed
that pyrophosphate can inhibit mineralization by at least two more mechanisms including the

inhibition of tissue-nonspecific alkaline phosphatase (TNAP) activity and induction of OPN
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expression [190]. In fact, if TNAP acts on pyrophosphate, it can cleave the ion into two
phosphate ions, which in turn end up having a promoting effect on HA mineralization. [190].
Among metallic ions, Mg”>" and Zn" are strong inhibitors of calcium phosphate nucleation
and growth [148, 155]. This is explained by the role of these positively charged ions as
substitutes for calcium ions in HA crystal structure and their interference with further growth of

HA.

2.4. HA precipitation in the presence of AAs

AAs are organic molecules possessing an amine (-NH;) and a carboxylate (-COOH)
functional group, along with a specific side-chain. Net uptake and release of AAs by cells is a
complex process (Fig. 2.19), which depends on various factors, such as (a) the delivery (blood
flow rate x AAs arterial concentration) of AAs to the tissue, (b) the activity of AA carriers in the
cell membrane, which can transport the AAs into and outside of the cell, (c) the rate at which the
substrate is synthesized and degraded within the cell, (d) the mass action gradients of the

substrate across the plasma membrane [245].
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Fig. 2.18. Chemical structure of pyrophosphate.
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Fig. 2.19. Schematic showing the factors that can regulate the uptake and release of AAs by particular
cells [245].
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The transport of AAs into cells occurs via carrier-mediated processes that involve the
binding of the AAs to a specific transporter protein that may contain several membrane spanning
domains [245]. AAs can also diffuse into cells, but this mechanism of uptake is minor
considering the low physiologic concentrations of AAs. Each carrier protein can transport a class
of AAs (i.e., neutrals, positive, negative, or aromatics AAs) rather than one specific AA [245].
Many of these transporters require sodium for their maximal activity; initial binding of sodium
ion increases the affinity of the transporter for AAs, thus forming a sodium/AA/transporter
complex that can diffuse into cells. The high extracellular/intracellular sodium differential would
improve the transport of AAs into cells. Efflux of AAs through sodium-dependent pathways
cannot happen because of the inwardly directed sodium electrochemical gradient [245].

The transport of the majority of AAs across the cell membrane is clearly known to be a
sodium dependent, carrier-mediated process [245]. There are still some AAs that can enter the
cell by sodium-independent routes as well; however, this pathway is usually considerably slower
than the sodium-dependent pathway. The transport of sodium-independent AA into or out of the
cell depends on the relative concentrations of the AA inside and outside the cell. The direction of
transport is usually determined by the AA gradient. For example, Arg is transported into the
hepatocyte by a sodium-independent carrier; the movement is into the hepatocyte because the
intracellular Arg concentration is very low compared to a circulating Arg concentration [245].

The average concentration of AAs in human blood in various vessels at fasting ranges
between 6.3 and 7.4 mg/m’ [246]. However, body fluids passing though different organs contain
various amounts of AAs depending on the activity of such organs. For example, Ishikawa et al
reported that the overall concentration of AAs in chicken cartilage (18.3-55.3 mM) and muscle
(44.3-114.7 mM) were generally higher than in serum (21.4 mM) and blood plasma (6.3 mM)
[247]. More specifically, they showed that the concentrations of charged AAs, such as Arg, Asp,
and Glu, which are strongly involved in mineralization, were 0.44, 3.76, and 15.37 mM in
chicken hypertophic cartilage extracellular fluid (ECF) while it was 0.37, 0.06, and 0.16 mM,
respectively, in blood plasma [247]. They reported that the pattern of AA uptake varied
considerably among different cell types [247]. They also revealed that increasing the
concentration of eight AAs (Asp, Glu, Tau, Ser, Asn, Gly, Ala, and Pro) in the culture medium to
the level present in the native cartilage ECF remarkably stimulated the formation of AP and AP-
rich MVs by chondrocytes [248]. Among these AAs Pro and Gly showed the weakest effect on
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AP production while the combination of only two of the AAs, Ala and Glu, produced stimulatory
effect on MV formation comparable to that seen in the presence of the eight AAs. Glu can form
a-ketoglutarate, a tricarboxylic acid cycle intermediate by the action of the mitochondrial
enzyme glutamate dehydrogenase, and Ala can be directly transminated to pyruvate, another
important mitochondrial metabolite. Therefore, the effect of Ala and Glu on MV formation can
be explained by the formation of mitochondrial metabolites than can interact with calcium ions,
accumulate them, and finally release them. This is believed to be the key step in both MV
formation and initiation of mineralization [249]. In summary, this study revealed that the level of
specific AAs in the cartilage ECF is not only critical for the growth of the chondrocytes, but also
it is important for the formation of MV [248]. However, the local environment of cells in-vivo
varies significantly from cell to cell; therefore, this finding cannot be generalized to all cell types
and further studies are required to determine the composition of media in which the response of
various cell types can be achieved [248].

AAs are the building blocks of proteins, and negatively charged AAs such as Glu and PSer,
and Asp are highly expressed in the acidic domains of NCPs involved in HA mineralization in
bone and dentine. In vitro studies show that charged AAs have very different effects on HA
crystallization if they are dissolved [10, 34, 36-46] or bound to a surface [47]. AAs dissolved in a
solution can either chelate the Ca®" and PO, ions in solution or cover the surface of nascent HA
nuclei, thus inhibiting its further growth [10, 34, 36-46]. On the other hand, AAs bound to
surfaces are able to promote HA crystallization by attracting Ca®>" and PO, ions, thus creating a

local supersaturated environment that promotes heterogeneous nucleation of HA [47].
2.4.1. AAs dissolved in solution

2.4.1.1. HA nucleation and growth

Tables 2.5 and 2.6 summarize studies on HA precipitation in the presence of AAs (see
Fig. 2.20 for their chemical structures) dissolved in solution. Most of these studies focus on the
effect of AAs on HA growth rather than its nucleation. Also, these experiments are usually
conducted under non-physiological conditions. As it is evident from Table 2.6, almost all AAs
are able to inhibit both HA particle growth and crystal growth irrespective of their electrical
charges. However, charged AAs, such as Glu, Asp, Arg, and Lys show a significantly stronger

effect than non-charged ones [10, 11, 34]. This is related to the presence of stronger interactions
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between charged AAs and Ca’” and PO,> ions, as well as with the surface of HA particles

already formed in solution.

Charged AAs Polar AAs
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Fig. 2.20. Chemical structure of AAs.
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Table 2.5. Review of HA syntheses in the presence of AAs in solution.

Year Ca Source P Source AAs Method pH Temp. Time References
(Conc. (mM)) (Conc. (mM)) (Conc. (mM)) °C) (h)
2011 CaCl, KH,PO, Asp, Glu const. comp. 8.45 25 48-96 Chu et al
0.5) (0.3) (0.2) [32]
2009 (CH;CO0),Ca H;PO, Ala, Arg, Asp conventional 10 RT 24 Palazzo et al
(75) (50) (150) (cts) [11]
2007 Ca(NO3),.4H,0  Orthophosphoric acid  Gly, Ala, Ser, Lys, Asn  conventional 9 80 18 Jack et al
(-) (-) () [10]
2007 CaCl, KH,PO, Leu const. comp. 7.4 37 - Dalas et al
(0.25-0.5) (0.17-0.33) (0-1.52) (cts) [40]
2007 CaCl, Na,HPO, Gly, Glu conventional 9.5 37 720 Pan et al
3.2) (0.96) (40) (cts) [250]
2007 CaCl, Na,HPO, Gly, Glu conventional 9 37 24 Tao et al
2) (1.2) (11) (cts) [251]
2006 Ca(NO3), (NH,4)2HPO, Gly, Asp, Glu, Lys conventional 7.5 37 24 Rosseeva et al
(33.4-38) (20) 4) [252]
2004 Ca(NO3)2 (NH,);PO, Gly, Ala, Val, Asn, Ser, conventional 9 80 16 Gonzalez et al
(1000) (333.33) Lys, Arg, Asp (cts) [34]
(166.67)
2002 Ca(CH;C00), (NH,4),HPO, Gly, Ala, Pro, Hydroxy- conventional 7.4 60 - Matsumoto et al
(100) (60) Pro , Ser, Val, Thr, Met, [37]
Asp, Glu, Arg, His
(500)
2001 CaCl2 KH,PO, Gly, Cys, Gln const.comp 7.4 37 - Koutsopoulos et al
(0.25-0.5) (0.17-0.33) (0-0.66) (cts) [45]
2000 CaCl, KH,PO, Ala, Phenyl-Ala, Pro, Met const. comp 7.4 37 - Koutsopolos et al
(0.25-0.5) (0.17-0.33) (0-2.25) (cts) [38]
2000 CaCl, KH,PO, Glu, Asp const. comp. 7.4 37 - Koutsopolos and
() () () (cts) Dalas [44]
2000 CaCl, KH,POs Ser, Tyr, Hydroxy-Pro  const. comp. 7.4 37 0.5-12 Koutsopolos and
) ) () (cts) Dalas [43]
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Table 2.6. Particle and crystal size of HA synthesized in the presence of AAs dissolved in solution.

HA particle size HA crystallite size
Amino acids References
Width (nm) Length (nm) Dyo2 (nm) D319(nm)
1543 2545 23+5 9+3 [11]
None 28+1 258+6 - - [10]
20 80 36 8 [34]
Apolar Width (nm) Length (nm) Dgo2 (nm) D319(nm) References
29+1 162+1 - - [10]
Gly
8 80 16 5.5 [34]
1543 25+5 1842 6+2 [11]
Ala 30+1 96+2 - - [10]
8 60 18.5 6.5 [34]
Val 5 50 - - [34]
Uncharged .
polar Width (nm) Length (nm) Dyo2 (nm) D319(nm) References
Asn 8 50 15 5 [34]
29+1 118+3 - - [10]
Ser
5 25 14 4.5 [34]
Charged .
polar Width (nm) Length (nm) Dyo2 (nm) D310(nm) References
6+2 7045 1942 6+2 [11]
Arg
8 80 21 7 [34]
6+2 7045 1543 1542 [11]
Asp 20+1 57+1 - - [10]
3.5 150 10 3.5 [34]
Lys 32+1 123+£2 - - [10]
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AA/HA surface interactions have been extensively studied [10, 34, 38, 40, 43-45]. In
general, AAs show an increase in adsorption to HA surfaces based on the charge of their side
groups: apolar (Ala) < positively charged (Lys) < polar (Ser) < negatively charged (Asp) [34].
Koutsopoulos and Dalas conducted a number of studies on the affinity of various AAs to HA
surfaces [38, 40, 43-45]. They showed that a negatively charged AA, Asp, has the highest
affinity for HA (Table 2.7). However, Jack et al measured a stronger affinity to HA for a
positively charged AA, Lys, and attributed this to the decrease in repulsion between the net
negative charge of HA surface and any negatively charged segments on the AA side chains [10].
Despite their differences, both these sets of results imply a stronger effect of charged (positive or
negative) AAs, such as Arg and Asp on inhibiting HA precipitation. Among the non-charged
AAs, tyrosine (Tyr) and phenylalanine (Phe) show the largest affinity constant and strongest
inhibiting effect on HA particle growth, respectively [38, 43]. This was attributed to the presence
of an aromatic ring on Tyr and Phe side groups. This aromatic ring can lay down on the HA

surface, possibly acting as an electron donor and creating a weak bond with the HA surface.

Table 2.7. Affinity constants for various amino acid inhibitors of HA crystal growth [40].

Inhibitor K X 10 L/mol
Alanine 2.86
phenylalanine 24.39
Proline 5.74
Methionine 6.21
Lysine 8.77
Aspartic acid 41.66
Glutamic acid 30.21
Serine 9.01
Tyrosine 30.30
4-Hydroxyproline 7.46
Cysteine 6.64
Glutamine 34.72
Glycine 17.14
Leucine 20.26
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In addition to affinity constants, geometrical factors must be taken into account to
determine the inhibitory effect of AAs on HA crystal growth. Adsorbed AAs can rotate freely
around an axis perpendicular to the crystal surface and thus the effective volume of adsorption
can be described by a cone. For example, for Asp and Glu, the projection of the cone onto HA
surface is a circle of radius 3.32 and 5.23 A, respectively [253]. This implies that the adsorbed
Glu molecules cover a larger part of the HA crystal surface compared to Asp, and thus are more
effective in inhibiting HA growth. Asp, on the other hand, has a higher affinity for the HA
surface. So, it can be hypothesized that these two phenomena act simultaneously and result in a
comparable inhibitory effect of the two acidic AAs against HA crystal growth.

In summary, AAs dissolved in solution are able to inhibit HA precipitation and growth.
Polar AAs with negatively or positively charged groups generally show the strongest inhibitory
effect on HA precipitation; however, the inhibitory effect of nonpolar AAs is not negligible
either.

The inhibitory effect of AAs on HA nucleation and growth results from a few key factors:

1. The electrostatic interactions or the stability of complexes formed between the AAs and

Ca”" and PO,’ ions present in the precipitation solution [10, 38, 43-45].

2. The affinity of AAs to HA particle surfaces. This factor itself depends on:

a. Electrostatic interactions between AAs and HA particles. This includes both the
electrostatic interaction between the net charges of AAs and HA surface as well as the
interaction between specific segments of the AAs and HA particles. For example,
although AAs usually interact through their COOH groups with calcium ions present
on HA, a positively charged AA such as Lys shows a high affinity with the HA
probably because overall it is less repelled by the negatively charged HA surface [10].

b. Possibility of forming chemical bonds between specific segments of AAs and HA
surfaces. For example, among the polar AAs, Tyr shows the highest affinity to HA
because it has an aromatic ring that can act as a n-electron donor and form a stronger
bond with the HA surface [43].

c. Stereochemical and geometrical properties of AAs; for example, the presence of
aromatic rings in Phe and Tyr increases their affinity to HA [38, 43].

3. Surface coverage ability of AAs. This mainly depends on geometrical factors; for

example, Glu can cover a larger fraction of HA surface than Asp [253].
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2.4.1.2. HA phase transformation and morphology

A few studies investigate the effect of AAs on HA morphology or transformation [32, 37,
254]. Tao et al showed that the addition of Gly in a solution where HA is nucleating can result in
the formation of one-dimensional rod-like crystals, while two-dimensional plate-like crystals are
obtained in the presence of Glu (Fig. 2.21). They suggested a brick and mortar model where an
amorphous phase, ACP, acts as mortar and cements the bricks of rod-like or plate-like HA
crystals to make enamel-like or bone like HA, respectively [254]. Matsumoto et al found flake-
like particles consisting of nano-sized platelets for HA precipitation in the presence of AAs, such
as Gly, Ser, Asp, and Glu (Fig. 2.22). The flake-like morphology was also observed on the
control sample; however, the platelets on this sample were larger and thicker than those observed
in the presence of AAs. These AAs reduced the degree of the crystallinity of the HA precipitate
by stabilizing ACP [37].
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Fig. 2.21. Different pathways for HA precipitation in a bricks (HA) and mortar (ACP) configuration in
presence of Glu and Gly [254].
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Fig. 2.22. SEM images of the HA crystals synthesized without any AAs (a) or in the presence of Gly (b),

Ser (c), Asp (d), and Glu (d). Scale bar: 300 [37].

Chu et al showed that the acidic AAs, Asp and Glu, can improve brushite to HA phase
transformation by reducing the interfacial energy barrier between brushite and HA (Fig. 2.23)
Since HA is a basic calcium phosphate, its formation from acidic phases such as brushite
is not usually favored. Chu et al attributed this to the higher solid/liquid interfacial energy of HA
than brushite, which would make the brushite to HA transformation thermodynamically
unfavorable. This was even more significant in Chu’s study, since HA grew in the form of small
crystallites with a high surface area, while the initial brushite seeds were much larger. However,
Chu et al showed that Glu and Asp, if added to the reaction solution, adsorbed on the brushite

surface and increased its interfacial energy to a value closer to that of HA, thus favoring HA

nucleation on brushite surface.
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Fig. 2.23. Schematic showing the reduced interfacial energy barrier between DCPD and HA in the

presence of acidic AAs [32].
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2.4.2. AAs bound to surfaces

Template-directed precipitation is defined as precipitation in the presence of functionalized
surfaces [255-258]. Functional groups with electrical charges are able to promote calcium
phosphate precipitation [259-263]. This is attributed to the ability of these functional groups to
attract Ca’” and PO, ions, thus increasing the degree of local supersaturation with respect to
calcium phosphate precipitation at regions close to the surfaces [259, 262].

While there have been many studies investigating the inhibitory effect of AAs dissolved in
solution on HA mineralization [10, 34, 36-46], the effect of AAs or small molecules with similar
functional groups bound to surfaces has been subject of just a few studies [47, 58, 59]. Rautaray
et al investigated HA precipitation in the presence of Asp-capped gold nano particles [47] (Fig.
2.24). They showed that HA precipitation was promoted in the presence of Asp due to the
interaction between COOH groups in Asp and the Ca*" jons. Using isothermal titration
calorimetry (ITC), they showed the interaction between Ca*™ and Asp was favored
thermodynamically. Other researchers have focused on the effect of surface functional groups
with different electrical charges on HA precipitation. Zhu et al prepared self-assembled
monolayers (SAMs) of silanes with NH, and OH functional groups on silicon to investigate the
effect of positively vs. negatively charged surfaces on HA precipitation [259]. They showed that
HA precipitation was faster in the presence of the negatively charged OH-SAM than the
positively charged NH,-SAM. Similar results were obtained on gold substrates. Tanahashi et al
investigated HA formation on gold modified with SAMs of alkanethiols terminated with neutral,
negative and positive groups, such as CHj, PO4H,, COOH, CONH,, OH, and NH, [262]. They
showed that negatively charged functional groups were the most potent enhancers of HA
precipitation (PO4H, first and then COOH), while SAMs terminated with positively charged
groups such as CONH; and NH; induced much less HA precipitation. Liu et al explored more in
detail the effect of negatively charged groups, such as OH, PO4H,, and COOH bound to titanium
foil [261], and showed that poorly crystalline calcium phosphate was precipitated in the presence
of COOH and PO4H; functional groups. However, consistent with the study by Zhu et al [262],
PO4H; exhibited a stronger nucleating ability than COOH. The control titanium sample and the
OH modified sample showed less calcium phosphate deposition than the COOH and PO4H,
modified samples [261].
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Fig. 2.24. Schematic showing the steps involved in the precipitation of HA in the presence of Asp-capped
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While most of the works done so far indicate that negatively charged functional groups are
more effective than positive or neutral groups in inducing heterogeneous nucleation of HA [259,
262], there is at least one study showing different results: Zhang et al investigated HA
precipitation in the presence of POs, COOH, and NH, functional groups present on Langmuir
monolayers made of dipalmitoylphosphatidylcholine, arachidic acid, and octadecylamine,
respectively [264]. They showed that all PO4s, COOH, and NH, functional groups promoted the
nucleation of calcium phosphate to very similar extents [264]. However, the Ca/P ratio for the
calcium phosphates formed in the presence of PO, was similar to that of HA (1.67) while COOH
(1.49) and NH; (1.60) showed lower Ca/P ratios indicating the presence of amorphous calcium
phosphate (ACP) precursor.

2.4.3. Poly amino acids and peptides

To better understand the role of the AAs present in the proteins involved in HA
mineralization, a number of studies have been conducted on poly-AAs and peptides with
residues that are abundant in body proteins [48, 187, 265-267]. Poly-Glu and poly-Asp are

among the strongest inhibitors of HA growth when dissolved in solution, but they can act as HA
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nucleators when adsorbed on a surface [39]. However, cross-linked poly-Glu can induce the
heterogeneous nucleation of hydroxyapatite even when present in SBF. Phosphorylated residues
are responsible for the inhibitory effect of statherin-like pentapeptides dissolved in solution
[268]. This can explain the role of statherin as an inhibitory protein in the saliva. In general, all
these studies elucidate the important role of negatively charged AAs, such as PSer, Glu, and Asp

on regulating HA mineralization.

2.4.4. AA/HA interactions investigated by computational techniques

A molecular understanding of the interactions between AAs and HA is crucial to grasp the
details of biomineralization. However, the molecular-level details of biomineralization are
difficult to investigate by experimental techniques exclusively. In the last decades, sophisticated
experimental techniques have been successfully coupled with computational techniques to model
the mineralization of HA in the presence of AAs [41, 130, 250, 269].

Molecular dynamic (MD) simulations can investigate organic-inorganic interfaces at the
atomic level; therefore, it can provide useful information relative to the adsorption energy and
adsorption sites of AAs to HA. Zhang et al used MD simulations to investigate the adsorption of
the different types of AAs on the (100) face of HA [41]. Their results indicate that the AAs
occupy the vacant Ca and P sites of the growing HA (100) surfaces mainly through their amino
and carboxylate groups, thus inhibiting HA growth along [100] direction. They showed that
small and charged AAs, such as Gly, Glu, and Asp have a higher adsorption on HA, which was
consistent with the experimental findings by Koutsapolous et al [43, 44, 270]. Pan et al.
investigated the specific adsorption sites of Gly and Glu on the (100) and (001) faces of HA
crystals at the atomic level using MD simulations [250]. Consistent with the results by Zhang et
al, they showed that both Gly and Glu can bind to HA (001) and (100) faces through their amino
groups. These groups occupy the vacant calcium sites, while carboxylate groups replace the
phosphate or OH sites. However, they showed the adsorption of Glu was higher on the (001)
face, while Gly did not have a preferential adsorption on a specific face.

Ab-initio density functional theory (DFT)-based calculations can model systems at the
atomic level without needing to know force-fields such as MD. Almora-Barrios et al employed
DFT to show that Gly, proline (Pro), and hydroxyproline (Hyp) (the main constituent AAs of the
collagen matrix) showed a preferential adsorption to the (100) faces of HA rather than the (001)

faces. This was due to the interaction between the AA carboxylate groups and the calcium ions
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on HA; Hyp showed the strongest adsorption [269]. The preferential adsorption of AAs to (100)
faces could explain why the HA crystals are elongated in the c-direction, as observed in bone.

Corno et al investigated in more detail the interaction of differently charged AAs, Gly, Glu,
and Lys with HA surfaces again using DFT calculations [130]. They showed that Gly interacted
with the (001) surface in its zwitterionic state, with the carboxylate group interacting
electrostatically with the calcium ions and the amino group forming hydrogen bond with the
oxygen atoms. However, Gly had a higher affinity for the (010) HA surface, where it was
adsorbed as an anion as a result of spontaneous proton transfer towards the surface. Lys
interacted very similarly with both the (001) and the (010) surfaces: the amino group of its side
chain bound to the closest calcium ions. The behavior of Glu was more dependent on the surface:
on the (001) surface, the carboxylate group of the side chain interacted with the closest calcium
ions and formed H-bond with the surface P=O groups. On the (010) surface, however, the
carboxylate groups of Glu could only form a relatively weak H-bond with the P-O moieties
present on the (010) surface. In summary, the affinity of the studied AAs for the (001) surface
followed the trend Gly < Lys < Glu, and for (010) surface, Gly < Glu < Lys.

