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ABSTRACT

The main purposef myPh.D research workvasthe preparation of functionalized hydroxyapatite
materials and the elucidation of thgihysicochemicgbroperties, putting special attention on their
superficial characteristics, to better understanigeir behaviour at the atomic/molecular level
Exclustely bicinspired hydroxyapatites wer@repared, i.e., possessing low crystallinity, high
specific surface area, nanometric size, and carbonates groups )@@rtially substituting the
hydroxyapatites phosphates (B and/or hydroxyls (Ofigroups.

Several types of norunctionalized hydroxyapatites were prepared to be used as a reference for
the functionalized hydroxyapatites. One type was prepared in presence of citrates since they are
molecules with important biological interest that can be founchatural bone tissue, and stabilize

the formation of the hydroxyapatite phasg,2]. In the othertwo types, the preparation was
optimizedto obtain hydroxyapatites preferentially exposing their {0ifets. Along their [010]
crystallographic directionthe hydroxyapatites are constituted by stacked layers following the
sequenceABAABAABA, where A€E&(PQ). and B= C4PQ)>(OH}. Therefore, the (010) faces can
finish in three different mannerg)Ay I ad 2 A OKA 2 Y S (i -NBAQwhichNsDdpogedaS Y S v
stoichiometric Ca/P molar ratio of 1.6{) in (010)_CaNJ& O K >ABXnith. almolecular Ca/fatio

of 2; and(iii), in (010)_ ANJA O K -AXwith & molecular Ca/P ratio of 1.5. Moreover, these three
possible terminations can coexist with different proportions of the hydroxyapdi&ey. Therefore,

the last two materials were prepared with a preferential exposition of their {§a6gts, but in a
different (010)_Caich:(010) Frich ratio, being 1:1.4 for the material possessing a higher amount

of Carich terminations (labelled as HA Ca_Rich), and 1:5 for the material possessing higher amount
of Prich terminations (labelled as HA_P_Rich). As a consequehdbew surface different
terminations, the resulting hydroxyapatites nanoparticles present different morphologies, that are
needlelike in the case of the higher (010) -@ieh termination, and platdike in the case of higher
(010)_Prich termination.

Furctionalization of hydroxyapatites with copper (Il) cations was studied by two methodologies
namelyionic exchange and eorecipitation. For the ionic exchange, the HA_Ca_Rich sample was
suspended in solutions at increasing concentrations of GuN©Opromote substitution of the
surface C# ions by the Cifions present in the solution, thanks to the napatitic layer which is
present at the hydroxyapatites nanopatrticles surface embedding tf&ntor the ceprecipitation
preparation methodology, the Ctiions were included in the inil steps of the hydroxyapatite
preparations thus promoting the cationic substitution in both, surface and bulk. Two different
hydroxyapatite samples were prepared, one in absence of citrates and the other in the presence.
The physicochemical, compositan textural, and surfaceproperties of coppeffunctionalized
hydroxyapatite materials weréhen investigated. Elemental composition and Ca/P atomic ratio
were calculated by ICBES, Specific Surface Area was calculated &gidrption, hydroxyapatites
morphology was investigated by HHEM, structural characterization of bulk and surfaces; phase
composition; and crystalline domain estimation was performed by PXRD aneS&ikd\NMR, and

the elucidation of the chemical state of the species present at tdrdxyapatites surfaces was
investigated by FTIR of adsorbed carbon monoxide.

Two applicative uses of the copplmctionalized hydroxyapatites are presented. The first one is
based on the potential use of these materials as electrochemsmasors, evaluated through the
electrochemical reduction of 4. by cyclic voltammetry, an important biological molecule in living
systems due to its signalling activity for the regulation of diverse biological prodé$sélse second
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one was the use of the coppéunctionalized hydroxyapatites as potential anticancer drugs,
evaluated through their cytotoxicity and ROS generation in human and mice cancer cells lines.

Finally, noAfunctionalized hydroxyapatites were used as support for platinum nanoparticles. The
importance of these nanoparticles relies on their reductive properties, thus, being excellent
heterogeneous catalysts when they are supported on the proper scaffold. Howeetailed
information on their surface features at the atomic/molecular level is still sd&jcé total amount

of 5wt.% of Pt was deposited on the hydroxyapatite surfaces. A full characterization of the Pt
nanoparticles and the hydroxyapatites support was performed. Elemental composition of the
support and total amount of platinum ithe samples was measured by {OES. Structural
characterization of the hydroxyapatites bulk was studied by PXRD. Morphology of the
hydroxyapatites and the platinum nanopatrticles distribution and size was measured-bEMR
Finally, the characteristicsf éhe platinum nanoparticles present at the hydroxyapatites surfaces
and their oxidation state were investigated by FTIR of adsorbed carbon monoxide.
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1.INTRODUCTION

Ceramic materials subject of this thesis agglroxyapatites (HAs). Hydroxyapatites are made up of
calcium, phosphatg and hydroxyls. The interest in these materials is caused by their role as a
principal component of the mineralized parts in mammals bodies. In particular, in humans, it means
bones and teeth. Therefore, in this thesis, we focused on the work with siathgdroxyapatites
replicating the principal characteristics of Hwgdroxyapatites which constitute human bones.
Nevertheless, synthetic bimspired hydroxyapatites are not exclusively limited to biomedical
applications. Synthetic hydroxyapatites hat®wn excellent properties in so many different fields,
whether on their own or together with other materials. Some of their Amomedical applications
fields are environmental remediation, electrochemistry, or heterogeneous catalysis. For that
reason, wepresent here hydroxyapatites mimicking matural ones, but not addressed only to
their biomedical applications. In any case, it is difficult to get a complete understanding about the
versatility of hydroxyapatitewithout a global vision of thenaturalenvironmentand the principal
characteristics which determine their properties.

1.1. WHERE DO HYDROXYAPATITES C@MEFR

Apatite was first discovered as a mineral species by the German geologists Abraham Gottlob Werner
in 1786. This mineral was calledHiyn from the Greek apato (to mislead or to deceive). Afterwards,
Berzelius was the first one who tried to establish their chemical composition, in the middle of the
19" century[1]. But it was not successful until 1929 when H. Hausen,dntred the idea about the
existence of different crystal phases of calcium phosphates. Since then until now, these mixtures of
calcium phosphates had been called apat{@s

The basic elemental composition of all calcium phosphates is based on three principal atoms:
calcium in oxidation state 2+, phosphorus in its oxidaitate 5+, and oxygen in its oxidation state

2-. Calcium phosphates family can be classified in function of the type of phosphate anion in: ortho
(PG?), meta (PQ), pyro (P:0%), and poly ((PQ)."™), and for thespecificcase of ortheand pyro
phosphates, it is also possible differentiated them by the number of hydrogen ions attached to the
anion: mone (Ca(HPQ).), di (CaHP®), tri- (Ca(PQ)2), and tetra (CaP.O7) calcium phosphates
[3¢5].

For the scope of this thesis, we consider calcium orthophosphates only. Since they are the calcium
phosphateghat naturallyoccurin mammalbodies Being calcium orthophosphates the siamily
of compoundsvhere hydroxyapatites belong

1.1.1.CALCIUM ORTHOPHOBPHS

Nowadays, calcium orthophosphates