Addison et al used RosettaSurface Monte-Carlo based simulations to simulate the
adsorption of the VTKHLNQISQSY peptide to HA; the affinity of this peptide to apatite-based
materials was previously discovered by phage display [271]. They showed that the
peptide/apatite adsorption was primarily determined by the composition and net charge of the
AAs rather than their order in the peptide sequence. In fact, the phosphorylated serine residues
were mainly responsible for the adsorption of the peptide to HA.

Overall, consistent with experimental data, computational techniques discussed in this
paragraph showed that charged AAs, such as Glu and phosphorylated Ser, have the highest
affinity for HA surfaces.

2.4.5. AA interaction with calcite vs hydroxyapatite

Calcite is one of the most studied biominerals due to its abundance in marine organisms
and its readily available large crystals (>10 cm) that allow researchers to investigate the specific
interaction of biomolecules with them [272]. Similar to HA, calcite crystal surfaces have high
affinity for AAs and larger biomolecules. However, differently from HA, calcite crystals possess
a mirror symmetry and terraced growth features, which are potential for chiral selectivity, thus

resulting in the D- or L-enantiomers of AAs showing selective adsorption on different surfaces
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of the crystals. Hazen et al showed that the selective adsorption of AAs is greater on step-like
features, resulting in the linear arrays of homochiral AAs forming on calcite surface [272].
Combining atomic force microscope observations and molecular modeling studies, Orme et al
investigated the selective adsorption of a negatively charged AA, Asp, in more detail. They
showed that the binding of Asp to the surface step-edges of calcite allows for the best geometric
and chemical fit, thus minimizing the step free energy and modifying the crystal macroscopic
shape [273]. Their results indicated that the binding of Asp to the (104) surface of calcite
involves all charged groups of the molecule, and there is approximately no energy difference
between the interactions of the D- or L-forms of Asp, because both adsorbates can rotate freely
to maximize their binding energy. However, D- and L-Asp adsorb on opposite acute steps
following their best geometrical fits, thus resulting in the symmetrical growth of calcite crystal.
The glide plane symmetry can be broken if only one of the two Asp enantiomers is present
during crystal growth stage.

Overall, similar to HA system, most of the studies on calcite biomineralization are focused
on the negatively charged biomolecules due to their abundance in calcite biominerals. These
studies indicate that the peptides or proteins bind to calcite surface through the intention between
their negatively charged AA residues and calcium ions present on calcite surfaces [274-276].
However, there is at least on study highlighting the important role of positively charged
sequences on calcite/peptide interactions. Masica et al showed that calcite interacted more
strongly with the positively charged AA sequence of a chemically synthesized peptide than the
negatively charged sequences [277].
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CHAPTER 3

STATEMENT OF THE PROBLEM

Many researchers studied the effect of AAs on HA precipitation; however, most of the
work was conducted on the growth stage of HA, while the effect of AAs on nucleation and
prenucleation stage of HA precipitation is still quite unexplored. Moreover, these studies are
usually conducted in non-physiological conditions, which make it difficult to have a real insight
into the effects of these AAs on HA precipitation in body. Also, while it is generally accepted
that negatively charged AAs such as Glu, Asp, and PSer are crucial components of the NCPs that
regulate HA precipitation, different authors report contradictory results on the effect of
differently charged AAs on HA precipitation. So, the effect of individual AAs and the dominant
role of negatively charged ones are still strongly debated. Finally, most works are focused on the
effect of AAs dissolved in solution, while the AAs which are involved in bone formation in body
are either part of the ECM, a solid matrix secreted by the cells, or of the NCPs, which are
strongly interacting with the ECM mineral.

The goal of this thesis is to clarify the effect of differently charged AAs on HA
precipitation in physiological conditions, and to explore the mechanism under which these AAs
regulate HA precipitation. The AAs were either dissolved in solution or bound to a surface. We
used Arg as a model for a positive AA and Glu as a model of a negative AA, and graphene oxide
as a model surface. Both Glu and Arg were present in NCPs and play an important role in HA
mineralization in body. Graphene oxide is a highly oxidized form of graphene with various
surface functional groups that make it easily modified. Also, GO has high a surface area, which
favours the heterogeneous nucleation of HA.

Our results are reported in Chapters 4, 5 and 6 in the form of three papers, either published
or submitted. Chapter 4 describes the effect of Arg and Glu dissolved in solution on HA
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precipitation. In contrast to what is generally accepted, we showed a stronger effect for the
positively charged AA, Arg, on inhibiting HA precipitation. We explained this in terms of the
stability constants of complexes formed between the AAs and the precursor ions. The AAs also
affected the morphology and crystallinity of the HA precipitate. More organized HA platelets
with higher degree of crystallinity were obtained in the presence of AAs, especially Arg.

Chapter 5 describes the effect of Arg and Glu on HA nucleation and prenucleation. We
observed aging of Ca- and P-precursor solutions for 3 days promoted the inhibitory effect of the
AAs, and explained this by invoking the formation of Ca/AA and P/AA aggregates from initial
Ca/AA and P/AA complexes. These aggregates, which form in the AA-containing Ca- and P-
precursor solutions before they are mixed for HA precipitation, confirm the critical role of AAs
on regulating HA precipitation even before the nucleation stage.

Chapter 6 investigates the promoting effect of AAs bound to GO. Here we show that Arg
bound to GO promotes HA precipitation more than Glu, again showing a more important role for
positively rather than negatively charged AAs on HA precipitation. We explained these results
based on the electrostatic interactions and stability constants of complexes formed between the
AAs and Ca®" and PO4> ions. At the end, we propose Arg/GO as a potential candidate for bone
or dentin regeneration applications.

Overall, this work provides a basis to understand the effect of single AAs on HA
mineralization in physiological conditions, and possibly informs a strategic rational approach for
the design of oligopeptides or surface coatings with the purpose of inhibiting or promoting HA
nucleation. These biomolecules could be used to treat pathological diseases caused by an
excessive mineralization of HA in tissues like cartilage, blood vessels and cardiac valves, or,

vice versa, to promote HA mineralization to repair in damaged bone or teeth.
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CHAPTER 4

HYDROXYAPATITE PRECIPITATION IN THE
PRESENCE OF THE AMINO ACIDS, ARGININE AND
GLUTAMIC ACID, DISSOLVED IN SOLUTION

AAs are the building blocks of NCPs, which are proteins that (among other functions)
inhibit undesirable precipitation of HA in body. Many studies investigate the effect of AAs
dissolved in solution on HA precipitation; however, most of these studies are focused on the
effect of AAs on HA growth rather than its nucleation, and are conducted in conditions that are
far from the physiological ones. Moreover, these studies report contradictory results in terms of
the inhibitory effect of differently charged AAs.

In this work we investigated the inhibitory effect of Arg (positive AA) and Glu (negative
AA) on HA nucleation and growth in physiological conditions. While negatively charged AAs,
such as Glu, are highly expressed in the NCPs, positively charged AAs are present in lower
concentrations in NCPs, but may still be involved in NCP activity. Our goal was to explain the
mechanism under which these AAs can inhibit HA precipitation in body. These inhibitory AAs
can be potentially used for treating pathological diseases caused by the excessive mineralization
of HA in body.

This work 1s reported in an article published in the “Journal of The Royal Society

Interface”.
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4.1. Abstract

Non-collagenous proteins (NCPs) inhibit hydroxyapatite (HA, Cas(PO4);OH) formation in
living organisms by binding to nascent nuclei of HA and preventing their further growth. Polar
and charged amino acids (AAs) are highly expressed in NCPs, and the negatively charged ones,
such as glutamic acid (Glu) and phosphoserine (PSer) seem to be mainly responsible for the
inhibitory effect of NCPs. Despite the recognized importance of these AAs on the behaviour of
NCPs, their specific effect on HA crystallization is still unclear, and controversial results have
been reported concerning the efficacy of HA inhibition of positively vs. negatively charged AAs.
We focused on a positively charged (Arginine, Arg) and a negatively charged (Glu) AA, and
their combination in the same solution. We studied their inhibitory effect on HA nucleation and
growth at physiological temperature and pH and we determined the mechanism by which they
can affect HA crystallization. Our results showed a strong inhibitory effect of Arg on HA
nucleation; however Glu was more effective in inhibiting HA crystal growth during the growth
stage. The combination of Glu and Arg was less effective in controlling HA nucleation, but it
inhibited HA crystal growth. We attributed these differences to the stability of complexes
formed between AAs and Ca*" and PO, ions at the nucleation stage, and in bonding strength of
AAs to HA crystal faces during the growth stage. The AAs also influenced the morphology of
synthesised HA. Presence of either Arg or Glu resulted in the formation of spherulites consisting
of preferentially oriented nano-platelets orientation. This was attributed to the chelating effect of
AAs, which resulted in a higher degree of supersaturation during the precipitation stage, thus

favoring the formation of spherulitic particles.

4.2. Introduction

Living organisms synthesize a variety of inorganic minerals, ranging from apatite in
bones, calcium carbonate in seashells, to iron oxide in magnetotactic bacteria. These minerals
form during a highly regulated process called biomineralization, and often have exceptional
mechanical properties, complex shapes, and intricate hierarchical structures, which
distinguish them from their artificially synthesized counterparts [1, 2, 278]. The unique
characteristics of these minerals are obtained under the direct influence of biomolecules,

usually proteins and peptides, which remarkably control and regulate their nucleation and
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growth under conditions that are much milder than those used in conventional processing
techniques [2, 5, 6, 278].

The most well-known and maybe most complex example of biomineralization is the
formation of bone, an organic-inorganic hybrid material made of collagen, non-collagenous
proteins (NCPs), and carbonated HA crystals. Collagen fibrils provide a framework known as
extracellular matrix (ECM), where HA nucleates and grows. The ECM determines the
ultimate structure and orientation of hydroxyapatite (HA, Cas(PO4);OH) crystals; however,
HA nucleation is mainly initiated by a set of negatively charged phosphorylated NCPs
associated with the ECM. These proteins attract Ca*" and PO43' ions and increase the local
supersaturation to a level sufficient to form nuclei of a critical size, which can develop into
HA crystals [8, 279]. Another set of NCPs has the ability to inhibit undesirable formation of
HA in tissues such as cartilage, blood vessels and valves, which are continuously exposed to
body fluids. These inhibitory proteins are dissolved in the plasma and limit the formation of
HA by binding to the surface of nascent nuclei of minerals, thus restricting their further
growth [11, 280].

While striving to understand the process of biomineralization, researchers have focused on
the effect of smaller biomolecules like amino acids (AAs) and peptides on HA mineralization.
Despite their minimal concentration as free biomolecules in human plasma [281], AAs are the
building blocks of proteins, and negatively charged AAs such as Glu and PSer are highly
expressed in the acidic domains of NCPs involved in HA mineralization in bone and dentine.
Similar to proteins, charged AAs can either inhibit or induce HA mineralization depending if
they are dissolved in solution or bound to a surface. AAs are also effective in modifying the
morphology and crystalline structure of HA due to the electrostatic and stereochemical effects of
their charged residues [11, 13, 14, 32, 282]. In comparison with proteins or peptides, AAs are
much less expensive and more stable, which makes them attractive candidates for clinical
applications. In-vitro studies show that promoting AAs are useful for improving bone
regeneration in damaged tissues [13], while inhibitory AAs are potential candidates for treating
pathological diseases caused by an excessive mineralization of HA in tissues like cartilages [15,

16], blood vessels and cardiac valves [16-18].
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Despite the well-documented importance of these AAs in controlling HA mineralization,
the mechanism by which they interact with HA crystals to induce or inhibit mineralization is still
strongly debated. In general, it is believed that negatively charged AAs containing carboxylate
and phosphorylated residues play a key role in controlling HA mineralization in bone [8, 48-51].
However, contradictory results reported by different authors make it difficult to draw a
comprehensive conclusion about the effect of AAs on HA crystallization. For example, Jack et al
reported a significant inhibitory effect of alanine (Ala) and aspartic acid (Asp) on the growth of
HA particles [52]. In contrast, Palazzo et al showed that Asp promoted HA particle growth while
Ala had no effect on HA particle sizes [11]. According to Jack at al., a positively charged AA,
lysine, had the strongest affinity to HA surfaces [52]; however, Koutsopoulos and Dalas showed
that the negatively charged Asp had the largest affinity to HA among the AAs that they
investigated [44, 53-56]. In addition to these contradictory results, the studies on the effect of
AAs are often focused on HA crystal growth rather than investigating HA formation at its very
early stages (i.e. HA nucleation) [44, 53-56] and are mostly conducted under experimental
conditions different from the physiological ones (i.e. high supersaturation, high temperature or
high pH) [32, 34, 35, 52]. These factors have made it difficult to have a real insight into the
effect of AAs on biomineralization in living organisms.

In this study, we investigate the inhibitory effect of a positively charged (Arg) and a
negatively charged (Glu) AA dissolved in solution on the morphology and crystallization
(nucleation and growth) of HA synthesized at physiological temperature and pH. Negatively
charged AAs, such as Asp and Glu are highly expressed in the family of proteins called
SIBLINGs (small-integrin-binding ligand, N-linked glycoprotein), known to play a key role in
HA mineralization in the body [6]. SIBLINGs also contain positively charged AAs, such as Arg
and Lys. Here we focus on Glu and Arg to understand the relative importance of negative and
positive charges in HA mineralization, and we specifically select Glu and Arg because they have
been less investigated than their counterparts Asp and Lys [9, 22-27]. We also study the effect of
combination of Glu and Arg, with the goal of clarifying if different inhibiting or promoting
mechanisms related to the two AAs could enhance or dampen each other. Our results show a key
role of the positively charged AA on HA crystallization and shed some light on the mechanism

under which these AAs influence HA nucleation and growth.
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4.3. Materials and methods

4.3.1. Synthesis of HA in the presence of AAs

4.3.1.1. Materials

Calcium (Ca) and phosphate (P) ion precursors were calcium chloride dehydrated (CaCl,,
Sigma Aldrich, purity >97%) and sodium phosphate monobasic anhydrous (NaH,POy,, purity >
99%, Fisher Scientific). The amino acids used in the study (L-Arginine, purity > 99.5%, and L-
Glutamic acid, purity > 99.5%) were purchased from Sigma Aldrich, as well as the buffer agent
tris(hydroxymethyl)aminomethane (tris, purity > 99.5%). Hydrochloric acid used to adjust pH
was purchased from Fisher. The ninhydrin reagent from Sigma (N 7285) was used to measure

the concentration of AAs in the supernatant solution.

4.3.1.2. HA synthesis

Ca- and P-precursor solutions (130 ml) were prepared by mixing CaCl, (6.22 mM), tris
(100 mM) and AAs (Arg and/or Glu, 10 mM), and NaH,POj (3.74 mM)), tris (100 mM) and AAs
(Arg and/or Glu, 10 mM), respectively. Control solutions were prepared with identical CaCl,,
NaH,PO, and tris concentration, in the absence of any AA. The pH of both Ca and P precursor
solutions was adjusted at 7.4 using adequate amounts of concentrated HCI, and the temperature
was adjusted at 37°C by placing the reaction vessels in water bath equipped with temperature
controller (ColeParmer PolyStat Immersion Circulator). The same volume of Ca and P precursor
solutions were added to the reaction vessel simultaneously, thus reaching final Ca and P
concentrations of 3.11 and 1.87 mM, respectively. The ratio between these concentrations
matches the physiological Ca to P ratio, but the absolute values are approximately 1.5 times
higher than those found in human blood plasma, and they were chosen in order to decrease the
required incubation time prior to precipitation. The supersaturation value for HA at these Ca and

P concentrations is 122.96, calculated according to Eq. 4.1,

IP
s = [E]l/9 4.1)
where IP is the ionic activity product and K is the solubility constant equal to 2.35x10
for HA at 37°C [283]. The pH of the reaction solution was monitored, and remained constant at
7.4+0.05. The reaction solution was stirred at 100 rpm and the temperature was kept constant at
37°C. The samples were taken out at the precipitation time and after 2 days of reaction, and the
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precipitates were filtered using 200 nm filters, and subsequently washed 3 times with DI water.
The precipitates were finally dried using a VirTis freeze drier. The summary of the AAs present

in different samples and their concentration is reported in Table 4.1.
4.3.2. Characterization techniques

4.3.2.1. Bulk characterizations of dried precipitates

Fourier transform infrared (FT-IR) spectroscopy: IR spectra were recorded on a Bruker
Tensor 27 FT-IR spectrometer using diffuse reflectance (DRIFT) mode. The reflected signals are
converted and reported as absorbance in the figures shown in this paper. The powders were
diluted with KBr to approximately 10% weight/weight ratio. Pure KBr powder was used to
collect background spectra. The FT-IR spectra were recorded from 600 to 4000 cm™ using
mercury-cadmium-telluride (MCT) detector. The spectra were collected by averaging 256 scans
at 4 cm™ resolution.

X-ray diffraction (XRD): XRD spectra were collected using a Bruker AXS XRD
instrument with Cu K, radiation generated at 40 kV and 40 mA. A quartz sample holder was
used for these experiments. The range of diffraction angles collected (26) ranged from 5 to 100°,

with step size of 0.05 . The crystallite sizes were measured using Debye Scherrer equation [284],

kA
FWHM. Cos (6)

Crystallite size = 4.2)

where £ is shape factor (k = 0.9), 4 is the wavelength of the X-rays (1=0.154056 nm for Cu
K, radiation), @ is the diffraction angle, and FWHM is the full width half maximum of (001) and
(310) peaks at 20 values of 25.88 and 39.82, respectively, referring to synthetic HA with

hexagonal (P63/m) crystalline structure.

Table 4.1. Summary of AA concentrations in different samples.

Sample Glu Conc. (mM) Arg Conc. (mM)
HA-Cont 0 0
" HAGlu 10 | 0 |
" HA-Arg 0 | 10 |
HA-Combo 5 ' 5
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4.3.2.2. Surface characterization of dried precipitates

X-ray photoelectron spectroscopy (XPS): XPS measurements were performed using a
monochromatic X-ray photoelectron spectrometer K Alpha (Thermo Scientific). The setup was
equipped with an Al Ka X-Ray source (1486.6 eV, 0.834 nm), a micro-focused monochromator
and an ultrahigh vacuum chamber (10~ Torr). Survey scans were collected with energy steps of 1
eV and spot size of 50 um. Scans were taken on at least 3 points on each sample and and the
quantitative results were averaged. A flood gun was used to neutralize electrical built-up charge
generated on the non-conductive samples. The survey scans were analyzed using the software
Thermo Avantage (version 4.60).

Surface area and porosity determination: the specific surface area (ssa) and porosity of the
samples were determined at 77 K by the adsorption of N, using an automatic gas-volumetric
apparatus (TriStar, Micromeritics). The BET model was adopted for ssa determination [285],
[286], whereas the BJH model was used to analyze mesoporosity [33], [287].

Morphology: the particle morphology was analyzed with a scanning electron microscope
(SEM) from Hitachi (S-4700 FE-SEM), using an acceleration voltage of 5 kV. The specimens
were mounted on double sided conductive carbon tape and were coated with a thin layer of Au to
increase their conductivity. The coating was done with a HUMMER VI sputtering system under

vacuum of 70 millitorr and at the voltage of 10 V for 1 min.

4.3.2.3. Characterization of supernatant solution

Inductively coupled plasma atomic emission spectroscopy (ICP-AES): Ca and P
concentrations in solution were measured using an ICP-AES instrument (ICAP 6500 Duo). For
this purpose aliquots were taken from the supernatant solution at the desired reaction times,
filtered with a syringe filter with pore size of 100 nm to remove any trace of HA precipitates that
were larger than 100 nm, and then diluted with 4% nitric acid. The Ca and P concentrations were
measured at the wavelength of 3179 and 1782 nm, respectively. ICP-AES was performed also on
the precipitates to measure the bulk Ca and P values in these samples. 1 mg of samples was
dissolved in 10 ml of 4% nitric acid and the resulting Ca and P concentrations were measured
using the same procedure described before.

AA concentration determination: The concentration of AAs in the supernatant solution was
measured by a colorimetric technique based on the use of ninhydrin to transform free amino

groups in a colored product [288]. For this purpose, aliquots were taken at desired times, and
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then diluted with 10% glacial acetic acid to stop the reaction. An adequate amount of ninhydrin
reagent was added to the samples, and the absorption of the solutions was measured at 570 nm
using a UV-vis spectrometer (Perkin Elmer, Lambda 20). According to Duggan et al the free
NH; groups from tris do not interfere with the colour generated at 570 nm by the interaction
between the NH; group of AAs and ninhydrin [289]. Despite this, in our experiments we found a
minor interference due to tris, and therefore we removed the tris contribution by comparing the
results of the solutions containing both tris and AAs to those containing tris only. Calibration
curves were constructed using 3.125, 6.25, 18.75, and 25 uM AAs solutions made by dissolving

adequate amounts of AAs in 10% glacial acetic acid.

4.4. Results

In order to understand the effect of Arg, Glu, and their combination on HA
precipitation, we compared HA precipitation in the presence of these AAs with control
samples which had no AAs. We characterized the synthesized powder with a range of
different techniques, including FT-IR, XPS, XRD, SEM, ICP-AES, and UV-vis
spectroscopy. The XRD results shown in Fig. 4.6 and Fig. 4.7 confirmed that all the
precipitates were mainly composed of HA, as will be discussed in Section 4.4.4. From now
on, we will refer to the samples prepared in the presence of the AAs and the control samples
as HA-Glu, HA-Arg, HA-Combo, and HA-Cont (see Table 4.1 for detail about their AA

content).

4.4.1. Precipitation times and precipitate weights

Fig. 4.1 shows the effect of different AAs on the precipitation time of HA. Although both
Glu and Arg inhibited the formation of HA precipitates, the effect of Arg was significantly
stronger. In the presence of Arg, the precipitates took approximately 8 times longer to form
compared to HA-Cont sample prepared in the presence of tris alone, while in the presence of Glu
the precipitation time was increased by only approximately 5 folds. The combination of Arg and
Glu had some inhibitory effect on the formation of HA particles, however to a lower extent than

either of the AAs alone.
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It is worth noting here that we specifically tested the inhibitory effect of tris alone as well.
In fact, tris is known to have an inhibitory effect on calcium phosphate formation [290]. Samples
prepared in the absence of both tris and AAs precipitated immediately after mixing (results not
shown), while HA-Cont samples prepared in the presence of tris precipitated after approximately
2 hours (Fig. 4.1). This confirmed the inhibitory effect of tris reported by Kokubo et al [290].
However, the much longer delay in HA precipitation observed for the AA-containing samples
despite the small concentration of the AAs (10 mM) relative to tris (100 mM) indicates a
stronger inhibitory effect for the AAs compared to tris. This can be explained considering the
electrical charges of these molecules. The pK, of tris at 25° C is 8 [291], while the pK, of the
side chains of Arg and Glu are 12.5 and 4.25, respectively [292]. The larger electrical charges
present on the AAs at pH 7.4 may contribute to making them more effective than tris in

inhibiting HA formation.”
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HA-Cont HA-Glu HA-Arg  HA-Combo

Fig. 4.1. Effect of AAs on the precipitation time (prec. time) of HA. The precipitation time was
considered to be the time at which the solution became visibly cloudy. Each data point is the average of at
least 3 samples. Asterisks (*) indicate the samples that were statically significantly different (P<0.003)
from the control sample.
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Fig. 4.2. Effect of Glu, Arg, and combination of Glu and Arg on the weight of precipitates after 2
days of reaction. Each data point is the average of at least 3 samples. Asterisks (*) and plus sign (+)
indicate the samples that were statically significantly different from the control sample with P<0.0005
and 0.02, respectively.

Fig. 4.2 shows the effect of the investigated AAs on the precipitate weights after 2 days of
reaction. If we consider the initial moles of Ca and P present in solution, then we should expect a
theoretical precipitate weight of 0.081 g if all of the Ca and P combined to form HA. This weight
is higher than the weights observed for all precipitates, even after the reactions reached their
stable state (Fig. 4.11). This confirms the inhibitory effect of organic molecules dissolved in the
reaction solution. In line with the precipitation time results, both Glu and Arg strongly inhibited
HA formation, resulting in smaller amounts of precipitate after two days in comparison with the
control samples. The combination of Glu and Arg also inhibited the precipitation of HA, but not
as strongly as the individual effect of Glu and Arg. This result was also consistent with the

precipitation time result obtained for the HA-Combo samples.

4.4.2. Morphology

Fig. 4.3 shows the morphology of the HA samples obtained at precipitation time.
Individual microspherulitic aggregates of 2 to 4 um were found in both HA-Glu and HA-Arg
samples (Fig. 4.3¢ and e), and were less evident for HA-Combo (Fig. 4.3g), while HA-Cont
only showed aggregated particles without individual microspheres (Fig. 4.3a). The microspheres

observed for HA-Glu and HA-Arg were composed of plate-like particles (Fig. 4.3d and f), more
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densely packed on HA-Glu. High magnification SEM images for HA-Cont and HA-Combo (Fig.
4.3b and h) showed longer, curved strands that were not observed on HA-Glu and HA-Arg.

The spherulitic morphology observed for HA-Arg and HA-Glu became more evident after
2 days of reaction, while the size of the microspheres decreased (Fig. 4.4c and e), reaching
approximately 2 um for HA-Arg and 3 um for HA-Glu. The microspheres at this point consisted
of nanoplatelets preferentially oriented with their long axis pointing towards the center of the
microsphere. The platelets were still curved, but they were less jagged at the borders in
comparison to those seen at precipitation time. Similar nanoplatelets were observed in HA-Cont
(Fig. 4.4b), however they lacked the orientation observed on HA-Arg and HA-Glu, and were
agglomerated in random structures rather than organized in spherulitic particles. The morphology
of Combo-HA after 2 days (Fig. 4.4g and h) was more similar to the samples synthesized in the
presence of AAs than to the control sample. The microspheres in HA-Combo became more

evident after 2 days. They were made of nanoplatelets similar to those observed on HA-Glu and

HA-Arg.

4.4.3. BET ssa of synthesized particles

Fig. 4.5 shows the BET ssa results for HA particles synthesized in the presence of different
AAs after 2 days of reaction. These results inversely correlated with the precipitation times
reported in Fig. 4.1: the largest ssa (97 = 6 mz/g) was observed for HA-Cont, which precipitated
first; values of 84 + 5 and 77 £ 1 m*/g were measured on HA-Combo and HA-Glu; and the
lowest value of 60 + 1 m*/g was observed for HA-Arg, which showed the most delayed
precipitation time. The overall high ssa values obtained were related to the presence of
mesopores—in fact a similar trend was observed for mesopore volumes, and it was directly

related to the pore size (Table 4.2).

Table 4.2. Pore volume and pore size for HA samples synthesized in the presence of Glu, Arg, and
their combination after 2 days.

Sample Mesopore volume (cm?/g) Pore size (nm)
HA-Cont 0.45+0.01 12.9240.33
" HA-Glu 0.22::0.06 | 6.77:0.68 |
" HA-Arg 0.1720.03 | 7.99:0.65 |
HA-Combo - 0.3420.05 1038023
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Fig. 4.3. SEM images of samples HA-Cont (a and b), HA-Glu (c and d), HA-Arg (e and f), and HA-
Combo (g and h) at precipitation time. Scale bars: 1pm (a, c, e, g) and 200 nm (b, d, f, h).
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Fig. 4.4. SEM images of samples HA-Cont (a and b), HA-Glu (c and d), HA-Arg (e and f), and HA-
Combo (g and h) after 2 days of reaction. Scale bars: 1um (a, c, e, g) and 200 nm (b, d, f, h).
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Fig. 4.5. Effect of Glu, Arg, and combination of Glu and Arg on the BET ssa of synthesized HA powders
after 2 days of reaction. Asterisks (*) indicate the samples that were statically significantly different from
the control sample with P<0.05.

4.4.4. Crystal structure and crystallite sizes measured by XRD

Fig. 4.6a and b show the XRD patterns for samples measured at the precipitation time and
after 2 days of reaction, respectively. All precipitates were HA, as confirmed by comparison with
the standard HA pattern. The spectra collected on our samples were also compared with the
reference pattern for octacalcium phosphate (OCP), which has a structure similar to HA. Neither
the most intense peak of OCP at 20=4.7° nor the second most intense peaks at 26=9.308 and
9.703° matched the peaks observed in the spectra of our samples (see Supporting Information
Fig. S4.1 and S4.2). The large backgrounds observed for all the powders at the precipitation
time (Fig. 4.6a) indicated the presence of an amorphous calcium phosphate (ACP) component in
these samples, which was partially retained even after two days of reaction in the presence of
Glu and Arg (Fig. 4.6b). This result showed the ability of the AAs to stabilize ACP, possibly
because they were trapped in the HA crystalline lattice, thus causing greater atomic disorder.
This was consistent with the results obtained by Palazzo et al [11], who showed the formation of
less crystalline HA in the presence of Arg, Asp and Ala. This lower degree of crystallinity makes
HA synthesized in the presence of AAs resemble natural bone more closely than pure HA, since

bone minerals are composed of poorly crystalline HA [254].
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Fig. 4.6. XRD patterns of HA-Cont, HA-Glu, HA-Arg, and HA-Combo collected at the precipitation time
(a), and after 2 days (b). The vertical lines are the reference pattern for HA (PDF number: 00-009-0432).

) s p E0O02]
b . ] B 1310]
' 0 130] _

304

ra
o
| 1

23

S

7
|
ﬁ

20 4

.

154

. B
1R
1 B

HA-Cont  HA-Glu HA-&rg  HA Combo HAC

MWean crystalite sizes (nm)
o
1
Average crystallite sizes (nm)

Ll

o

3
T
F
W
=

HA-Combo

Fig. 4.7. Average crystallite sizes along [002] and [310] measured by XRD for HA-Cont, HA-Arg, HA-
Glu, and HA-Combo at the precipitation time (a) and after 2 days (b). Asterisks (*) indicate samples that
were significantly different from HA-Cont (P<0.05 in a and P<(0.08 in b).

The crystallite size along the [002] and [310] directions was estimated using the Debye-
Scherrer equation and the FWHM of the corresponding peaks at 20 = 25.88 and 39.82°,
respectively (Eq. 4.1) (Fig. 4.7). No statistically significant differences with HA-Cont were
observed for AA-containing samples at precipitation time, except for HA-Combo along the [310]
direction. After 2 days of reaction, statistically significant differences were observed for both

HA-Glu and HA-Combo along [310]—in particular, a crystallite size along [310] of 26 + 4 nm

63



was measured for HA-Cont, while values of 17 = 2 nm and 16 + 2 nm were obtained for HA-Glu

and HA-Combo, respectively.

4.4.5. FT-IR analysis

In line with the XRD results, the FT-IR spectra for all samples recorded at the precipitation
time and after 2 days of reaction matched the spectra recorded on carbonated HA (CHA) [293,
294] (Fig. 4.8), and were very different from those obtained for other crystalline phases of
calcium phosphates like OCP [295]. However, the phosphate v; peaks on HA-Cont and AA-
containing HA samples were sharper than in CHA, most likely indicating that the HA samples
were more crystalline than the reference CHA [296], which is very defective due to the
incorporation of carbonate ions in its crystal lattice. Also, the HA samples did not show strong
carbonate vs peaks because the carbonates were not present in the bulk, but rather at the surface
most likely due to reaction with atmospheric CO, dissolved in the reaction solution—indeed,
more carbonates were observed on the HA samples after 2 days of reaction. More water was
adsorbed on the HA samples than on CHA, as shown by the stronger dpon peak at 1660 cm™! and
more pronounced voy band in the 2600-3700 cm™ region. The peak at 3650 cm™ present on all
samples is attributed to voy from structural OH groups in HA.

FT-IR spectroscopy can also provide information relative to the presence of organic
components in the samples. Peaks at 1200-1300 cm™ were attributed to vc.y; these peaks were
observed on HA-Arg more strongly at precipitation time, and were present after 2 days on both
HA-Arg and HA-Glu, thus indicating the presence of AAs on these samples [11]. Confirming
this, a small vc—o peak, originating from the carboxylate groups in AAs, was observed for HA-
Arg and HA-Glu samples after 2 days of reaction [11]. The vc.y peaks observed in the 2800 to
3000 cm™ region showed that organic material, either tris or AAs, was present in all of the
precipitates. The peaks at 2958 and 2873 cm’! correspond t0 Vch3 asym and Vens sym, respectively,
and those at 2920 and 2852 cm™' to VCH? asym and Ve sym (Fig. 4.8 Inset) [297]. While tris has
only CH; groups, AAs contain both CH, and CHj groups; therefore, the CH; to CH; ratio can be
considered as an indication of the presence of AAs in the samples. As shown in Fig. 4.8 Inset,
the samples with higher CH3 to CH, ratio were HA-Arg and HA-Glu, followed by HA-Combo
and finally HA-Cont. This further confirmed the presence of AAs in HA-Arg and HA-Glu, and

to a lower extent in HA-Combo.

64



YC-H

Phosphate vy

a YOH :
l “ l b Carbonate V3
buoH VC-M Phosphate v4
b Carbonate v
c HACombo 3%
@ c
O @
S 8
W S
2 2
A
L e e e | ! T j T j T T T
4000 3800 3600 3400 3200 3000 2800 2600 2400 1800 1800 1400 1200 1000 800
Wavenumber (cm'1}- Wavenumber (::m'1}
C 2g=3 2920 2852 Phosphate v4
T salu d ve=0
v Carbonate v3 Phosphate v,
on § Carbonate
o 1 S SHoMH arbonate v
o VC-N
= A o l I
2 D
= HA-Combe g
A ) HA-ATg
=y
CHA
' 1 T 1 N 1 T 1 ' 1 T 1 ' 1 ' 1 T T T T T
4000 3800 3600 3400 3200 3000 28300 2600 2400 1800 1600 1400 1200 1000 800

Wavenumber :cm'1 )

Wavenumber (cm'1 )

Fig. 4.8. IR spectra of control and AAs samples at precipitation time (a and b) and after 2 days (c and d).
All spectra are normalized with respect to the main phosphate peak of CHA at 1055 cm™. Spectra are then
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Arg (3), and HA-Combo (4).
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Fig. 4.9. C and N atomic % relative to Ca atomic % for HA-Cont, HA-Glu, HA-Arg, and HA-Combo at
precipitation time and after 2 days of reaction, measured from XPS survey spectra. Asterisks (*) indicate
the samples that were statically significantly different from the control sample with P<0.02.

4.4.6. Surface composition determined by XPS

XPS allows identifying the elemental composition and chemical species present on the
outmost few nm of the sample surface. Fig. 4.9 shows the C/Ca and N/Ca ratio for the control
and AAs samples collected at different reaction times, calculated based on the areas of the C 1s,
N 1s and Ca 2p peaks recorded in XPS survey spectra. The C measured on all the samples can
originate from three sources: contamination, always present in some amount on any sample;
carbonate ions; and organic material, including both tris and AAs. N too can originate from
organic components including both tris and AAs. Therefore, it is possible to estimate the
amounts of Arg and Glu in the AAs samples if the C/Ca and N/Ca ratios for the AAs samples are
compared with those for the control samples at the same reaction times. While the C/Ca ratios
measured on HA-Arg were approximately 6 and 8 times higher than those measured on HA-Cont
at precipitation time and after 2 days, respectively, the same C/Ca ratios on HA-Glu were only
approximately 2 and 1.6 times higher than those measured on HA-Cont. No significant
differences between HA-Combo and HA-Cont were observed after 2 days of reaction and only
minor differences were observed at precipitation time. These results thus indicate that HA-Arg
samples synthesized both at the precipitation time and after 2 days of reaction contained

significantly larger amounts of AAs in comparison with the HA-Glu and HA-Combo samples.
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Small amounts of N detected in HA-Arg samples at the precipitation time and after 2 days of
reaction further confirmed the presence of Arg in these samples (Fig. 4.9).The fact that no N is
detected on HA-Glu while IR clearly shows the presence of AAs on this sample may be related
to the fact that less N is present in the Glu structure than in Arg, and thus the small amount of N
present on the HA-Glu sample is not detectable by XPS. Indeed, XPS is a more surface-sensitive
technique than IR, and if small amounts of AAs are present all throughout the sample and are not
concentrated on the surface, it might be harder to detect them using XPS rather than a bulk
technique such as IR.

Fig. 4.10 shows the surface Ca/P ratios measured from XPS survey spectra. All samples
showed Ca/P ratios lower than the stoichiometric value for HA (1.67). This may be attributed to
the presence of Ca vacancies and less crystallinity at the surface of HA particles [298]. No
significant difference was observed in the Ca/P ratios for the HA samples collected at the
precipitation time, and all of them showed lower ratios than the corresponding samples after 2
days of reaction, indicating more highly defective surfaces at the early stage of precipitation.
After 2 days of reaction, HA-Glu and HA-Arg showed lower Ca/P ratio in comparison with the
control samples. These results were consistent with the XRD results (Fig. 4.6b) showing ACP
was still present in the HA-Glu and HA-Arg samples after 2 days of reaction.
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Fig. 4.10. Surface Ca atomic % relative to P atomic % for HA-Cont, HA-Glu, HA-Arg, and HA-Combo
at precipitation time and after 2 days of reaction, measured from XPS survey spectra. Asterisks (*)
indicate samples that were significantly different from HA-Cont (P<0.03).
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4.4.7. Colorimetric technique to measure the adsorption of AAs to HA surfaces

The amount of adsorbed AAs on HA surfaces was further evaluated by measuring the
amount of AAs remaining in solution after 2 days of reaction. The AAs remaining in solution
were converted to a colored derivative using ninhydrin, and the absorption of these compounds
was evaluated with a UV-vis spectrometer according to a procedure widely reported in the
literature [52]. Knowing the initial concentration of AAs in solution, it was then possible to
estimate the amount of AAs adsorbed on HA particle surfaces. The amounts of adsorbed AAs
were normalized with respect to the ssa of the particles reported in Fig. 4.5, and the final results
are shown in Table 4.3. In accordance with XPS results (Fig. 4.9), the AA that adsorbed in
larger amount on HA after 2 days was Arg, and lower amounts were observed when Glu or both

Glu and Arg were present during HA synthesis.

4.4.8. ICP analysis on [Ca] and [P] in solution and on HA precipitates

[Ca] and [P] in the supernatant solution were measured by ICP shown in Fig. 4.11. A sharp
decrease in both [Ca] and [P] was observed after 1 and 5 h on HA-Cont and HA-Combo,
respectively. This time corresponded very well to the time at which visible precipitation occurred
on these samples. However, for HA-Glu and HA-Arg, the curves relative to [Ca] and [P] showed
a much less sharp decrease at 8 and 12 h, respectively. This time was earlier than the time at
which visible precipitation was observed for HA-Glu (11 h) and HA-Arg (17h). This indicated
most likely the formation of smaller nuclei even before visible precipitation occurred for these
samples. The longer delay observed before [Ca] and [P] decreased in HA-Arg and HA-Glu
samples in comparison with HA-Cont and HA-Combo can be related to the inhibitory effect of
Arg and Glu when they are present separately in the crystallization solution. This is consistent
with the results obtained for precipitation times and precipitate weights shown in Fig. 4.1 and
4.2, respectively. Steady values of 0.4 mM for [Ca] and 0.2 mM for [P] were observed after 10 h
for HA-Cont and HA-Combo, and after 24 hours for HA-Glu and HA-Arg.

Table 4.3. AAs adsorbed to HA particle surfaces after 2 days of reaction.

Sample HA-Glu HA-Arg HA-Combo
Adsorption of AAs to particles (mmol/m") 0.12+0.03 0.39+0.07 0.19+0.02
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Fig. 4.11. [Ca] (a) and [P] (b) in the supernatant solution for HA-Cont, HA-Combo, HA-Glu, and HA-
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Fig. 4.12. Bulk Ca/P atomic ratios as measured by ICP-AES on HA-Cont, HA-Glu, HA-Arg, and HA-
Combo at precipitation time and after 2 days of reaction. Asterisk (*) indicates the sample that was
significantly different from HA-Glu, HA-Arg, and HA-Combo samples synthesized after 2 days
(P<0.05).

ICP-AES was also used to measure the amounts of Ca and P present in the precipitates.

The resulting Ca/P atomic ratios are reported in Fig. 4.12. Values of ~1.55 were obtained for all

samples except for HA-Cont after 2 days, which showed a significantly higher Ca/P ratio (1.76).

Since the stoichiometric Ca/P value for HA is 1.67, these results confirm that the samples

prepared in the presence of AAs never become fully crystalline HA, and are Ca-defective not
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only at their surface, where much lower Ca/P ratios were measured by XPS (Fig. 4.10), but also
in the bulk. The achievement of a higher Ca/P value after 2 days of reaction for HA-Cont may
indicate that this sample was more crystalline than the others, as previously observed in the XRD
spectra (Fig. 4.6), which showed a smaller background for HA-Cont synthesised after 2 days

than for the AA-containing samples.

4.5. Discussion

We investigated the effect of Arg, Glu, and their combination on HA crystallization with a
number of techniques. From all the results obtained, we can outline three main discussion items.

1) The positively charged AA, Arg, showed the strongest inhibitory effect on HA
precipitation and the largest adsorption on HA, while the negatively charged AA, Glu, had the
strongest effect on HA crystallization. Specifically, all of our results pointed out that Arg had the
largest ability to inhibit HA nucleation (Fig. 4.1), it was adsorbed in more massive amounts to
HA while it nucleated, and it remained adsorbed on the HA particles during the growth stage
(indeed, as evidenced by IR (Fig. 4.8), XPS (Fig. 4.9), and colorimetric techniques (Table 4.3),
Arg was more abundant both at precipitation time and after 2 days of reaction). Despite this, the
presence of Glu (alone or in combination with Arg) was more effective at inhibiting HA crystal
growth (Fig. 4.7).

We can explain the stronger inhibitory effect of Arg on HA nucleation by considering what
happens during crystal formation. At nucleation, the AAs present in solution can inhibit crystal
formation by chelating the ions that form the crystals. We review here briefly what has been
reported on complex formation between Arg and Glu and Ca*" and PO,’.

e Interactions with Ca®". Clarke and Martell have investigated the formation of Arg/Ca”"

complexes at different pH, and they observed that at pH 7.4 complexes of the form HArgCa®" are
formed, whose stability constant (log K) is 2.21 [299]. To form such complexes, Arg (normally
in the form H,Arg" at pH 7.4) loses the proton in the a-amino position. Complexes between Glu
and Ca®" are more heavily investigated [300]. Lumb and Martell estimated a value for log K of
1.43 for the formation of such complexes [301], and more recently De Stefano et al estimated a
value of 1.7 [302]. Both works hypothesize the formation of complexes of the type (CaHGlu)",
where Glu is in the form HGlu". This is the chemical species we expect for Glu at pH 7.4, in

which the a-amino is neutral, and one of the carboxylate groups is deprotonated. Lumb and
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Martell [301], who analyzed this complex in detail, concluded that the carboxylate group
involved is the o, and not the y-carboxylate. In fact, Ca*" would be interacting both with the o-
carboxy and the a-amino group. This hypothesis is in agreement with findings from older studies
[303] focusing on interactions between Ca®" and compounds containing both amino and
carboxylate groups. By comparing the log K values reported for Arg/Ca and Glu/Ca complexes,
we can conclude that Arg can interact more strongly with Ca than Glu. This is confirmed by a
recent mass spectroscopy study by Ho et al [304], who showed that among the 20 AAs, Arg is
the one creating more stable homodymer complexes with Ca ions (Ca*"(Arg)(Arg)).

e Interactions with Poéi Arg is well known for its ability to interact with phosphate

groups, and in fact this interaction is crucial in the stabilization of protein/nucleic acid complexes
[305]. In these complexes, Arg is positively charged (HArg"), and phosphate groups interact
with the guanidyl side chain of Arg [306]. A stability constant of 1.9 is reported by Lancelot et al
for this complex [306]. Glu/phosphate interactions, on the other hand, are not heavily
investigated, most likely because they are not very strong. In fact, we could not find reported
stability constants for complexes involving Glu and phosphate or phosphonate groups. To
estimate the value of this constant, we can consider a study by Luscombe et al [307]. In this
work, the authors analyzed the interactions between the 20 AAs and the bases and backbone
groups of DNA by modeling 129 protein-DNA structures. With respect to interactions with
phosphate groups in all the structures analyzed, Arg was the AA that formed the largest number
of H-bonds and water-mediated bonds, and was second only to Lys in the number of van der
Waals bonds formed. Glu instead was among the AAs forming the least number of bonds with
phosphate groups. If we just consider the difference in number of H-bonds observed in these 129
structures for Arg/phosphates and Glu/phosphates, we can roughly estimate the stability constant
of Glu/PO4”> to be 0. 34 (see SI. 4.2 for more detail). These values clearly show that Arg has a
much stronger tendency than Glu to interact with both Ca*" and PO4”, thus indicating that these
ions are less free to form calcium phosphate nuclei in the presence of Arg than of Glu. We
hypothesize that this can explain why we observed a longer delay in HA precipitation in the
presence of Arg than Glu (Fig. 4.1), and we found less precipitate after 2 days in the presence of
Arg (Fig. 4.2). Also, the stronger tendency of Arg to interact with the ions in solution can
explain why larger amounts of Arg than Glu were present in the HA-Arg sample at precipitation

time (Fig. 4.9).
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The effect of AAs on crystal growth is more complex than on nucleation, because during
crystal growth AAs can both chelate the remaining ions and interact with the growing HA nuclei.
HA particles at pH 7.4 are negatively charged, due to the presence of Ca vacancies and to the
acidic pKa of HA surfaces [11, 52, 308, 309]. Therefore, a stronger electrostatic interaction
should occur between HA growing nuclei and the positively charged AA, Arg. Indeed, our XPS
(Fig. 4.9) and colorimetric results (Table 4.3) showed the highest adsorption of Arg on HA after
2 days of reaction. These results seem to confirm Jack et al’s results, who measured greater
affinity constants of positively charged AAs towards HA surfaces [52], while dispute
Koutsopoulos and Dalas’ results, who instead showed higher affinity of negatively charged AAs
for HA surfaces [53]. However, more specific interactions need to be considered to explain the
effect on crystal growth inhibition in specific directions. Several studies show that the chemical
interactions between the zwitterionic alpha amino and carboxylate groups and Ca and O atoms at
HA surfaces are more crucial in determining the interactions between HA and AAs than the
electrostatic interactions of AA side residues [52, 310, 311]. Jack et al showed that the main
interaction between AAs and HA surfaces is through the covalent bonding between -COO™ and
calcium ions [52]. Therefore, the stronger chemical bonding between Glu and HA surfaces might
have been responsible for the stronger inhibitory effect of Glu on HA crystal growth despite of
its lower adsorption to HA surfaces.

Also, here we found that both Arg and Glu were more effective in inhibiting crystallite
growth along the [310] than the [002] direction (Fig. 4.7). This can be explained by considering
the higher surface free energy of the (100) plane (almost perpendicular to [310]) than the (001)
plane (perpendicular to [002]), and also the higher polarity of the (100) plane, which make it
more favourable to interact with dipolar molecules like AAs [312]. Also, there are 6 equivalent
(100) surfaces in HA crystal while there are only 2 equivalent (001) surfaces. Therefore, the
(100) surfaces are more prone to interact with the AAs, and the crystal growth is more influenced
along their perpendicular [310] direction. Our results also showed that Glu was more effective
than Arg in inhibiting crystallite growth along [310]. In line with the results reported in this
paper, Palazzo et al showed that AAs had the ability to inhibit HA crystal growth [11]. However,
they reported the equal inhibitory effect for the negatively, positively and non-charged AAs
while in this work we showed that the negatively charged AA, Glu, was more effective in

reducing crystal growth along [310] axis. This discrepancy may be attributed to the different
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experimental conditions, such as lower pH and different precursors used in this experiment for
HA precipitation.

The larger adsorption of Arg on HA compared to Glu might also be responsible for the
lower ssa and porosity observed for HA-Arg particles (Fig. 4.5 and Table 4.2). In fact, both Arg
and Glu caused a decrease in ssa when present separately during the synthesis of HA; this has to
be related to the formation of compact spherulitic particles, which have lower ssa compared to
the loser aggregates formed in the absence of AAs. The larger decrease observed for HA-Arg can
be attributed to the higher adsorption of this AA on HA. The presence of Arg could screen the
negative charge on HA nanoparticles, thus decreasing their electrostatic repulsion and allowing
them to get in more intimate contact and form microsphares with lower overall ssa.

2) At precipitation time, both AAs induced the formation of spherulitic particles, while only
random aggregates were found in the presence of tris alone (Figs. 4.3 and 4.4). The formation
of HA spherulites under the influence of AAs and other organic additives is also reported by
other authors [313, 314], but the mechanism by which these small molecules induce such a
micron-scale ordering is still unclear. Granary et al showed that spherulitic particles form by
growth front nucleation (GFN) in which new crystals nucleate at the surface with a different
lattice orientation than the parent crystal [315]. Thermodynamically, GFN is favored at higher
supersaturation since the nucleation driving force is higher relative to the orientational mobility
of crystals [313, 314, 316, 317]. With increasing driving force, the branching frequency increases
and the particles assume an overall spherulitic morphology. However GFN can also be favored
by kinetic factors, in systems where new crystals nucleate on random sites on the growing
crystals surfaces, rather than in continuous layer-by-layer structures on the parent crystal, as
would be predicted by the classical growth mechanism [316]. In fact, spherulite formation
strongly depends on the surface structure of the growing seed crystals [318]. The formation of
complexes between the AAs and Ca®" and PO4” ions (see Section 4.5.1 and discussion relative to
Fig. 4.11) indicates that the overall concentration of free Ca*" and PO, ions should be lower in
the AA-containing samples compared to the control sample. Thus, the effective supersaturation
at which precipitation occurs in the AA-containing samples should be lower than in the control
sample. This implies that the observation of more spherulitic particles for HA-Glu and HA-Arg
than HA-Cont and HA-Combo cannot be explained based on thermodynamics. Instead, the

presence of AAs interacting with the growing crystalline surfaces (confirmed by both IR (Fig.
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4.8) and XPS (Fig. 4.9) results) may provide differently charged sites for the random nucleation
and growth of HA, thus kinetically favouring spherulite formation. The XRD results shown in
Fig. 4.7 confirmed that the GFN mechanism was more favoured for the HA-Arg and HA-Glu
than the HA-Cont and HA-Combo samples: the average crystallite size along [310] increased
with time for HA-Cont and HA-Combo while the crystallite size along [310] decreased for H-
Glu, and didn’t significantly change for the HA-Arg. This is consistent with the GFN mechanism
for HA-Arg and HA-Glu: on these samples, new crystals grow with different orientations relative
to the parent crystals, thus resulting in smaller average crystallite sizes and no significant overall
crystal growth, differently from the classical model in which the parent crystal grows
continuously [61].

3) The combination of Arg and Glu in the same solution resulted in a much smaller effect
on HA precipitation than when any of the AA was present alone. Specifically, we observed fewer
AAs adsorbed on HA particles in HA-Combo than on HA-Arg or HA-Glu (Figs. 4.8 and 4.9), a
more similar surface Ca/P ratio for this sample to HA-Cont (Fig. 4.10), weaker effect on
precipitation time (Figs. 4.1 and 4.11) and precipitate weights (Fig. 4.2), and on the morphology
of HA particles during the early stage of precipitation (Fig. 4.3g and h). These results can be
explained by considering that when the two AAs are present in solution together, they have a
higher tendency to interact with each other rather than with the ions in solution. Indeed, the
interaction between Arg and carboxylate groups is known to be very strong, and crucial in the
selective recognition of nucleic acid base sequences by proteins containing Arg in their structure
[305]. This strong interaction is due to the formation of ion pairs between the positively charged
guanidyl side groups of Arg and negatively charged y-carboxylate groups of Glu [319]. The
reported log K for this interaction is 2.3 [306], which is higher than any of those reported for Arg
or Glu and Ca*" or PO4> [299, 301, 306]. This high constant can also help explain why some of
the HA-Combo results were more similar to HA-Glu than to HA-Arg (see the results relative to
crystal size (Fig. 4.7), surface area (Fig. 4.5) and affinity to HA surfaces (Table 4.3)). Indeed,
Arg can interact with carboxylate groups from both Glu and from other Arg molecules. Hence,
more Glu than Arg is free in solution to interact with growing HA nuclei.

These observations imply that if more than one type of AAs is present in solution, the
effects of the single AAs do not simply add up. Rather, they can end up damping each other,

because the AAs can form complexes among themselves rather than with the ions in solution.

74



This behaviour would be observed to a much lower extent if the AAs were bound together along
protein or peptide chains, since their ability to combine with each other would be severely
limited. Still, the affinity constant between Arg and carboxylate groups is almost as high as that
measured for poly(Glu) and HA (199.5 [306] vs. 240 [39], respectively), which indicates that
even in the presence of proteins or peptides, complexes formed between terminal AAs and side

groups of AAs could be partially responsible for the overall effect observed on HA formation.

4.6. Conclusion

Polar and charged AAs are the main components of NCPs, and are involved in HA
mineralization in bone. These AAs are able to inhibit HA mineralization by binding to the
nuclei of HA and preventing their further growth. Here we investigated the effect of a
positively charged AA, Arg, and a negatively charged one, Glu, as well as their combination,
at physiological pH and temperature. Our results showed that the positively charged AA,
Arg, had a stronger inhibitory effect on HA formation, and was adsorbed in larger amount on
HA particles, while the negatively charged AA, Glu, was more effective in inhibiting HA
crystal growth along specific crystallographic directions. These results were interpreted in
terms of the differences in stability constants between AAs and the ions in solution. The
formation of AA/ion complexes was also deemed responsible for the observed formation of
spherulitic particles in the presence of either Arg or Glu. We also showed that the inhibitory
effect of the single AAs on HA nucleation was dampened if the two AAs were present
together in solution, which we interpreted to be a consequence of the preferential interaction
of the AAs with each other rather than with ions or nuclei in solution.

Overall this work gives a basis for the understanding of the effect of single AAs on HA
mineralization in physiological conditions, and may provide a guideline to rationally design
oligopeptides with the purpose of inhibiting HA nucleation. These could be used for treating
pathological diseases caused by an excessive mineralization of HA in tissues like cartilage, blood

vessels and cardiac valves.
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SI. 4. Supporting information

This document contains a comparison between the XRD patterns measured on our samples

and the reference octacalcium phosphate (OCP) pattern (SI. 4.1), as well as the estimation of the

stability constant for the Glu/PO4" complex based on the results shown in reference 1,

corresponding to reference 56 in the main paper (SI. 4.2).

SI. 4.1. XRD pattern of precipitates synthesized after 2 days, in comparison with the

XRD reference pattern of OCP.
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Fig. S4.1. XRD patterns of HA-Glu collected after 2 days, measured for 26 ranging from 2.5 to 45°. The
red lines represent the reference spectrum of OCP (PDF card n. 01-074-1301).
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Fig. S4.2. XRD patterns of HA-Cont, HA-Glu, HA-Arg, and HA-Combo collected after 2 days (20 range
between 5 and 85°), compared with reference spectra for HA (black lines, PDF card n. 00-009-0432) and
for OCP (red lines, PDF card n. 01-074-1301).
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SI. 4.2. Estimate of the stability constant of Glu/PO43- complex formation

Luscombe et al [307] studied the interactions between AAs and DNA bases and backbone
groups, based on the modeling of 129 different protein-DNA complexes. In the 129 structures
studied:

a) Arg was found to interact with phosphate groups extensively: H-bonds were observed
218 times, Van der Waals bonds 238 times, and water-mediated interactions were
observed 113 times.

b) Glu was found to interact to a very low extent with phosphate groups. H-bonds were
observed only 6 times, Van der Waals bonds 61 times, and water-mediated bonds 29
times.

Among these interactions, H-bonds are the strongest ones. So if we just consider the
number of H-bonds observed in these structures we can have a very rough estimate of how much
stronger the Arg/PO43' interaction is compared with Glu/ PO43'. Within these structures, the
number of H-bonds observed between Arg and PO4> groups was 36 fold larger than between Glu
and PO,”". This would indicate that Arg/ PO,>” complexes are approximately 36 times more likely
to occur than Glu/ PO,> complexes, which could mean that (very roughly) the stability constant
of Glu/ PO43' complexes would be 36 fold smaller than that of Arg/PO43' complexes. Based on
this estimate and on the value of 1.9 reported for log K Arg/ PO,> complexes [320], we can
estimate that the stability constant of Glu/ PO,>” complexes would be approximately 0.34:

K Glu/PO,> = (K Arg/PO4>)/36

Log (K Glu/PO4”) = Log (K Arg/PO,>) —Log 36

Log (K Glu/ PO,*) =1.9-1.56=0.34

This is of course just an estimate. We are in the process of performing some calorimetric
measures in order to find an experimental value for this constant. A paper describing the results

of these measures will be published soon.
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CHAPTER 5

ROLE OF AMINO ACIDS DISSOLVED IN SOLUTION
ON THE PRENUCLEATION STAGE OF
HYDROXYAPATITE PRECIPITATION

In the previous chapter, we investigated the effect of Arg and Glu on HA precipitation,
with a focus on what happens at the nucleation stage. In this chapter, we study the effect of these
AAs on the prenucleation stage. To achieve this goal, we aged the precursor solutions containing
Ca®" and PO,> ions and the AAs (Arg or Glu) for 3 days before mixing them to achieve HA
precipitation. Aging provides a sufficient time for ions/AA aggregates to form and grow before
HA nucleates. The formation of these aggregates delayed HA precipitation much more than
when the AAs interacted with the ions in the form of small complexes.

The findings of this work are reported in an article published in the journal “Crystal
Growth and Design”.
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5.1. Abstract

Hydroxyapatite (HA, Cas(PO4);OH) constitutes the inorganic component of bone. Its
formation is regulated by non-collagenous proteins, and especially negatively charged amino
acids present in their structure. Here we show that Ca*" and PO43' ions can interact with both a
negative (Glu) and a positive (Arg) amino acid, and form aggregates that grow if left
undisturbed. Depending on how long these aggregates are allowed to grow for, once they come
into contact they give rise to HA crystals that form at different times and that differ in content
and properties. This finding points out that the aging time of precursor solutions is an important
variable that needs to be taken into account in all biomineralization experiments, and that not
only proteins but also small molecules like amino acids can form aggregates that alter biomineral
formation. The formation of biomolecular aggregates in the aged precursor solutions may also
mirror what happens in-vivo, where biominerals are formed upon compartmentalization of

precursor ions and mineralization inhibitors or promoters.

5.2. Introduction

Precipitation from solution is one of the most frequent operations in industries and
laboratories, and is crucial in natural processes such as biomineralization [21, 22]. Precipitation
involves two stages: nucleation and growth [21, 22]. Nucleation happens in a supersaturated
solution, when metastable nuclei of a critical size form by stochastic solute clustering [20].
Recent studies [24-31, 57, 321] have attempted to probe the organization of solute clusters even
before the formation of critical size nuclei; these clusters, often referred to as prenucleation
clusters (PCs) [28, 29, 57], have been found to play a dominant role in the precipitation of
organic [23] and inorganic compounds [20], and when crystals are formed within living
organisms (biomineralization) [24]. For example, several studies have shown that ionic PCs are a
prerequisite for the formation of calcium carbonate [20, 28, 322]. Liquid-like calcium carbonate
clusters stabilized by organic additives, such as polyaspartate and acidic poly peptides have also
been found as precursors for calcium carbonate [25, 26]. PCs have been studied for
hydroxyapatite (HA) too [139, 142, 323].

While nanometer-sized PCs are formed in inorganic systems, larger clusters with liquid-
like properties have been discussed as metastable precursors for the formation of crystals of

many organic substances, including proteins and amino acids [57]. These large aggregates may
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exist in equilibrium with smaller clusters. For example, nanodroplets of ~ 250 nm diameters
were found as solid glycine dissolved in water, in equilibrium with smaller molecular clusters;
however glycine crystallization seemed to occur preferentially within larger nanodroplets of
~750 nm diameter [324].

HA precipitation within a collagen matrix is probably the most well-known example of
biomineralization [325-329]. HA nucleation and growth is directed by a set of non-collagenous
proteins (NCP), which can either promote or inhibit its nucleation and growth [330]. The
mechanism by which NCPs act is still under discussion: negatively charged amino acids (AAs)
are highly expressed in their structure; however positively charged and polar AAs can inhibit HA
formation too, and can influence HA particle size and crystallinity [10, 11, 43, 45, 50, 185, 188,
331]. In fact, contradictory results have been published on the role of AAs dissolved in reaction
solutions with concentrations ranging from 0.2 to 160 mM on HA nucleation. We have
previously shown that a positive AA (arginine, Arg) inhibited HA precipitation more than a
negative AA (glutamic acid, Glu), and attributed this to the stronger complexes formed between
Ca’" and PO,> and Arg vs. Glu [331]. Here we show that AA/precursor ion complexes can grow
into larger aggregates, which contain AAs and traces of inorganic ions; they differ in size
depending on which ion/AA pair they contain. Most importantly, it is these aggregates rather
than just the small molecular-ion complexes that determine HA precipitation time and its
composition and properties. This study thus links the formation of AA/ion aggregates with HA
nucleation and growth. We show that such complexes should be treated as chemical entities
reacting with each other and with other molecules present in the system, following different

reaction pathways and giving rise to different reaction products according to the environment.
5.3. Materials and methods

5.3.1. Materials

Calcium (Ca) and phosphate (P) precursors were calcium chloride dehydrated (CaCls,,
Sigma Aldrich, purity >97%) and sodium phosphate monobasic anhydrous (NaH,POy,, purity >
99%, Fisher Scientific). The amino acids used in the study (L-Arginine, purity > 99.5%, and L-
Glutamic acid, purity > 99.5%) were purchased from Sigma Aldrich, as well as the buffer agent
tris(hydroxymethyl)aminomethane (tris, purity > 99.5%). Hydrochloric acid used to adjust pH

was purchased from Fisher.
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5.3.2. HA synthesis

Ca- and P-precursor solutions were prepared by mixing CaCl, (6.22 mM) or NaH,PO,4
(3.74 mM) with AAs (Arg and/or Glu, 10 mM) and tris (100 mM) as a buffer agent. These
precursor solutions are called Ca-Arg-ps and Ca-Glu-ps in the manuscript. Control solutions (Ca-
Cont-ps) were prepared with identical CaCl,, NaH,PO4 and tris concentration, in the absence of
any AA (see Table 5.1). The pH of both Ca- and P-precursor solutions was adjusted to 7.4 using
adequate amounts of concentrated HCI, and the temperature was adjusted to 37°C by placing the
reaction vessels in a water bath equipped with a temperature controller (ColeParmer PolyStat
Immersion Circulator). The supersaturation of reaction solution was 123 with respect to HA
precipitation.

The Ca- and P-precursor solutions were either mixed right after making the solutions (0
day aging) or mixed after allowing them to age for 3 days. For the precipitation experiments, the
same volume of Ca- and P-precursor solutions were added to the reaction vessel simultaneously,
thus reaching final Ca and P concentrations of 3.11 and 1.87 mM, respectively. The ratio
between these concentrations matches the physiological Ca to P ratio, but the absolute values are
approximately 1.5 times higher than those found in human blood plasma, and they were chosen

in order to decrease the required incubation time prior to precipitation.

Table 5.1. Concentrations of Ca, P and AAs in precursor solutions.

Sample Ca Conc. (mM) P Conc. (mM) Glu Conc. (mM) Arg Conc. (mM)

Ca-Cont-ps 6.22 0 0 0

" Ca-Glups 6.22 | 0 | 10 | 0 |
" Ca-Arg-ps 6.22 | 0 | 0 | 10 |
" P-Cont-ps 0 | 3.74 | 0 | 0 |
" P-Glups 0 | 3.74 | 10 | 0 |
" P-Argps 0 | 3.74 | 0 | 10 |
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The pH of the reaction solution was monitored, and kept constant at 7.40+0.05 using tris as
a buffer agent. The reaction solution was stirred at 100 rpm and the temperature was kept
constant at 37°C. The reaction solutions became visibly cloudy after certain time periods. These
times were considered as the precipitation time of samples. The samples were removed from the
bath after 2 days of reaction, and the precipitates were filtered using vacuum filtration with filters
with pore size of 200 nm, and subsequently washed with DI water for 3 times. The precipitates
were finally dried using a VirTis freeze drier. Throughout the paper, we have referred to the
samples prepared in the presence of the AAs and the control samples as HA-Glu, HA-Arg, and
HA-Cont.

5.3.3. Aggregates collection

Aggregates were collected from the precursor solutions after 30 days of aging using
vacuum filtration with filters with pore size of 200 nm. They were then washed with DI water for
3 times and dried using a VirTis freeze drier. Although washing with DI water might remove
some of the AAs adsorbed on the aggregates, this is necessary in order to perform further

analyses.

5.3.4. Characterization techniques

X-ray diffraction (XRD): XRD spectra were collected using a Bruker AXS XRD
instrument with Cu K, radiation generated at 40 kV and 40 mA. A quartz sample holder was
used. Diffraction angles collected (20) ranged from 5 to 100°, with step size of 0.05 .

X-ray photoelectron spectroscopy (XPS): XPS measurements were performed using a
monochromatic X-ray photoelectron spectrometer K Alpha (Thermo Scientific). The setup was
equipped with an Al Ka X-Ray source (1486.6 ¢V, 0.834 nm), a micro-focused monochromator
and an ultrahigh vacuum chamber (10” Torr). The survey scans were collected with energy steps
of 1 eV and spot size of 50 um. Scans were taken on at least 3 points on each sample and the
quantitative results were averaged. The high resolution scans were collected with energy steps of
0.1 eV and a spot size of 400 um on at least 3 points. The spectral energies were calibrated by
setting the binding energy of the Cls component corresponding to C=C-C bonds at 284.4 eV. A
flood gun was used to neutralize electrical built-up charge generated on the non-conductive
samples. Peak-fitting procedures and the quantitative analyses of survey spectra were performed

using the software Thermo Avantage (version 4.60).
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Inductively coupled plasma atomic emission spectroscopy (ICP-AES): Ca and P
concentration in the precipitation (Fig. 5.1¢) and precursor solutions (Fig. S5.3) were measured
using an ICP-AES instrument (ICAP 6500 Duo). The aliquots were taken from the solutions at
desired times, filtered with centrifugation filters (Amicon Ultra-4 Centrifugal Filter Unit with
Ultracel-3memberane, Millipore) with pore size of 4 nm for 3 h at 4000 rpm to remove any trace
of aggregates or precipitate, and then immediately diluted with 4% nitric acid. The dilution with
4% nitric acid ensured that no more precipitate formed in the solutions after filtration. The Ca
and P concentrations were measured at the wavelength of 317.9 and 178.3 nm, respectively.

Scanning electron microscopy (SEM): The particle morphology was analyzed with a
scanning electron microscope (SEM) from Hitachi (S-4700 FE-SEM), using an acceleration
voltage of 5 kV. The specimens were mounted on double sided conductive carbon tape and were
coated with a thin layer of Au to increase their conductivity. The coating was done with a
HUMMER VI sputtering system under vacuum of 70 millitorr and at the voltage of 10 V for 1
min.

Transmission electron microscopy (TEM): we used a high resolution TEM (Philips
CM200) with line resolution of 0.17 nm and operating voltage of up to 200 kV. The TEM was
fitted with LaB6-cathode thermoionic gun and genesis EDAX detector. Images were digitized
using a high-resolution Gatan 2kX2k CCD camera. To prepare the TEM samples, 4 ml of Ca-
and P-precursor solutions aged for 0 and 3 days were poured in centrifugation filtering tubes and
centrifuged for 3 h at 4000 rpm. The solution remaining on the top of the filter (50 ul) was
washed 3 times with 2 ml of deionized water, and then a drop of this solution (5 pl) was placed
on a TEM grid (200-mesh carbon-coated Cu TEM grids, SPI Supplies). The same procedure was
followed to collect the samples obtained after mixing the precursor solutions. Finally, the grids

were dried overnight in air and were analyzed under TEM.
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5.4. Results

We prepare HA precursor solutions containing tris buffer, Ca** and PO,>, both with and
without AAs, and perform two sets of precipitation experiments. In the first set, we mix the
precursor solutions right after preparing them; in the second set we age these solutions for three
days prior to mixing. All evidence showing the effect of Ca- and P-precursor solution aging on
HA precipitation is summarized in Figs. 5.1, 5.2, 5.3, and 5.4. Aging delays HA precipitation in
both Glu- and Arg-containing solutions (the latter to a higher extent), while no delay is observed
in the absence of AAs (Fig. 5.1a). Aging in the presence of AAs also decreases the amount of
precipitate collected (Fig. 5.1b). HA precipitation inhibition caused by aging the AA-containing
precursor solutions is also shown by the delay in [Ca] decrease in the supernatant solution (Fig.
5.1¢). The slower precipitation induced by aging the AA-containing precursor solutions is
mirrored by the morphology of the aggregates collected after two days of incubation (Fig. 5.1d-
i). Spherulitic aggregates formed by organized individual platelets are observed only when aged
precursors containing AAs are used (Fig. S.1h and i). This is to be attributed to the slower
precipitation achieved for these samples (Fig. 5.1a), which provides enough time for the platelet
formation and arrangement [331]. XRD spectra show that all samples are HA (Fig. 5.1j and k).
However an amorphous background signal especially evident at low values of 20 is present on
the spectra of the HA recovered from the AA-containing aged solutions, while it is not present in
the spectra collected in the absence of AAs or with non-aged precursors (Fig. 5.1j and k). A
lower surface Ca/P ratio is measured on the samples prepared with AA-containing aged solutions
(Fig. 5.2a), indicative of a surface structure further from HA for these samples. A larger C/Ca
ratio is observed on these samples (Fig. 5.2b), indicating the presence of larger amounts of AAs.

This is also confirmed by IR spectroscopy (Fig. S5.1).
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Fig. 5.1. Effect of precursor solution aging on HA precipitation. (a and b), Precipitation time
determined by visual observation (a) and precipitate weights after 2 days of reaction (b). Each data point
is average of at least 3 samples. Asterisks (*) and plus sign (+) indicate the difference between 3 day and

not aged samples was significant with P=0.009 and 0.09. The weight of all

precipitates is lower than

expected if all Ca and P combined to form HA (0.081 g), thus confirming the inhibitory effect of tris and
AAs on HA precipitation; (c), [Ca] in supernatant measured by ICP for HA-Cont and HA-Arg with not
aged or aged precursors. [Ca] decreases in the supernatant of HA-Arg aged for 3 days earlier than when
the visual precipitation occurs on this sample (a), thus indicating formation of Ca-containing nuclei
even before visible precipitation. (d-1), SEM images of HA-Cont (d and g), HA-Glu (e and h), and HA-
Arg (f and 1) with not aged (d-f) or aged precursors (g-i); all samples are collected after 2 days of
incubation. Scale bars: 1pm. (j and k), XRD of HA-Cont, HA-Glu, and HA-Arg prepared with
precursors not aged (j) or aged (k). Vertical lines represent reference pattern for HA (PDF number: 00-
009-0432). Please note that Figs. g-k were also shown in our previous work [331].
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Fig. 5.2. HA surface composition differs depending on precursor aging. Ca/P (a) and C/Ca (b) atomic
% for HA-Cont, HA-Glu, and HA-Arg collected after 2 days of reaction, measured from XPS survey
spectra. Asterisks (*) indicate that the difference between the samples prepared with aged and not aged
precursors was statically significant with P<(.04. C can originate from two main sources: tris (present in
all samples) and AAs (only present in the AA samples). HA-Arg shows significantly higher C/Ca than
HA-Glu when the precursors are aged. This indicates that much more organic material is present in this
sample, which suggests that Arg incorporates in HA more than Glu. A quantitative estimate is hard to
make, since Arg has a longer carbon chain than Glu, and the tris/AA incorporation ratio is not known.

Fig. 5.3 shows TEM images of HA particles collected just before precipitation (see caption
for details). The particles formed from aged precursor solutions in the presence of AAs (Fig.
5.3b and f) are larger than those formed in the not-aged precursor solutions in the presence of
AAs (Fig. 5.3j), or with aged precursors without AAs (Fig. 5.3n): HA particles have a diameter
of 100+15 (HA-Glu, 3 day aged), 110+23 nm (HA-Arg, 3 day aged), 95+20 nm (HA-Arg, not
aged), and 70+20 (HA-Cont). Additionally, the particles formed from aged precursor solutions
with AAs are unstable under the TEM beam. This is clearly shown by the formation of round
structures at high magnification in these samples (see bright circles in Fig. 5.3c and g), which
are indicative of voids. Such examples of beam damage are sometimes seen in HA using high
voltage [332]; however a lower voltage is required to damage HA that contains some amorphous
component [333]; and biological apatites are more prone to beam damage than synthetic apatites
[334]. Very recently Meldrum et al reported the formation of very similar voids on calcite
containing organic inclusions [335], using a TEM at a voltage similar to ours. The presence of
beam damage on the HA formed in the presence of AAs from aged solutions but not on any of
the other samples imaged in the same conditions (Figs. 5.3j-k, and 5.3n-0) is thus a clear

indication that the HA-Arg and HA-Glu prepared from aged precursors contain some organic
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Fig. 5.3. Aging precursor solutions that contain AA drastically changes HA structure. TEM images
and SAED patterns of HA formed from 3 day old precursor solutions in the presence of Glu (HA-Glu, a-
d), Arg (HA-Arg, e-h), or in the absence of AAs (HA-Cont, m-p), and HA formed from the not aged
precursor solutions in the presence of Arg (HA-Arg, i-1). HA particles were collected before visible
precipitation, specifically after 1.5 (HA-Cont) and 6 h (HA-Glu and HA-Arg).

material. Indeed, EDS analysis shows that, aside from the omnipresent carbon and some Si and
CI contamination, HA-Arg (Fig. 5.4¢) and HA-Glu (Fig. 5.4b) both contain N, whereas the other
samples do not (Fig. 5.4d and e). Also, HA-Glu prepared from aged precursors shows the
formation of a brighter ring around the particles (Fig. 5.3b); this brighter ring contains N (Fig.
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4b), whereas the interior of the particles does not (Fig. 5.4a). The formation of this ring may
have occurred under the TEM beam, since organic materials are known to be able to diffuse
under the TEM beam [336]. This can be also attributed to drying artifacts that may have occurred
during TEM sample preparation. A more in-depth TEM analysis using a cryogenic stage may be
able to clarify this point, and is left for future work. The selected area electron diffraction
(SAED) patterns indicate that all samples at this stage, i.e. prior to visible precipitation (see
caption of Fig. 5.3 for detail), are almost completely amorphous (Fig. 5.3d, h, 1, and p); however
some rings are more evident in the SAED of HA-Cont aged for 3 days (Fig. 5.3p) and HA-Arg
not aged (Fig. 5.31), thus indicating a less amorphous structure for these samples. This confirms

what observed by XRD on the samples collected after two days (Fig. 5.1j and k).

Fig. 5.4. EDS spectra for HA samples shown in Fig. 5.3: (a) and (b), spot A and B in Fig. 5.3b,
respectively; (c), spot A in Fig. 5.3f; (d), spot A in Fig. 5.3j; (e), spot A in Fig. 5.3n. The Cl observed on
EDS spectra in a, b, d, and e could have originated from CaCl, or HCI.
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Fig. 5.5. Analyses of aggregates collected from the Ca- and P-precursor solutions aged for 1 month.
(a) Weight of aggregates collected from precursor solutions by vacuum filtration using filters with pore
size of 200 nm. Asterisks (*) indicate the samples that were statically significantly different with P<0.05.
(b), C-N and C=0 atomic % relative to C-C atomic % measured from XPS C Is high resolution spectra
of aggregates collected from Ca-Glu-ps (c), P-Glu-ps (d), Ca-Arg-ps (e) and P-Arg-ps (f). Asterisks (*)
indicate the samples that were statically significantly different from their correspondent samples
containing Ca with P<(0.05. (+) indicates the sample that was different from its correspondent sample
containing Glu with P<(.08. Peaks observed on C high resolution spectra (c-f) at 284.9, 286.3, and 288
correspond C-C, C-N, and C=0, respectively. While C-C and C-N bonds are present in both AAs and tris,
the C=0 component can only originate from the AAs.

All results shown in Figs. 5.1 and 5.2 indicate that aging the AA-containing precursor
solutions strongly affects HA precipitation. We hypothesize that this is due to the formation of
aggregates containing AAs and Ca®" and PO,> ions (Ca/AA and P/AA aggregates, respectively),
growing in the precursor solutions. We will prove this at first by analyzing what is formed in the
precursor solutions left to age for 1 month. After this time, some aggregates can be collected
from all AA-containing precursor solutions, but none in the absence of AAs (Fig. 5.5a). About
the same amount of aggregates can be collected from Ca-Arg-ps and Ca-Glu-ps; however, more
is obtained from P-Glu-ps than P-Arg-ps, and from P-AA-ps than Ca-AA-ps. The aggregates
collected from the aged Ca-AA-ps and P-AA-ps are mostly organic, and contains only trace

amounts (<1%) of Ca and P, respectively (Fig. S5.2). A larger amount of Ca than P is present in
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these aggregates, and specifically more in those formed in the Ca-Arg-ps, as evidenced by the
fact that a decrease in [Ca] in the supernatant is detectable only for this sample (Fig. S5.3). High
resolution C 1s XPS spectra (Fig. 5.5¢-f) show C-C, C-N, and C=0 components in all samples;
however, the intensity of the C-N and C=O peak is higher in the spectra of the aggregates
collected from the P-AA-ps (Fig. 5.5b). This indicates that a larger AA/tris ratio is present in the
aggregates collected from the P-AA-ps than the Ca-AA-ps. Similarly, a higher AA/tris ratio is
present in the aggregates collected from the Ca-Arg-ps than the Ca-Glu-ps.

The results obtained on precursor solutions aged for one month prove that the complexes
formed between AAs, tris, Ca and P grow into larger and larger structures during this time. We
can use TEM to analyse these structures after only 3 days of aging, i.e. right before they were
mixed to study their effect on HA precipitation. While nothing is observed in the absence of AAs
(Fig. 5.6a and b), aggregates of sizes ranging from 4 to 160 nm are found in the AA-containing
precursor solutions (Fig. 5.6¢-f, see caption for detail on sizes). EDS spectra confirm that these
aggregates contain traces of Ca or P, depending if they derive from Ca- or P-precursor solutions.
A higher Ca/organic ratio is found in the aggregates formed in Ca-Arg-ps than Ca-Glu-ps
(compare EDS spectra from Fig. 5.6¢ and e), while a comparable P/organic ratio is observed for
P-Glu-ps and P-Arg-ps (Fig. 5.6d and f). This result is consistent with the larger decrease in
[Ca] observed at later times in the Ca-Arg-ps (Fig. S5.3).

To better understand the composition of the aggregates, we measured [Ca] in situ in the
precursor solutions using an ion-sensitive Ca-meter over the course of 3 days. The results (Fig.
S5.4) show that both AA-containing precursor solutions contain lower amounts of free Ca than
the precursor solutions prepared in the absence of AAs. This is consistent with the formation of
AA-ion complexes, previously hypothesized to be the cause of the differences in delay of HA
precipitation [331]. Still, there are no significant differences between [Ca] measured in the Arg
or Glu-containing solution over the course of 3 days. This shows that the amount of complexes
between Ca®" and PO, ions and AAs remain virtually unchanged during the three days, and
further confirms that the aggregates are mostly composed by AAs and contain only minor traces
of ions. However, since the aggregate size is different for the same AA in the presence of Ca®"
and PO, ions, we conclude that inorganic ions must be part of these structures, and the
differences in [Ca] present in the aggregates must be below the sensitivity limit of the Ca meter

used in this work.
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Fig. 5.6. TEM images and EDS spectra of aggregates collected from precursor solutions aged for 3
days. No aggregates are observed for Ca-Cont-ps (a) and P-Cont-ps (b) samples. Aggregates with average
dimensions of 164 nm, 34+8 nm, 158+67 nm, and 4+1 nm are observed for Ca-Glu-ps (c), Ca-Arg-ps
(e), P-Glu-ps (d), and P-Arg-ps (f) samples, respectively. Cl observed on the EDS spectra of Ca-Glu-ps
(c) and Ca-Arg-ps () must be derived from either CaCl, or HCI.

5.5. Discussion

It is known that AAs can inhibit HA precipitation and change its morphology and
crystallinity [10, 36, 43, 331]. The results presented here show that this effect is much stronger if
the AAs are allowed to interact with Ca®" and PO, ions for some time (3 days in this example)
before mixing the AA/ion solutions, due to the formation of nano-sized aggregates composed of
organic material and traces of Ca”” or PO4>. In this section we will try to answer two main
questions: i) what is the structure of the aggregates formed by interaction between AAs and Ca*"

and PO, ions? ; and, ii) what is the role of these aggregates in HA nucleation and growth?
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i) Structure of aggregates in the precursor solutions

While the inhibition of HA by Arg and Glu can be well explained in terms of the different
constants of interaction between Arg, Glu and Ca*" and PO4> [331], our results indicate that not
only do the inorganic ions and the AAs form complexes, but that these complexes are able to
organize themselves into larger and larger structures as time goes by. The formation of large AA
aggregates was recently shown for glycine [324] and a few other AAs [337]. Differently from
what reported in [324] and [337], though, the aggregates found here contain also traces of Ca
and P, and their structure is strongly influenced by the presence of these inorganic ions.

Aggregates of about 4 to 160 nm in diameter containing Ca, P and organic material can be
separated out of AA-containing precursor solutions aged for 3 days (Fig. 5.6c-f, left). These
aggregates may contain tris as well; however, although tris too is able to delay HA formation
[290], no aggregates are observed in the aged precursor solutions that do not contain AAs (Fig.
5.6a and b), which indicates that the complexes formed by tris alone are not stable enough to
form detectable aggregates after 3 days, or even after one month (Fig. 5.5a).

The amount of aggregates collected after aging AA-containing solutions for one month is
large enough to perform several analyses and understand more in detail the structure of these
aggregates. Although more P than Ca-containing aggregates are collected (Fig. 5.5a), more Ca is
removed from the Ca-precursor solutions than P from the P-precursor solutions aged for 30 days
(Fig. S5.3). This implies that a larger fraction of the Ca-aggregates is made by inorganic ions
than the P-aggregates. Also, a larger amount of Ca is present in the Arg-aggregates than in the
Glu-aggregates (Figs. 5.6e and c (right), and S5.3). These results can be interpreted considering
the stabilities of the complexes formed between Ca®*" and PO,> ions and Glu and Arg [10]:
larger stability constants are observed for Ca>*/Glu (1.7) [239] and Ca*"/Arg (2.21) [299]
complexes in comparison with the PO /Glu (0.34) [307, 331] and PO, /Arg (1.9) [306]
complexes. The larger constants reported for the Ca”"/AA complexes compared with the PO,*
/AA complexes can explain the higher concentration of Ca than P in the aggregates collected
from the aged precursor solutions. Also, more AAs may be required to stabilize P/AA aggregates
because of the fewer interaction sites available between PO43'i0ns and AAs. This can explain the
higher amount of AAs in the P-containing aggregates than in the Ca-containing aggregates (Fig.

5.5b). Overall, our results seem to imply that the aggregates form by growing larger and larger
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complexes between the AAs and the inorganic ions. The slow rate of this process, though, seems
to indicate a kinetically activated mechanism, which deserves further investigation.

ii) Formation of HA in the presence of AA/ion aggregates

Our results allow us to propose a reaction pathway describing the formation of Ca/AA and
P/AA aggregates and their interaction to form HA (Fig. 5.7). Ca/AA and P/AA complexes form
as soon as they are mixed in the HA precursor solutions. Their structure, and the relative
amounts of AA to Ca®" and PO, ions, is dictated by the strength of the interactions between the
AAs and the ions [331]. These complexes grow into larger and larger aggregates as time goes by,
by addition of many AAs and few ions; tris molecules are integrated too, although not shown in
Fig. 5.7 for simplicity. The aggregates become quite large if left undisturbed for one month (Fig.
5.7, arrow “1 month”). If the solutions containing Ca or P and AAs are mixed right after the
complexes start forming, i.e. without aging, the Ca*" and PO4” ions can interact easily; HA is
formed with little delay; the crystals are made of HA, as shown both by XRD (Fig. 5.1j) and
XPS (Fig. 5.2a) (Fig. 5.7, arrow “no aging”). If the solutions are mixed after some time, for
example three days, Ca/AA and P/AA aggregates have formed (Fig. 5.7, arrow “3 days”).
When the solutions are mixed, the aggregates become part of the HA precipitates. Their presence
likely hinders the reaction kinetics, thus explaining the longer delay in precipitation observed
when aged AA-containing precursors are used.

Our results do not allow us to determine the exact structure of the HA containing AA/ion
aggregates. We know that the HA crystals are quite small (~ 30 nm) [331]; further studies,
possibly using solid-state NMR [338], will be required to understand if the aggregates are
introduced as occlusions, or at the interfaces between crystals. However the presence of
aggregates only in the samples prepared with AA-containing aged precursors is clearly
evidenced by all our results: XRD patterns of the HA formed from aged precursor solutions
containing AAs (Fig. 5.1k) show some amorphous material in these samples; the presence of an
AA-rich phase is confirmed by EDS (Fig. 5.4), XPS (Fig. 5.2) and IR (Fig. S5.1), and explains
the instability under the TEM beam observed on the HA formed in this condition (Fig. 5.3b, ¢,
and g). Such instability, typically observed for biominerals containing organic material [334,
335], is not observed in the absence of AAs (Fig. 5.30) or in the presence of AAs, but without
aging the precursor solutions (Fig. 5.3k).
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5.6. Conclusion

Charged AAs are able to inhibit HA mineralization by complexing the Ca*" and PO,’ ions
necessary to form HA crystals. We have shown here that the complexes formed between Arg and
Glu and Ca®" and PO, ions can grow into large aggregates; once formed, these aggregates are
involved in the HA precipitation process. Indeed, striking differences in precipitation time, HA
morphology, composition and stability can be observed if HA grows from AA-containing
solutions that have been aged for three days, compared to freshly prepared solutions. No
differences are found in aged precursor solutions that do not contain any AA. These results show
that complexes formed between charged AAs and Ca®" and PO, ions can evolve in time and
react differently following pathways that depend on their level of organization and structure.
Larger biomineralization inhibitors are known to form aggregates that influence biomineral
formation [339, 340]. For example, osteopontin aggregates seem to be responsible of the delay in
HA precipitation by stabilizing Ca/P aggregates [341], while amelogenin aggregates have been
linked to the spacing and organization of HA in enamel [342]. Here we have shown that a
similar effect can be observed for much smaller biomolecules, i.e. AAs. Based on our results, we
suggest that the waiting time between precursor solution preparation and their mixing should be
taken in consideration as an important variable in any biomineralization experiment. This
concept may actually mirror the effect of compartmentalization in biological systems, where
vesicles that separate ions and biological molecules are involved in the formation of a variety of

biominerals [343, 344].
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Fig. 5.7. Schematic representation of possible pathways for HA precipitation in the presence of Ca-
and P-aggregates. Ca (red sphere) and P (green triangle) precursor solutions containing AAs (blue lines)
are prepared separately. Complexes between AAs and ions form in the precursor solutions (see left side of
the figure). If the solutions are mixed right away (arrow “no aging”), Ca/AA and P/AA aggregates do not
have time to form, and HA crystals (cubes) only contain Ca*" and PO,> ions. However, if Ca- and P-
precursor solutions are aged for 3 days, Ca/AA (pink sphere) and P/AA (green sphere) aggregates start
forming (arrow “3 days”). The longer the aging time, the larger the aggregates become (arrow “1
month”). If the precursor solutions are mixed after 3 day aging, HA precipitates include not only Ca*" and
PO, ions, but also the aggregates that had grown during the 3 day aging. The aggregates could be either
occluded inside the HA crystals, or at the interface between different crystals (A colored version of this
figure can be found online).
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SI. 5. Supporting information

This document shows Fourier transform infrared (FT-IR) analysis of HA precipitates (Fig.
S5.1), X-ray photoelectron spectroscopy (XPS) analysis of particles collected from Ca- and P-
precursor solutions aged for 1 month (Fig. S5.2), [Ca] and [P] measured by inductively coupled
plasma atomic emission spectroscopy (ICP-AES) in Ca- and P- precursor solutions, respectively,
aged up to 1 month (Fig. S5.3), and [Ca] measured by Ca ion-selective electrode (ISE) in Ca-
precursor solution aged up to 3 days (Fig. S5.4).
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SI. 5.1. FT-IR analysis of HA precipitates
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Fig. S5.1. IR spectra of HA-Cont, HA-Glu, and HA-Arg samples prepared with precursor solutions
that were not aged (a and b) or aged for 3 days (c and d). All spectra are normalized with respect to the
main phosphate peak of HA at 1055 cm™. Spectra are then translated along the y axis for clarity. Sections
(a and c¢): 4000-2400 cm™ region; (b and d): 750-1800 cm™ region. Inset in section a and ¢: zoom-in of
3000 to 2800 cm™' region for spectra HA-Cont (1), HA-Glu (2), HA-Arg (3).

The FT-IR spectra for all samples match the spectra recorded on carbonated HA (CHA)
[293, 294], and are very different from those obtained for other crystalline phases of calcium
phosphates like OCP [295]. However, the phosphate vs; peaks are sharper than in CHA, most
likely indicating that the HA samples are more crystalline than the reference CHA [296], which
is very defective due to the incorporation of carbonate ions in its crystal lattice. In fact, none of
the HA samples show strong carbonate v; peaks. On these samples, carbonates are not present in

the bulk, but rather at the surface due to reaction with atmospheric CO; dissolved in the reaction
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solution. More water is adsorbed on the HA samples than on CHA, as shown by the stronger
dnon peak at 1660 cm™ and more pronounced voy band in the 2600-3700 cm! region. The peak
at 3650 cm™ present on all samples is attributed to voy from structural OH groups in HA.

FT-IR spectroscopy can provide information relative to the presence of organic
components in the samples. Peaks at 1200-1300 cm™ are attributed to vy [11], which can
originate from tris and AAs. These peaks are observed on the HA samples prepared from aged
precursors containing AAs, but they are not visible on the samples prepared in the absence of
AAs or from non-aged precursor solutions (Fig. S5.1b and d). This indicates the presence of
AAs on the HA samples prepared with aged precursors in the presence of AAs [11]. Confirming
this, a small vc—o peak, originating from the carboxylate groups in AAs, is observed on these
samples (Fig. S5.1d) [11, 345, 346].

The vcy band observed in the 2800 to 3000 cm™ region shows that organic materials,
either tris or AAs, are present in all of the precipitates (Fig. S5.1a and c). The peaks at 2920 and
2852 cm™', which are present in the AA samples as well as the control sample, can be attributed
to vcm originating from tris [347]. The intensity of these peaks is lower on the HA-Cont
spectrum than on those of HA-Arg or HA-Glu, which indicates that less tris is present in the HA
formed in the absence of AAs. Also, these peaks are more intense for the AA-containing HA
prepared with aged precursors than the HA prepared with fresh precursors (Fig. S5.1a and c,
Inset), which indicates that more tris is present in the samples aged for 3 days. Additional peaks
at 2993, 2958, and 2873 cm' are observed in the spectra of the HA prepared in the presence of
AAs, and are broader and more intense when the precursor solutions are aged for 3 days. These
peaks can be attributed to the AAs, Arg or Glu [348], thus confirming the presence of AAs in the
HA-Arg and HA-Glu samples, and confirms the increase in AA content with the aging time of

precursor solutions.
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SI. 5.2. Ca and P concentration in particles collected from the precursor solutions

aged for 1 month

Ca-Glu P-Glu Ca-Arg P-Arg

Fig. S5.2. Ca (red) and P (blue) atomic % measured from XPS survey spectra for the particles collected
from Ca-Glu-ps, P-Glu-ps, Ca-Arg-ps, and P-Arg-ps solutions aged for 1 month.

Fig. S5.2 shows the Ca and P atomic % recorded in XPS survey spectra for the particles
collected from the Ca and P precursor solutions aged for 1 month. No particles are formed in the
control Ca and P solutions without AAs, hence no XPS results are shown. Very low
concentrations of Ca and P are found, close to the detection limit of XPS, thus indicating that all
samples are mainly composed of organic materials, tris or amino acids. The particles collected
from P-Arg-ps and Ca-Arg-ps contain larger amounts of P and Ca in comparison with those
collected from the P-Glu-ps and Ca-Glu-ps, respectively. This shows the stronger interaction of
Arg than Glu with both Ca and P in the precursor solutions. The concentration of P in the

particles collected from P-Glu-ps most likely is below XPS detection limit.
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SI. 5.3. Ca and P concentration in Ca- and P-precursor solutions at different aging

times measured by ICP
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Fig. S5.3. (a) [Ca] and (b) [P] measured by ICP in Ca- and P-precursor solutions, respectively, aged for 0
to 30 days. Asterisks (*) indicate the samples that were statically significantly different from their
correspondent samples aged for 0 day with P<0.05.

Fig. S5.3 shows the [Ca] and [P] measured by ICP in the Ca and P precursor solutions,
respectively, at different aging times. The aliquots are taken from the solutions, filtered with a
filter with 5 nm pore size, and then the [Ca] and [P] are measured by ICP. The minor increase in
both [Ca] and [P] observed overall for all samples between 0 and 1 month aging is to be related
to evaporation occurring in the solutions. No significant change in [Ca] is detectable in the Ca-
precursor solutions (Fig. S5.3a), either with or without AAs, until 7 days. However after 14 days
of aging, [Ca] significantly decreases in the Ca-Arg-ps. No significant decrease in [Ca] is found
in Ca-Glu-ps and Ca-Cont-ps, and no change in [P] in any of the P-containing precursor
solutions (Fig. S5.3b). These results indicate that a large amount of particles forms in the
presence of Arg and Ca after 14 days, so that after their filtration [Ca] decreases noticeably in the
Ca-Arg-ps. In all the other solutions, instead, the amounts of Ca and P that are consumed to form
Ca/AA and P/AA clusters are probably lower than the detection limit of ICP. This is noteworthy,
since as shown in Fig. 5, a significant amount of clusters is formed in the P-precursor solutions
after 1 month of aging, and yet ICP does not show any change in [P]. Indeed, XPS showed that
these clusters contain very little P (less than 1%, Fig. S5.2), and their removal from solution is

not detected by ICP.
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SI. 5.4. In-situ measurement of Ca concentration in Ca-precursor solutions at
different aging times measured by Ca ion-selective electrode (ISE)

Fig. S5.4 shows [Ca] measured in situ by ISE in Ca-precursor solutions at different aging
times. To eliminate the effect of ionic strength on ISE readings, an adequate amount of ionic
strength adjustment buffer (ISAB) solution is added to the Ca solutions. [Ca] is calculated based

on calibration curves obtained on the same days as the measurement was done.
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Fig. S5.4. [Ca] measured by ISE in Ca-precursor solutions aged for 0 to 3 days.
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CHAPTER 6

EFFECT OF ARGININE AND GLUTAMIC ACID BOUND
TO GRAPHENE OXIDE SURFACES ON
HYDROXYAPATITE PRECIPITATION

In chapter 4 and 5, we investigated the inhibitory effect of Arg and Glu dissolved in
solution on HA precipitation. In this chapter we will focus on the effect of these AAs bound to
GO surface. Both Arg and Glu promoted HA precipitation by attracting Ca>” and PO, ions
toward GO surface, but Arg had a stronger promoting effect. This GO/Arg composite material
can be potentially used in tissue engineering to promote HA precipitation in damaged tissues.

The findings of this paper are reported in a manuscript submitted to “Nanoscale”.
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6.1. Abstract

Hydroxyapatite (HA, Cas(PO,);OH) is the main inorganic component of hard tissues, such
as bone and dentine. HA nucleation involves a set of negatively charged phosphorylated proteins
known as non-collagenous proteins (NCPs). These proteins attract Ca’" and PO, ions and
increase the local supersaturation to a level required for HA precipitation. Polar and charged
amino acids (AAs) are highly expressed in NCPs, and seem to be responsible for the
mineralizing effect of NCPs; however, the individual effect of these AAs on HA mineralization
is still unclear.

In this work, we investigate the effect of a negatively charged (Glu) and positively charged
(Arg) AA bound to carboxylated graphene oxide (CGO) on HA mineralization in simulated body
fluids (SBF). Our results show that Arg induces HA precipitation faster and in larger amount
than Glu. We attribute this to the higher stability of the complexes formed between Arg and Ca**
and PO,> ions, and also to the fact that Arg exposes both carboxyl and amino groups on the
surface. These can electrostatically attract both Ca’" and PO, ions, thus increasing local
supersaturation more than Glu, which exposes carboxyl groups only. The morphology and
crystal structure of the precipitates are also affected by the type of AAs used. After 15 days of
immersion in SBF, well-organized micro spherulites are found on the sample modified with Arg,
while Glu mainly induce the formation of irregularly shaped aggregates with larger Ca/P ratios

than that expected for HA.

6.2. Introduction

Biomineralization is the process by which living organisms produce minerals. Biominerals
have complex hierarchical structures, often coupled with exceptional properties, such as high
mechanical, electrical, or magnetic properties, which are achieved under the direct control of
biomolecules [2, 3, 5, 6, 158]. The formation of human bone is one of the most well-known
examples of biomineralization. Bone is an organic-inorganic hybrid material made of collagen,
non-collagenous proteins (NCPs), and carbonated hydroxyapatite (HA, Cas(PO4);OH) crystals.
Collagen fibrils provide a framework known as extracellular matrix (ECM) for HA nucleation
and growth.

HA nucleation is mainly initiated by a set of negatively charged phosphorylated NCPs

associated with the ECM. These proteins can attract Ca®" and PO4” ions and increase the local
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supersaturation to a level required for HA precipitation [8, 279]. Another set of NCPs inhibits
undesirable formation of HA in tissues such as cartilage and blood vessels by chelating Ca*" and
PO43' ions or binding to the surface of nascent nuclei of minerals, thus restricting their further
growth [201, 202]. NCPs that inhibit HA nucleation can become HA promoters when bound to a
surface, since they lose their ability to adhere to the surface of mineral nuclei [8, 9].

To answer fundamental questions about biomineralization, researchers have investigated
the effect of smaller biomolecules, such as amino acids (AAs) and peptides. AAs are the building
blocks of proteins, and negatively charged AAs such as glutamic acid (Glu) and phosphoserine
(PSer) are highly expressed in NCPs. Similar to proteins, charged AAs can either inhibit or
induce HA mineralization if they are dissolved in solution or bound to a surface.

While several researchers have analyzed the inhibitory effect of AAs dissolved in solution
on HA mineralization [10, 34, 36-46], the effect of AAs bound to surfaces has been the subject
of just a few studies [47, 58, 59, 259, 261, 262, 264]; in most papers, researchers analyzed the
effect of molecules with functionalities simulating those found in protein [259, 261, 262, 264].
Rautaray et al investigated HA precipitation in the presence of aspartic acid (Asp)-capped gold
nanoparticles [47]. They showed that HA precipitation was promoted in the presence of Asp due
to the interaction between the COOH groups from Asp and the Ca®" ions. Using isothermal
titration calorimetry (ITC), they showed that the interaction between Ca*" and Asp was
thermodynamically favored. Other researchers have focused on the effect of surface functional
groups with different electrical charges on HA precipitation. Zhu et al prepared self-assembled
monolayers (SAMs) of silanes on silicon, with NH, and OH end-groups, to investigate the effect
of positively vs. negatively charged surfaces on HA precipitation [259]. They showed that HA
precipitation was faster on the negatively charged OH-SAMs than on the positively charged
NH,-SAM. Similar results are reported for functionalized gold substrates. Tanahashi et al looked
at HA formation on gold modified with SAMs of alkanethiols terminated with neutral, negative
and positive groups, such as CH3, PO4H,, COOH, CONH,, OH, and NH; [262]. They showed
the most potent inducers of HA precipitation were negatively charged (PO4H; first and then
COOH), while the SAMs terminated with positively charged groups, such as CONH, and NH,
induced much less HA precipitation. Liu et al explored more in detail the effect of negatively
charged groups, such as OH, PO4H,, and COOH bound to titanium foil [261]; they showed that
poorly crystalline calcium phosphate was precipitated in the presence of COOH and PO4H,.
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Consistent with the study by Zhu et al [262], PO4H, exhibited a stronger nucleating ability than
COOH. The control titanium foil sample and the OH-modified sample showed the least calcium
phosphate deposition [261].

While most of these works indicate that negatively charged functional groups are more
effective than positive or neutral groups in inducing heterogeneous nucleation of HA [259, 262],
there is at least one study showing different results: Zhang et al investigated HA precipitation in
the presence of PO4, COOH, and NH,; functional groups present on Langmuir monolayers made
of dipalmitoylphosphatidylcholine, arachidic acid, and octadecylamine, respectively [264]. They
showed that PO4s, COOH, and NH, functional groups promoted the nucleation of calcium
phosphate to a very similar extent [264]. However, the Ca/P ratio for the calcium phosphate
formed in the presence of PO4 was similar to that of HA (1.67) while lower Ca/P ratios were
found for COOH (1.49) and NH; (1.60), indicating the presence of some amorphous calcium
phosphate (ACP) on these samples.

In this work, we use graphene oxide (GO) as a substrate onto which we bind both
positively and negatively charged AAs, and we study their role in HA precipitation. GO surface
contains many different functional groups, making it easily modified [349]. Its high surface area
is ideal to speed up HA precipitation [349]. In addition, both GO and other members of the
graphene family of nanomaterials (GFNs) have been recently considered in bio-related
applications [350], especially bone tissue engineering, due to their ability to promote osteogenic
differentiation in mesenchymal stem cells [60, 351-356].

A few researchers have explored the modification of GFNs with biomolecules, and
investigated the effect of such modifications on in-vitro HA mineralization [58, 59, 61, 353, 355,
357]. All these studies showed that HA precipitation was improved in the presence of
biomolecules, mainly due to the interaction between negatively charged groups (phosphonic,
carboxyl, and hydroxyl groups) and Ca>" ions. Here we want to extend these studies and use GO
as a substrate to further our fundamental understanding of the effect of positively and negatively
charged AAs on HA mineralization, while providing an example of a highly promising GO-

based substrate for bone tissue engineering.
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6.4.1.4 Summary of characterization results

6.3. Materials and methods

6.3.1. Materials

The AAs used in the study (L-Arginine, purity > 99.5% and L-Glutamic acid, purity >
99.5%), chloroacetic acid (purity>98%), NHS (N-Hydroxysuccinimide, purity>98%), sodium
bicarbonate (purity>99.7%), MES (2-(N-Morpholino)ethanesulfonic acid, purity >99%), and 2-
Mercapto ethanol were all purchased from Sigma Aldrich. Highly concentrated graphene oxide
aqueous solution (6 mg/ml) was purchased from Graphene Supermarket. The graphene oxide
flake size was 0.5 to 5 pum, and a surface area of 1200 m*/g was estimated based on this. HA
powder used as a reference was synthesized with a homogeneous precipitation technique
explained in detail in our previous paper [331].The HA particle size and surface area was ~3 um
and ~100 m%g, respectively. EDC (1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide
hydrochloride, >98%) was from Alfa Aesar. Sodium chloride (purity>99%), sodium hydroxide
(purity>97%), and nitric acid (69 - 70% w/w) were purchased from Fisher Scientific.

6.3.2. Surface modification of GO flakes

The AAs can be grafted onto the GO surface by coupling the NH, group from the AAs
with the carboxyl groups that are naturally present on the surface of GO flakes. However, to
improve this process, more carboxyl groups were introduced on GO surface using a previously
described technique [358] with a few modifications, as described in 6.3.2.1. The AAs were then
grafted onto carboxylated GO (CGO) using the well-known EDC coupling technique (6.3.2.2).

6.3.2.1. GO surface modification with carboxyl groups (preparation of CGO)

To make CGO, 20 ml of as-purchased GO solution (6 mg/ml) was diluted 3 times by
deionized (DI) water to reach the final concentration of 2 mg/ml. This was then stirred for 10
min under sonication. The GO solution after dilution had a light brown color. 7.4 g of sodium
hydroxide (3 M) and 6.2 g (1 M) of chloroacetic acid were added to the GO solution, and were
left to react while being stirred at room temperature for 7 h. This led to the conversion of the
epoxy and hydroxyl groups on GO to carboxyl via conjugation of acetic acid moieties [358]. The
color of GO solution turned to black at the end of reaction due to the higher absorbance of CGO

than GO in the visible and near-infrared range at 500, 808, and 1200 nm [358]. CGO solution,
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which was strongly basic and contained a significant amount of sodium hydroxide, was
centrifuged at 15000 rpm for 30 min. The supernatant was discarded, and the CGO pellet was re-
dispersed in DI water and sonicated for 10 min. This procedure was repeated at least 15 times
until the pH of the supernatant solution reached 7. The centrifugation time was increased to 1 h
for the last few washing cycles because the purer the CGO became, the more stable it became in
water. The final precipitate was dispersed in DI water, and freeze-dried using a VirTis freeze-

drier.

6.3.2.2. CGO modification with AAs

EDC coupling (see Fig. S6.1 for a schematic of the reaction) was used to bind the AAs,
Arg or Glu, on CGO. 20 mg of CGO were dispersed in 20 ml of a buffer composed by 100 mM
MES and 500 mM NaCl, with final pH=6. 38 mg of EDC (10 mM) and 12 mg of NHS (5 mM)
were added to this solution and allowed to react at room temperature for 15 min. After this, 28 ul
of mercaptoethanol were added to the solution in order to deactivate the remaining EDC, and the
pH was raised to 7-8 using adequate amounts of sodium bicarbonate. Finally, 100 mg of the AAs
(final concentration in solution: 5 mg/ml) (Glu or Arg) were added to the solution, and allowed
to react overnight at room temperature. At the end of reaction no significant change in CGO
solution color was observed. To wash the AA-modified CGO flakes, the reaction solution was
centrifuged at the rate of 4000 rpm for 15 min, and the supernatant solution was discarded. The
CGO pellet was re-suspended in DI water. This cycle was repeated at least 3 times, until the pH
of supernatant solution reached 7. The collected pellet was re-suspended in DI water and freeze-
dried using a VirTis freeze-drier. The summary of all samples prepared in this work is shown in

Table 6.1.

Table 6.1. List of samples used in this work.

Sample names Surface modification
GO None
CGO Carboxylated GO
CGO-Glu CGO modified with Glu via EDC/NHS coupling
CGO-Arg CGO modified with Arg via EDC/NHS coupling
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6.3.3. Precipitation experiment

Simulated body fluid (SBF) was prepared according to a well-known recipe provided by
Kokubo et al [359]. 1.9 mg of GO, CGO, CGO-Glu, or CGO-Arg were dispersed in 40 ml of
SBF in centrifugation tubes, to achieve the recommended surface area/SBF volume suggested by
Kokubo. The tubes were placed in an incubator at 37° C for 15 days. The samples were then
removed from the incubator, washed 3 times with DI water (3 cycles of centrifugation at 4000

rpm for 15 min and re-suspension in DI water), and finally dried using a VirTis freeze-drier.
6.3.4. Characterization

6.3.4.1. X-ray photoelectron spectroscopy (XPS)

XPS measurements were performed using a monochromatic X-ray photoelectron
spectrometer K Alpha (Thermo Scientific). The setup was equipped with an Al Ka X-Ray source
(1486.6 eV, 0.834 nm), a micro-focused monochromator and an ultrahigh vacuum chamber (107
Torr). The survey scans were collected with energy steps of 1 eV and spot size of 400 um. Scans
were taken on at least 3 points on each sample and the quantitative results were averaged. The
high resolution scans were collected with energy steps of 0.1 eV and a spot size of 400 pm on at
least 3 points. The spectral energies were calibrated by setting the binding energy of the C 1s
component corresponding to C-C bonds at 285.0 eV. A flood gun was used to neutralize
electrical built-up charge generated. Peak fitting and quantitative analysis of survey spectra were

performed using the software Thermo Avantage (version 4.60).

6.3.4.2. Fourier transform infrared (FT-IR) spectroscopy

IR spectra were recorded on a Bruker Tensor 27 FT-IR spectrometer using diffuse
reflectance (DRIFT) mode. The reflected signals are converted and reported as absorbance in the
figures shown in this paper. The samples were diluted with KBr to approximately 10% wt/wt.
Pure KBr powder was used as background. The FT-IR spectra were recorded from 600 to 4000
cm™ using a deuterated triglycine sulfate (DTGS) detector. The spectra were collected by

averaging 256 scans at 4 cm™' resolution.
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6.3.4.3. Thermogravimetric analysis (TGA)
Thermogravimetric analysis (TGA) data were recorded on a Q500 TG analyzer from TA
Instruments from ambient temperature to 800 or 1000° C at a heating rate of 20° C min™' under

nitrogen atmosphere.

6.3.4.4. Inductively coupled plasma atomic emission spectroscopy (ICP-AES)

Ca and P concentration in the SBF solutions containing GO, CGO, CGO-Glu, or CGO-
Arg sample were measured using an ICP-AES instrument (ICAP 6500 Duo). 1 ml aliquots were
taken from the SBF solutions at the desired incubation times, filtered with a syringe filter with a
pore size of 100 nm to remove any trace of precipitates or GO flakes, and then immediately
diluted 5 times with 4% nitric acid. The dilution with 4% nitric acid ensured that no more
precipitate formed in the solutions after filtration. The Ca and P concentrations were measured at

the wavelength of 317.9 and 178.3 nm, respectively.

6.3.4.5. SEM

The particle morphology was analyzed with a Hitachi SU-8000 cold-field emission
scanning electron microscope (CFE-SEM), using an acceleration voltage of 5 kV. Images were
collected using a solid-state photo-diode backscattered electron detector (PD-BSE). The SEM
was equipped with an Oxford Instrument XMax 80mm? silicon drift detector as the energy
dispersive spectrometer (EDS). Acquisition of EDS spectra as well as standardless quantitative
analysis were performed using the INCA software. The specimens were mounted on double
sided conductive carbon tape and were not metal coated. Before SEM analysis, samples were

cleaned using a Hitachi ZoneSEM ozone cleaner to remove adsorbed organic species.

6.3.4.6. TEM

A high resolution TEM, Philips CM200, was used with line resolution of 0.17 nm and
operating voltage of 200 kV. The TEM was equipped with a LaB6-cathode thermoionic gun and
genesis EDAX detector. Images were digitized using a high-resolution Gatan 2kX2k CCD
camera. The TEM analysis was performed only on the CGO-Arg sample immersed in SBF for 15
days. To prepare the TEM sample, a small amount of CGO-Arg sample was dispersed in 2 ml of
ethanol, sonicated for 5 m, and then a drop of this solution (5 pl) was placed on a TEM grid
(200-mesh carbon-coated Cu TEM grids, SPI Supplies). The grids were dried overnight in air

before analysis.
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Fig. 6.1. XPS quantitative analysis: (a) O, C, S, and N atomic % on GO, CGO, CGO-Glu, and CGO-
Arg obtained from survey spectra; (b and c¢) percentages of the different components used to fit high
resolution XPS C 1s (b) and O 1s (c) spectra shown in Fig. 6.2.
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6.4. Results

To study the effect of positively and negatively charged AAs bound to GO, we first
transformed GO in carboxylated GO (CGO), thus increasing the number of carboxylated groups
on its surface. Then, we bound a positive (Arg) and a negative (Glu) AA on it via an amidation
process achieved with the aid of EDC and NHS. We then immersed the AA-modified CGO in
SBF, to study how AAs influence heterogenous nucleation of HA on CGO.

6.4.1. Characterization of GO surface modification

6.4.1.1. XPS analysis

Fig. 6.1a shows O, C, S, and N at% on GO, CGO, and CGO-AA samples obtained from
XPS survey spectra. C and O mainly originate from GO on all samples; however, all CGO
samples show a significant decrease in O and increase in C compared to GO. This suggests that
the amount of O in the O-containing groups that are removed from GO (hydroxyl, epoxy, and
carbonyl groups) is larger than the amount of O that is introduced by carboxylation. No
significant differences in C and O are observed between CGO samples before and after AA
coupling. However, while CGO does not show any N and S, as expected, CGO-AA samples
show the presence of some N and S. S can originate from the physisorbed coupling components,
NHS and MES, and N can originate from both the physisorbed coupling components, EDC,
NHS, and MES, or from the AAs. The unexpected S and N observed on the GO sample may be
attributed to the precursors used in Hummer’s method for GO production [360], which seem to
have been removed after the extensive washing performed during the carboxylation stage (see
Section 6.3.2.1) since no S and N are observed on the CGO sample. A control sample prepared
by immersion of CGO in EDC/NHS solution without further AA coupling showed a similar
amount of S as the CGO-AA samples, but much less N (see Table S6.1), thus confirming that
while the presence of S on CGO-AA samples is due to physisorbed components from the
coupling solution, the N is mainly related to the presence of AAs on the surface of the CGO-AA
samples. While Arg has 3 times more N atoms than Glu in its molecular structure, CGO-Arg
shows only 2 times more N than CGO-Glu. This may indicate that less Arg was able to react
with CGO than Glu. However, XPS data is affected by the orientation of the AAs in the coating,
and by the coating thickness, and thus this interpretation needs to be corroborated by results

obtained with other techniques.
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Fig. 6.2. XPS C 1s (a) and O 1s (b) high resolution spectra for GO, CGO, CGO-Glu, and CGO-Arg

Further confirmation of the presence of AAs can be obtained by analyzing the high
resolution Cls and Ols spectra (Fig. 6.1b and ¢, and Fig. 6.2). The C 1s spectra can be
deconvoluted into four components, centered at 284.9, 286.9+0.2, 288.00+0.05, and 289.00+0.05
eV (Fig. 6.2a). On all samples, the 284.9 eV component originates from C-C/C=C bonds from
the benzene rings in GO [361, 362]. The components at 287, 288 and 289 eV originate from the
oxygenated functional groups, namely epoxy/hydroxyl (C-O), carbonyl (C=0) and carboxyl (O-
C=0) groups, respectively [361, 362]. Fig. 6.1b shows a drastic decrease in C-O and C=0 bonds

and a significant increase in O-C=0O bonds on CGO compared to GO. This confirms the

samples.
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replacement of epoxy, hydroxyl and carbonyl groups on GO by carboxyl groups during the
carboxylation stage.

Both CGO-Arg and CGO-Glu show a similarly drastic decrease in the 285 eV and 287 eV
components, and an increase in the 289 eV component compared to GO (Fig. 6.1b), due to the
replacement of epoxy, hydroxyl and carbonyl groups in the carboxylation stage. However, on
these samples, the 287 eV component is significantly more intense than on CGO; this is to be
related to the fact that on these samples, this component can also correspond to C-N [363] and
C=N [364] bonds, which can originate from the AAs present on their surface. The higher
intensity of the 285 eV component on CGO-Arg compared to CGO-Glu can be explained by the
fact that Arg has more C-N/C=N bonds than Glu. The peak at ~289 eV (Fig. 6.2a) on these
samples can be also assigned to amide groups (N-C=0) originating from the coupling between
AAs and carboxyl groups during EDC coupling [365]. The CGO-AA samples do not show
significant changes in this component intensity compared with CGO (Fig. 6.1b); this is to be
expected, since the amide bond formed by EDC coupling substitute for carboxylate groups
already present on CGO.

The changes in C=0 and C-O bonds are also evident from the high resolution O 1s spectra
shown in Fig. 6.2b (components centered at 531.4+0.2 and 533.1£0.1 eV, respectively) [366].
Consistent with the C Is results, the C-O component of O 1s, originating from hydroxyl or
epoxy groups, is significantly lower for the CGO and CGO-AA samples in comparison with the
GO sample, while their C=O component, relative to carbonyls or carboxylates, is significantly
higher (Fig. 6.1c). This further confirms the replacement of oxygen-containing functional groups
on GO by carboxyl groups during the carboxylation stage. The small component at 535.0+0.1 eV
observed on all samples (Fig. 6.2b) can be attributed to water molecules [367]. Its higher
intensity (Fig. 6.1c) on CGO and CGO-AA samples compared to GO nicely confirms the

presence of more charged functional groups on these samples, making them more hydrophilic.
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Fig. 6.3. FTIR spectra recorded on GO, CGO, CGO-Glu, and CGO-Arg.

Table 6.2. Assignments of peaks found on FTIR spectra shown in Fig. 6.3 for GO, CGO, CGO-
Glu, and CGO-Arg. Note that only the main contributions for each peak are reported in this
table. Multiple species may contribute to each peak.

Wavenumbers (cm™)

Peaks
GO CGO CGO-Glu CGO-Arg
v C-0-C 852 - - -
v C-OH 1055 1063 1063 1063
v C-0-C 1227 1240 1240 1240
o OH 1361 1377 1377 1388
. . . . overlapping
overlapping with  overlapping with .
vEC 1605 carboxyls at 1605  carboxyls at1591 with carboxyls
at 1587
v C=0 from amide I band - - - 1660
_ Overlapping
SV Cfrgnfr;’ﬂiﬁirﬁ"ﬁi 4 With carbonyl 1717, 1605 1717, 1591 1717, 1587
b at 1742
. . . . overlapping
_ overlapping with  overlapping with X
v C=0 from carbonyl 1819, 1742 carboxyls at 1717  carboxyls at 1717 w1tl;::zilr7blo7xyls
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6.4.1.2. FTIR analysis

FTIR analysis confirms the presence of AAs on the surface of CGO-AA samples. Fig. 6.3
shows the FTIR spectra recorded on GO, CGO, CGO-Glu, and CGO-Arg sample from 650 to
2050 cm™ (see Table 6.2 for more detail). Many of the features between 700 and 1400 cm™
decrease in intensity when going from GO to all other samples. Vibrations in this region include
mainly ve.o.c (~852 and 1227 em™), Son (~1361 cm™), and ve.on (<1055 cm™), i.e. epoxy and
alcohol groups from GO [368, 369]. Their disappearance in CGO and CGO-derived samples
confirms the elimination of these groups upon carboxylation. The peak at 1361 shifts to 1377-
1388 cm™ on functionalized samples, as it becomes superimposed and substituted with voy from
carboxylic groups [370].

Similarly, the peaks at ~1819 cm™ and 1742 cm™ are observed only on GO. These peaks
are related to vc—o from carbonyl groups [368]; possibly the presence of two different peaks is
related to the fact that some of them are isolated (absorbing at 1819 cm™) and some H-bonded to
closeby OH groups or water molecules (peak at 1742 cm™). The peak at 1742 cm™ may include
contributions from carboxylic groups, too [371]. The peak relative to isolated carbonyls
completely disappears on all functionalized samples, while the one at 1742 cm™ shifts or
becomes superimposed with other peaks, as discussed below. This confirms the elimination of
most carbonyl groups upon GO carboxylation.

The peak roughly centered at ~1605 cm’! is attributed to Ve aromatic 0N GO [368]. This peak
is superimposed with vco from carboxylic acids on CGO and CGO-AA; vco 1n fact involves two
peaks, at 1605 cm™ and at 1717 cm™ [372]. The 1717 cm™ peak may be superimposed with vco
from residual carbonyls, too. After EDC coupling, these carboxylic groups are converted to
amides. On CGO-Glu, carboxylic functionalities are added again, due to the binding of Glu on
the surface, and therefore not many differences are observed between the CGO and CGO-Glu
spectra; only, the vco peak shifts from 1605 ecm™” on CGO to 1591 em™ on CGO-Glu, likely
because it is superimposed with the amide II band (ony) that is expected in this same frequency
region [371]. On CGO-Arg, a similar shift, although more prominent, is observed (from 1605 to
1587 cm™); the presence of amides on this sample is more clearly visible thanks to a clear peak
due to amide I band at 1660 cm™. This difference between the spectra of CGO-Glu and CGO-
Arg indicates the presence of more amide bonds on CGO-Arg than CGO-Glu. This could be
interpreted as indicating that more Arg molecules are bonded to CGO-Arg than Glu on CGO-
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Glu, which would be in disagreement with what previously discussed by XPS. However, Arg can
form more than one amide bond per Arg molecule, since it has three NH, groups per molecule
while Glu only one. Thus this result alone is not sufficient to determine the relative amount of

Arg and Glu present on the CGO-AA samples.

—— CGO-Arg
—— CGO-Glu
— CGO

— GO

100% 51%
49%

44%

Weight loss (%)

42%
0 150 300 450 600 750 900
Temperature (C)

Fig. 6.4. TGA curves collected under N, atmosphere on GO, CGO, CGO-Glu, and CGO-Arg samples.
The empty circles correspond to the temperatures at which peaks were observed on the dmass/6T
derivative curves.

Table 6.3. Weight loss temperature (°C) and corresponding weight loss (% WL) observed on the TGA
curves (Fig. 6.4) for GO, CGO, CGO-Glu, and CGO-Arg samples. Asterisk (*) and plus (+) signs
indicate values that are statically significantly different from the correspondent values measured on GO
and CGO samples, respectively, with P lower than 0.05.

Samples GO CGO CGO-Glu CGO-Arg
WL (T1) 5+1 (5741) 61 (57£2) 4+1 (53£3) 3+0*" (53+6)
WL (T2) 38£1 (206+9)  20+1* (163+3) 19£1* (167£2) 21£0* (165+1)
WL (T3) 0+£0 (N/A) 0+£0 (N/A) 11£1%" (340£15) 11£1%" (302+1)
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6.4.1.3. TGA

We attempted to quantify the amount of functional groups on our samples by TGA (Fig.
6.4). Two main decomposition temperatures are observed for GO and CGO, and three for CGO-
AA samples. These temperatures are summarized in Table 6.3, along with the corresponding
weight loss at each temperature. The weight loss observed at T1 (~55° C) can be attributed to the
evaporation of water molecules [373]. These are mainly trapped inside the GO structure, and
there are no significant differences in WL% at this temperature among all samples. The weight
loss at T2 observed on all samples can be ascribed to the pyrolysis of oxygen-containing
functional groups, such as carboxyl, epoxy, carbonyl, and hydroxyl groups into CO, CO,, and
steam [373, 374]. T2 is lower for CGO (163+3 °C), CGO-Glu (167+2 °C), and CGO-Arg
samples (165+1 °C) than for GO (20649 °C). This can be attributed to the higher concentration of
carboxyl groups on CGO and CGO-derived samples, since carboxyls are more labile and have
lower decomposition temperatures than carbonyl, epoxy or hydroxyl groups [369, 375]. The
weight loss at this temperature is significantly higher for GO (3841 %) than on CGO (20<£1),
CGO-Glu (19+1), and CGO-Arg (21+0). This once again confirms that there are more
hydroxyls/epoxy/carbonyl groups on GO than carboxylic groups on CGO and CGO-derived
samples.

The weight loss observed at T3 only on CGO-AA samples can be attributed to the
decomposition of CN bonds, either formed during EDC coupling [376], or present in the AAs, as
shown by the presence of similar temperatures on the TGA graphs of Arg and Glu powders (Fig.
S6.2). Since the weight loss observed at T3 is about the same on both samples (~11%), we can
conclude that there are probably fewer Arg molecules on CGO-Arg than Glu molecules on CGO-
Glu because Arg (i) has more CN than Glu; (i1) can form more amide bonds than Glu; and (iii)
has a higher MW than Glu (174.2 g/mol and 147.1 g/mol, respectively) [376]. This is in
agreement with XPS survey data discussed before (Fig. 6.1a).
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Fig. 6.5. [Ca] (a) and [P] (b) measured by ICP on negative control sample (SBF, grey bars) and in SBF
containing GO (solid black), CGO (striped black), CGO-Glu (solid red), CGO-Arg (striped red) and
positive control (HA powder, blue bars) after 0, 3, 8 and 15 days of immersion in SBF. Asterisk (*) and
plus (+) signs indicate values that are statically significantly different from the correspondent values
measured on GO and CGO samples, respectively, with P lower than 0.05.

We have analyzed the functionalization of GO using XPS, FTIR and TGA. All techniques
clearly show that carboxylation and further AA coupling was successful; although we were not
able to quantify how many Glu and Arg molecules were bound on CGO-Arg and CGO-Glu, both
XPS and TGA results indicate that fewer Arg molecules were present on CGO-Arg than Glu on
CGO-Glu. FTIR results could not be interpreted quantitatively, since the main difference
observed between the spectra of CGO-AA samples was related to the amide peaks, and Arg can

form more amide bonds than Glu.

6.4.2. Mineralization assay

After characterizing the surface of all samples, we immersed them in SBF to evaluate the
mineralization potential of the modifications introduced on GO. We used ICP to measure the
changes in [Ca] and [P] (Fig. 6.5a and b) in SBF over a period of 15 days. The sample “SBF”
reported in Fig. 6.5 in grey is a negative control, i.e. SBF without any sample immersed in it, to
control for SBF stability. The sample “HA” in Fig. 6.5 is, instead, a positive control sample, i.e.
HA particles that act as nucleation seeds to promote HA precipitation (see materials and
methods). No significant decrease in [Ca] (Fig. 6.5a) and [P] (Fig. 6.5b) is observed for GO,
CGO and CGO-AA samples after 3 days of incubation in SBF, as well as for the negative
control, while the positive control shows significantly lower [Ca] and [P] values. Significantly

lower [Ca] values are observed after 8§ days for both CGO and CGO-AA samples, while no

120



differences are found between GO and the negative control. [P] is also lower for CGO-based
samples; however, this is not statically significant, thus indicating a lower decrease in PO4” than
Ca®" ions. The effect of AAs on calcium phosphate precipitation becomes evident only after 15
days of incubation, when all CGO-AA samples show significantly lower [Ca] and [P] than both
GO and CGO. CGO-Arg shows the strongest decrease, thus indicating that more Ca- and P-
containing minerals are formed on this sample than on CGO-Glu; the decrease observed on this
sample is lower than that observed on the positive control HA powder, despite the much lower

surface area of the latter.

Table 6.4. Weight loss percentages and temperatures (°C) for GO not immersed in SBF (GO 0d), and for
GO, CGO, CGO-Glu, and CGO-Arg samples immersed in SBF for 15 days. Asterisk (*) and plus (+)
signs indicate values that are statically significantly different from the correspondent values found on GO
15d and CGO 15d, respectively, with P-value lower than 0.05.

Samples GO 0d GO 15d CGO15d CGO-Glul5d CGO-Arg 15d
WL % (T1)  3.0£0.3(45)  2.0+0.2(53)  2.0+0.2(61)  2.0+0.2 (60) 2.0+0.2 (60)
WL % (T2) 404 (202) 2743 (190) 18+2* (184)  19+2* (182) 13+1*" (170)
WL % (T3)  48+5(516)  55.0+5.5(455)  66+7 (491) 5746 (525) 41+4%" (482)

Residue 9+] 16+2 14+1 2142%" 44+4%"

Table 6.5. Assignments of the peaks related to HA measured by FTIR on GO, CGO, CGO-Glu,
CGO-Arg and the control HA sample after immersion in SBF for 15 days (Fig. 6.6¢). The other peaks
observed on these spectra are relative to GO, and have been already reported in Table 6.2.

Wavenumbers (cm™)

Peaks GO GO CGO CGO-Glu CGO-Arg HA
(0d) (15d)  (15d) (15d) (15d)
v4 PO, - - 578 578 567,604 567, 607
v, CO; - - ; - 876 876
v, PO, ; - ; . 960 960
v; PO, ; . . ; 1040, 1105 1053, 1105
v3 CO; - . . ; 1417, 1450, 1635
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Fig. 6.6. Analysis of precipitates formed on GO, CGO, CGO-Glu, and CGO-Arg after 15 day
immersion in SBF: (a) TGA curves collected in air. GO 0d is a GO sample not immersed in SBF. The
empty circles correspond to the temperatures at which peaks were observed on the dmass/6T derivative

curves. (b) P, Ca, and Mg atomic % measured from XPS survey spectra. Complete survey results are
shown in Table S6.2. Asterisk (*) and plus (+) signs indicate values that are statically significantly
different from the correspondent values measured on GO and CGO samples, respectively, with P lower
than 0.05. (c) FTIR spectra normalized with respect to the C=C peak at approximately 1585-1597 cm’.

HA is a reference spectrum for HA powder.

122




The amount of precipitates formed on the samples after 15 days of immersion in SBF was
measured by TGA (Fig. 6.6a and Table 6.4). These TGAs are performed in air to fully burn the
organic components and leave only the inorganic component as residues at the end of
experiment. The weight loss at T1, T2 and T3 correspond to the removal of water molecules,
C/O bonds destruction, and carbon combustion to CO and CO,, respectively [374]. The amounts
of residues in Table 6.4 indicate that CGO-Arg (44+4%) contained the highest amount of
precipitate, followed by CGO-Glu (21£2%). The GO (16£2%) and CGO (14£1%) samples
showed comparable amounts of inorganic component as residual mass. The residual mass
(9£1%) found on GO not soaked in SBF (GO-0d) is attributed to contamination.

We analyzed the nature of the precipitates by XPS (Fig. 6.6b and Table S6.2) and FTIR
(Fig. 6.6¢ and Table 6.5) spectroscopy. CGO-Arg is the only sample where both Ca and P can
be detected (Fig. 6.6b); the Ca/P ratio is 1.9+0.2, i.e. not significantly different from what
expected for HA (1.67). Ca is also present on GO, CGO, and CGO-Glu; however, its amount is
significantly lower than on CGO-Arg sample, and no P can be detected, likely because it is
below the XPS detection limit. This confirms what previously observed by ICP (Fig. 6.5), i.c. a
larger amount of calcium phosphate precipitates on CGO-Arg.

The amount of Ca detected on CGO and CGO-Glu is comparable and significantly higher
than on GO, which again is in line with the observed depletion of Ca in solution measured by
ICP. Some Mg is observed on GO and CGO; this indicates the formation of a precipitate
including Mg on these samples. Other researchers noticed the presence of Mg in HA
precipitating from SBF on titanium [377]. Some N is found on GO and CGO after immersion in
SBF (between approximately 1.4 and 1.7%, Table S6.2). Since almost no N was present on these
samples before SBF immersion (Fig. 6.1a), this may indicate the incorporation of tris, used as a
buffer in SBF, in the precipitates formed on these samples.

FTIR spectra recorded on GO, CGO, and the CGO-AA samples after 15 days of immersion
in SBF are shown in Fig. 6.6¢, along with a reference spectrum of HA. Similar to XPS, FTIR
spectra for CGO-Arg show the most differences compared with the spectra recorded before SBF
immersion (compare Fig. 6.6¢ and Fig. 6.3). New peaks related to phosphate (567, 607, 960,
1040 and 1105 cm™) and carbonate (876 cm™) groups appear, which indicate the formation of
carbonated HA on this sample [331, 378], as clearly shown by comparing with the HA reference

spectrum shown in the same graph. The peaks due to graphene that are not superimposed with
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HA peaks do not change in relative intensity or position after immersion in SBF. Spectra of GO,
CGO, and CGO-Glu do not show significant changes after immersion in SBF; the only visible
difference is the appearance of a low intensity peak centered at ~578 cm™', which may be related
to the formation of amorphous calcium phosphate [379]. If this was the case, a corresponding
peak centered at around 950 cm™ should be expected [380]; on these samples, though, this peak
would be masked by the tail of the peak centered at 1063 cm™ due to the graphene substrate.

The precipitates formed on all samples are visualized using back-scattered electron (BSE)
images obtained by SEM, along with images of GO flakes before immersion in SBF for
comparison (Fig. 6.7). The difference in brightness observed in these images can be related to
the presence of different materials on the samples. Before immersion in SBF, randomly oriented
GO flakes are observed (Fig. 6.7a), with no impurities or particles on their surface (Fig. 6.7b
and c¢). Similar images were collected on functionalized GO samples before immersion in SBF
(Fig. S6.3). After immersion in SBF for 15 days, some particles are observed on all samples
(Fig. 6.7d-q). The largest amount of precipitation on CGO-Arg is clearly confirmed by the low
magnification SEM images shown in Fig. 6.7a, d, g, j, and m. On GO, CGO and CGO-Glu
irregularly shaped aggregates are found (average size of 1.5+1, 1.0£0.5, and 2.0+l pm,
respectively). The aggregates consist of spherical particles with average diameter of ~100+20 nm
on GO and CGO (Fig. 6.7f and i), and of a more wide variety of particles on CGO-Glu (Fig.
6.71). On CGO-Arg, instead, two different sets of particles are observed (Fig. 6.7n-q): many
micron-sized spherulites of 3.5+0.5 um diameter made of nano-sized platelets (20+3 nm) (Fig.
6.6n and o), and a few spherical particles of 60+5 nm diameter (Fig. 6.7p and q). We discuss

this in more detail below when we analyze the TEM results for this sample.

Table 6.6. Mg/P and Ca/P ratio calculated from the SEM-EDS spectra on GO, CGO, CGO-Glu, and
CGO-Arg after 15 day immersion in SBF.

Samples Ca/P Mg/P
GO 10.14£3.1 0.64+0.1
CGO 9.8£1.2 9.13+£3.18
CGO-Glu 4.0+1.8 0.64+0.45
CGO-Arg (spherulite) 1.8+£0.3 0.04+0.02
CGO-Arg (sphere) 1.7£1.2 0.14+0.17
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Fig. 6.7. BSE-SEM images of GO sample not immersed in SBF (a-c) and GO (d-f), CGO (g-1), CGO-Glu
(j-1), and CGO-Arg (m-q) sample immersed in SBF for 15 days.
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EDS analysis showed the presence of C, N, O, P, Ca, and Mg on all samples. A small
amount of S was also present on the smaller particles obseved on CGO-AA samples, possibly
due to the S originally present on these samples (Fig. 6.1a). The Ca and Mg content in each
sample is normalized to P and shown in Table 6.6. The Ca/P ratio measured on the micron-sized
particles on CGO-Arg (Fig. 6.70) is 1.8+0.3, which is very close to that of HA (1.67). This
confirms that these particles are HA, as hypothesized before based on both IR and XPS (Fig.
6.6b and c). Both we and other researchers previously reported the formation of micron-sized
HA spherulites in the presence of AAs with morphology very similar to that shown in Fig. 6.7
[37, 290, 331]. The Ca/P ratios measured on the small spherical particles observed on CGO-Arg
(Fig. 6.7q) have large variability (1.7+1.2), likely due to the fact that it was difficult to isolate
them during the analysis. More definite results on these particles are provided by TEM,
discussed below. Much higher Ca/P ratios are found on GO and CGO (10.14£3.3 and 9.8+1.2,
respectively). These values indicate that on these samples there is no significant amount of HA,
and the high amount of Ca may be related to physisorbed Ca ions or Ca(OH), derivatives [381].
A Ca/P ratio closer to HA is found on CGO-Glu (4.0+1.8). Similarly to what found by XPS,
EDS shows the presence of significant amounts of Mg only on GO and CGO (error bars on the
Mg/P found on the other samples make them not statistically significant). Finding Mg only on
the samples that show the highest Ca/P ratios and lowest amounts of HA may be related to the
role of Mg as an inhibitor of HA crystallization [382].

CGO-Arg immersed in SBF for 15 days was further analyzed by TEM (Fig. 6.8). Again,
we observed both spherulitic particles with diameters of ~3=1um (Fig. 6.8a) and much smaller
nanoparticles with diameters of ~50+5 nm (Fig. 6.8d). Both types of particles contained mainly
Ca and P (see EDS spectra shown in the insets). Traces of Mg are detected on the larger particles
only, although its absence on the nanoparticle spectrum may be due its overall lower intensity.
The selected area electron diffraction (SAED) pattern shown in Fig. 6.8b shows that the
spherulitic particles are crystalline, consistent with IR results and previous SEM discussion
based on Ca/P ratios. SAED on the nanoparticles, instead, show only amorphous material. Most
likely, then, these smaller particles are amorphous calcium phosphate precursors not yet
transformed into HA. The presence of these particles on CGO-Arg may be interpreted in two
different ways. Nucleation may be continuously occurring on this sample. The ACP

nanoparticles are formed first, and with time they conglomerate and reorganize into the micron-
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size spherulitic crystalline HA particles observed in Figs. 6.70 and 6.8a. Throughout SBF
immersion, ACP nanoparticles keep nucleating, and thus after 15 days some of them are still
visible. Alternatively, it is possible that some precipitates remain in the form of ACP
nanoparticles and never transform into HA. A study performed at different time points will be
the subject of a forthcoming publication, to help elucidate which of these mechanisms is correct,
and to attempt explaining the similar shape but different composition observed for the

nanoparticles found on CGO-Arg and all other samples.

20 um

Y

Fig. 6.8. TEM images (a and c), and corresponding SAED patterns (b and d), and EDS spectra (insets) for
CGO-Arg sample immersed in SBF for 15 days.
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6.5. Discussion

The results presented before overall show that both a positive (Arg) and a negative (Glu)
AA increase HA precipitation rate compared to CGO and GO; however, despite the fact that we
probably had fewer Arg molecules bound on CGO-Arg than Glu on CGO-Glu, Arg increased
HA precipitation rate much more than Glu, and much more HA was found on CGO-Arg than
CGO-Glu after 15 days of immersion in SBF. This result contradicts many previous studies,
which showed that the interaction between Ca’" and negatively charged residues of
biomolecules, such as carboxylate and phosphorylated groups play a key role in HA precipitation
[58, 61, 259, 261, 262, 355]. In this section, we first attempt to provide an explanation for this
result, and then we compare the effectiveness of CGO-Arg on HA precipitation with previously

reported GFN substrates.

6.5.1. Effect of Arg vs. Glu bound to CGO on HA precipitation

Precipitation happens when the concentration of precursor ions in solution increases above
a critical level. This can be achieved locally on a surface, if there are some functionalities that
can strongly interact with the ions. Our results show that both Arg and Glu are able to locally
increase Ca’" and PO, surface concentration, and induce early nucleation of HA compared to
what observed on both GO and CGO. Since we had somewhat fewer Arg molecules on CGO-
Arg than Glu on CGO-Glu, Arg must be able to interact with the ions more strongly than Glu.
Fig. 6.9 shows a few possible ways in which Arg and Glu may bind to CGO, and the subsequent
interactions between the remaining functional groups exposed by the AAs and Ca®" and PO,
ions in solution. With the help of this schematic, we discuss here two reasons why Arg is a more
effective HA nucleator than Glu.

As shown in Fig. 6.9b, after binding to CGO, Glu exposes two carboxylate groups, one
alpha and one gamma, which can interact with the ions present in solution. While Ca*" ions can
interact with these groups (stability constants of log K=1.4 [301] and 1.7 [301] are reported for
Glu/Ca®" complexes at pH 7.4), PO,> ions do not have strong interactions with carboxylate
groups [331]. Therefore, Glu/PO,>" complexes are not shown in Fig. 6.9. Arg can bind to CGO
through both its a-amino (Fig. 6.9¢) and guanidyl group (Fig. 6.9d), which implies that it
exposes to the solution its a-carboxyl group and either its guanidyl group (Fig. 6.9¢) or a-amino

(Fig. 6.9d). Arg can also form more than one amide bond to CGO (Fig. 6.9e shows an example
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of this). At pH 7.4, Arg can interact with Ca”" ions through its o-amino group, forming
complexes whose stability constant (log K) is 2.21 [299]. Arg can interact with PO,’ ions
through its guanidyl side chain , forming a complex with reported stability constant of log K=1.9
[306]. The stability constants of complexes formed between Arg and both Ca** and PO, are
higher than between Glu and Ca®’. Thus, the faster precipitation of HA on CGO-Arg than on
CGO-Glu may be partially explained by the stronger Arg/Ca’" and Arg/PO4> interactions
leading to more stable complexes formed on CGO-Arg, which result in higher concentration of
Ca’"and PO43 “ions on the CGO-Arg surface.

In addition to complex formation, electrostatic interactions between surface functional
groups and Ca’" and PO, ions could play a role in HA precipitation. As shown by zeta potential
measures (Fig. S6.4), all surfaces are overall negatively charged. However, locally, CGO-Arg
exposes both positive and negative charges (Fig. 6.9¢ and d) while CGO-Glu exposes only
negative charges (Fig. 6.9b). This implies that locally, CGO-Arg is more likely to attract both
Ca®" and PO,> ions than CGO-Glu, which is likely to attract only Ca®" ions. This factor may
contribute to a higher increase in local supersaturation with respect to HA for CGO-Arg than
CGO-Glu sample, and thus a faster precipitation of HA on CGO-Arg. This hypothesis is
confirmed by the EDS (Table 6.6) and XPS (Fig. 6.6b) results, which showed higher Ca/P ratios
on CGO-Glu than on CGO-Arg, thus confirming the larger tendency for CGO-Glu to attract
positively charged ions than CGO-Arg. Thus, the presence of both positively and negatively
charged groups close to each other on CGO-Arg may be another justification for the stronger

HA-nucleating effect of this sample compared to CGO-Glu.

6.5.2. Arg-CGO as a strong nucleator of HA

In this section we compare our precipitation results with the few previous studies on in-
vitro precipitation of HA on GFNs [58, 61, 355], despite the difficulties related to different SBF
concentrations used and sometimes lack of quantitative data like TGA. In general, GFNs are
good HA nucleators due to their high surface area, and the presence of biomolecules always
increase the amount and rate of HA precipitation [58, 59, 61, 355, 357].

Liu et al showed the formation of HA on reduced GO (rGO) modified with a layer of in-
situ polymerized dopamine (polydopamine, PDA) after 1 week and gelatin-modified GO after 2
weeks of immersion in 1.5 X SBF [58, 355]. On rGO-PDA, a layer of HA nanoparticles was

formed, in an amount corresponding to ~50% in weight of the composite, as evaluated by TGA
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[58]. This result is comparable with what we observed after 2 weeks of immersion in SBF (Fig.
6.6a); however, we used 1.5 less concentrated SBF than Liu et al. Thus, we conclude that Arg
and PDA are similarly effective in promoting HA nucleation, despite their large differences in
size. On rGO-gelatin, Liu et al show spherulitic particles similar to what we found on CGO-Arg
[355]. Although no quantitative TGA results are reported, SEM images show a more extensive
coverage on this sample after 2 weeks of immersion in 1.5 X SBF than what we observed.
However, since no images at earlier times are shown on this sample, it is hard to compare the
effects of the two substrates, given the larger SBF concentration used in Liu’s work.

Fan et al showed that the surface of casein phosphopeptide (CPP)-modified CGO was
partially covered with HA nanoparticles after only 1 day incubation in 1.5 X SBF and was
completely covered with HA after 3 days, corresponding to a HA content of ~80 wt% by TGA
[61]. This amount of precipitation achieved in such a short time is significantly larger than what
we observed after 15 days (Fig. 6.6a), and thus cannot be just related to the higher concentration
of SBF used in [61]. Evidently, the high concentration of phosphonate groups on CPP makes
these peptides much stronger HA nucleators than Arg.

Overall, this comparison shows that although a small, positively charged molecule like Arg
cannot compete with highly phosphonated biomolecules, its effectiveness at promoting HA
nucleation once bound to GO or CGO is not drastically different from that of large, negatively
charged biomolecules such as PDA or gelatin. This confirms the importance of the large local
supersaturation achieved in the presence of Arg, due to both complex formation and electrostatic

reasons, as discussed in the previous section.

6.6. Conclusion

We studied the effect of a positively (Arg) and a negatively (Glu) charged AA bound to
GO flakes on the precipitation of HA at physiological conditions. Both AAs were bound to GO
after transforming oxygenated GO functionalities in carboxyl groups (CGO). We showed that
while both AAs increased HA precipitation rate on CGO compared to GO and CGO, Arg
increased GO mineralization rate much more than Glu, giving rise to larger amounts of HA
precipitates, including both micron-sized spherulitic aggregates and smaller nanoparticles. We
explained these results based on two factors: Arg can form more stable complexes with Ca>" and

PO,> ions than Glu; and, the presence of both carboxyl and amino groups exposed to the
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solution on CGO-Arg may favor local supersaturation with respect to HA by electrostatically
attracting both Ca’" and PO,> ions. This result may not be generalized to all positive and
negative functionalities; for example, groups able to form even stronger complexes with either
ion, such as phosphonate groups, which can attract Ca®" ions very strongly, may change this
balance. Indeed, when comparing our results with previous work studying mineralization of
surface-modified rGO, we showed that the amount of HA deposited on CGO-Arg was much
lower than that observed in the presence of heavily phosphonated peptides like CPP.

Overall, this report provides new insights on the effect of single AAs bound to surfaces on
HA mineralization in physiological conditions, and some guidelines on how to improve the
mineralization of GO for bone regeneration applications. If our insight on the importance of both
complex formation and presence of positive and negative groups to increase local supersaturation
is correct, future attempts to modify material surfaces to improve HA mineralization should

include similar amounts of phosphonates and amino groups.
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SI. 6. Supporting information

This document shows a schematic representation of EDC/NHS coupling reaction (S1.6.1),

X-ray photoelectron spectroscopy (XPS) survey results for GO and functionalized GO samples

before immersing in SBF (S1.6.2), thermogravimetric analysis (TGA) analysis of Arg and Glu

powder as reference samples (SI.6.3), XPS survey results for GO and fictionalized GO samples

immersed in SBF for 15 days (S1.6.4), scanning electron microscopy (SEM) pictures of CGO

and CGO-Arg samples (SI.6.5), and zeta potential measured on GO and fictionalized GO

samples (S1.6.6).

SI. 6.1. EDC/NHS coupling reaction

o]
Stabl
Carboxylate Q/J |“~ N @ e
molecule

ol & &

e
o N H,0 JL‘OH Regenerated
| - = 0 carboxyl group

C
- Unstable reactive Omc.? o
/ o =L
A o-acylisourea ester /_f_ D%_ D @ NH,

o
° o e
c EDC O=5-0 A ,N\) "N

—MN S5 )

N—
HOo W
o]

Stable
amide bond

Semi-stable
amune-reactive
Sulfo-NHS NHS ester

Fig. S6.1. Schematic showing general EDC/NHS coupling reactions (reproduced from
http://www.piercenet.com/instructions/2160650.pdf).
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SI. 6.2. XPS survey results for CGO-EDC and functionalized GO samples
CGO-EDC is a CGO sample that has been immersed in the EDC/NHS coupling solution
and treated as the CGO-AA samples, with the difference that no AAs were added on its surface.

Table S6.1. O, C, S, and N atomic % on GO, CGO, CGO-EDC, CGO-Glu, and CGO-Arg sample
obtained from XPS survey spectra. Asterisk (*), plus (+), and cross (x) signs indicate values that are
statically significantly different from the correspondent values measured on GO, CGO and CGO-EDC
samples, respectively, with P lower than 0.05.

Samples GO CGO CGO-EDC CGO-Glu  CGO-Arg
0 32+1 25+3% 23.7+0.2% 21+1* 22+1*
C 67+1 7243 % T2+41% 72+1* 70+£1%
S 1.240.5 0+0 1.1+0.1" 1.54+£0.03™  1.4+0.1™
N 0.1+0.3 0+0 1.4£0.5%"  2.6£0.1*™  4.3+02*™

SI1.6.3. TGA reference curves for Arg and Glu powders under N2 atmosphere
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Fig. S6.2. TGA curves collected under N, atmosphere on the AA powders as reference samples. The
empty circles correspond to the temperatures at which dmass/dT peaks, indicating weight loss, were
observed on the derivative curves.
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SI. 6.4. XPS survey results for GO and functionalized GO samples immersed in SBF

for 15 days

Table S6.2. C, O, S, N, P, Ca, and Mg at% measured from XPS survey spectra on GO, CGO,
CGO-Gluy, and CGO-Arg samples immersed in SBF for 15 days. Asterisk (¥) and plus (+) signs indicate
values that are statically significantly different from the correspondent values measured on GO and CGO

samples, respectively, with P lower than 0.05.

Samples GO CGO CGO-Glu CGO-Arg
C 68.4+0.8 70.5+0.4* 72.0+£0.3*" 63.8+0.5%"

0 28.3+0.8 26.1+0.3* 22.7+0.4%" 26.2+0.3%

S 0.0+0.0 0.0+0.0 1.0£0.1*" 0.8+0.2*"

N 1.7+0.1 1.4+0.1% 2.6+0.3*" 3.240.3%"

P 0.0£0.0 0.0£0.0 0.0+0.0 2.1£0.2%"

Ca 1.3+0.1 1.8+0.1% 1.8+0.2% 3.940.1%"
Mg 0.1+0.0 0.2+0.0%* 0.0+0.0%* 0.0+0.0*"

SI. 6.5. SEM pictures

Fig. S6.3. SEM images of CGO (a) and CGO-Arg (b) sample not immersed in SBF.
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SI. 6.6. Zeta potential measured on GO and functionalized GO samples

GO CGO CGO-Glu CGO-Arg

R
o
1

-28

-301

Zeta potential (eV)

.32

*

.34

Fig. S6.4. Zeta potential measured on GO, CGO, CGO-Glu, and CGO-Arg samples. Asterisk (*) signs
indicate values that are statically significantly different from the correspondent values measured on GO
with P lower than 0.05.

Sample surface charge was measured using a Zetasizer Nano ZS (Malvern Instruments,
UK). The samples were dispersed in DI water to make a suspension with a concentration of ~
0.02 mg/ml. Each measurement was performed three times using disposable capillary cells with
an electrical field (E) between 5 and 10 £ 0.1 V/m as automatically setup by the instrument.

Zeta potential measurements at pH 7 on GO, CGO, and the CGO-AA samples show that all
samples have negatively charged surfaces ranging from -30 to -36 eV. The value measured for
GO i1s in agreement with previous reports [383], and has to be attributed to the presence of
negatively charged oxygen-containing species on its surface. CGO shows a more negative charge
than GO; this once again confirms the transformation of surface oxygenated groups into
carboxylates, which are more negatively charged than alcohols or epoxy groups. No significant
differences in surface charge are observed between CGO-AA and CGO. However, one would
expect a more negatively charged surface on CGO-Glu than on CGO, if all carboxylate groups
from CGO had reacted and been covalently bound to Glu molecules, since each carboxylate from
CGO would be replaced with two carboxylate groups from Glu, exposed towards the surface (see

Fig. 9b). Vice versa, if all carboxylate groups from CGO had reacted with Arg, one would
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expect a more positive potential on CGO-Arg, since each of them would have been substituted
with a carboxylate and an amino group exposed at the surface (see Fig. 9¢ and d). Although
there is a somewhat lower potential on CGO-Glu than on CGO and a somewhat higher potential
on CGO-Arg than CGO, the fact that we do not see significant differences among these samples

may imply that the overall surface potential is still dominated by unreacted carboxylated groups.
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CHAPTER 7

CONCLUSIONS, SUMMARY OF CONTRIBUTIONS AND
FUTURE PERSPECTIVES

7.1. Conclusions: highlights

e Arg and Glu inhibit HA precipitation when dissolved in solution. However, the
positively charged AA, Arg, has a stronger inhibitory effect on HA nucleation while
the negatively charged AA, Glu, is more effective in inhibiting HA crystal growth
along specific crystallographic directions. This was attributed to the differences in
stability constants between AAs and the ions in solution and the adsorption of AAs on

HA crystal surfaces.

e The presence of AAs, either Arg or Glu, dissolved in solution results in the formation
of spherulitic HA particles while randomly shaped aggregates are obtained when the

AAs are absent.

e The inhibitory effect of the single AAs on HA nucleation is dampened if the two AAs
are present together in solution. This is explained by the preferential interaction of the

AAs with each other rather than with ions or HA nuclei in solution.

e [f the Glu- and Arg-containing Ca- and P-precursor solutions are aged, the Ca/AA and
P/AA complexes initially formed in the solution can grow into large aggregates. These
aggregates can interact with each other once the precursor solutions are mixed and
regulate HA precipitation under a different pathway than in the non-aged solutions.
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This results in striking differences in precipitation time, HA morphology and

composition.

e Aged precursor solutions have a stronger effect on HA precipitation if they contain
Arg rather than Glu. This is attributed to the stronger interactions of Ca®" and PO43’

ions with Arg than Glu.

e Both Arg and Glu increased HA precipitation rate on CGO compared to GO and CGO;
however, Arg increased GO mineralization rate much more than Glu, giving rise to
larger amounts of HA precipitates. We explained these results based on two factors:
Arg can form more stable complexes with Ca’" and PO,” ions than Glu; and, the
presence of both carboxyl and amino groups exposed to the solution on CGO-Arg may
favor local supersaturation with respect to HA by electrostatically attracting both Ca**

and PO, ions.

7.2. Original contributions to knowledge

e We described the mechanism of HA precipitation at prenucleation, nucleation, and
growth stages in the presence of Arg and Glu dissolved in solution. We found that both
of these AAs inhibit HA precipitation, but the positively charged AA, Arg, shows a
stronger effect. These AAs are useful for inhibiting excessive mineralization of HA in

tissues, such as blood vessels and valves.

e We showed the formation of Ca/AA and P/AA aggregates in the prenucleation stage of
HA precipitation. Such aggregates strongly regulate the precipitation behavior of HA
in the nucleation and growth stages, and show the important role of organic/inorganic

aggregates in the formation of a variety of biominerals.
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We showed that Arg and Glu bound to GO improved the precipitation of HA, with Arg
showing a significantly stronger effect. We proposed Arg/GO as a potential substrate

to include in bone tissue engineering scaffolds.

We also suggested a mechanism for the improved HA precipitation in the presence of
Arg- and Glu-modified GO surfaces. Based on this, we suggested that the next
generation of surface modifiers used to improve HA mineralization should be rich in
both negatively (e.g. carboxyl and phosphonate groups) and positively (e.g. amino
groups) charged groups.

e  Overall, this work sheds some light on the existing controversy on the importance
of charge when discussing the effect of AAs on HA precipitation. Despite the
recognized importance of the negatively charged domains of NCPs in regulating HA
precipitation in body, here we showed a positively charged AA, Arg, had both stronger
inhibitory and promoting effect than a negatively charged one, Glu, depending if it was
dissolved in solution or bound to a surface. This can underline the importance of other

mechanisms, such as strength of complex formation rather than the AA charges only.

7.3. Future perspective

The results reported in this work can serve as a basis for future studies on regulating HA

mineralization in the body. We suggest the following studies to further expand this research:

In this work, we focused on the effect of small biomolecules, AAs, to better understand
the role of different segments of large biomolecules, such as NCPs on HA mineralization.
However, the AAs studied in this work can be bonded together to form oligopeptides
with stronger effects on mineralization. Also the multivalency introduced by joining
differently charged AAs to a protein can provide several sites at which attachment to
calcium and phosphate ions can occur. The synthesis of such oligopeptides and proteins

and the study of HA precipitation in their presence can be the subject of future work.
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We showed that the formation of Ca/AA and P/AA aggregates in the aged precursor
solutions strongly affected the precipitation behavior of HA. However, the details of the
formation of such aggregates in the precursor solutions should be clarified in future
studies. These aggregates were very stable and were difficult to dissolve in any kinds of
organic/inorganic solvent including strong acids and bases, and pure alcohol and ketones.
It is possible that the Ca’" and PO4” ions are covalently bonded to the AAs, and a new
material is formed upon the ions/AAs interactions. However, further characterization is
required to determine the nature of these aggregates. This could help better understand
the mechanism of HA precipitation in the presence of such aggregates and AAs in

general.

Although our TEM results showed the presence of some organic materials originating
from the Ca/AA and P/AA aggregates in the HA structure, it is not still clear if these
aggregates are incorporated within HA crystal structure or they just surround the crystals.
More detailed high resolution TEM studies can determine the structure of these Ca/AA

and P/AA aggregates and explain their relation with HA crystals.

In this work, we studied the effect of AAs dissolved in solution on the prenucleation and
nucleation stage of HA precipitation; however, there is no report on the effect of AAs
bound to surfaces on HA precipitation at its early stages. Cryo TEM or high resolution
SEM combined with EDS would enable the detection of nano-sized particles at very early
nucleation stages and investigating their morphology, composition, and their evolution to
HA crystals with time. Also, using GO as a substrate would allow having a thin and
conductive layer ideal for TEM analyses. These studies should be performed to elucidate

the effect of AAs on the transformation of HA from nuclei to crystals.

There are several studies on the interaction of Ca*” and PO, ions with the AAs dissolved
in solution, and the stability constants of some of the Ca/AA and P/AA complexes
forming by these interactions have been already reported. However, the interaction of

these ions with the AAs bound to surfaces is almost completely neglected. We suggest
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that the interaction of the Ca*>" and PO43' ions with the AAs bound to surfaces be studied
by isothermal titration calorimetry (ITC). With this technique it is possible to measure the
heat of interaction between ions and solid surfaces, and one could quantify which of the
bound AAs have a stronger interaction with Ca®" and PO, ions. These findings would
allow to better understand the role of different domains of larger biomolecules such as

NCPs in regulating HA precipitation in the body.

Although our experiments were performed in physiological conditions, they were still far
from in-vivo conditions, where many other agents, such as collagen, mineralization
inhibitors, inorganic ions, etc. are involved in HA precipitation. This resulted in the
formation HA with relatively different properties from the biological HA. For example,
the spherulitic particles we observed in this study are different from biological HA, which
consists of network-like aggregates of nano-platelets; this can be attributed to the absence
of the collagen mineralization matrix. Also, the lack of carbonate ions in our precipitation
solution resulted in the formation HA instead of CHA, which is found in bone. If the
carbonate ion was introduced in the solution, it could interact with the positively charged
AAs, and dampen their effect. At the same time, a larger amount of carbonate ions may
be incorporated in HA grown in the presence of positively charged AAs than of
negatively charged ones. Overall, the interaction of the mineralization inhibitors present
in-vivo with the AAs is likely to be complex and worth being studied. Experiments
performed in the presence of AAs in conditions closer to the biological ones could be the

subject of future work.
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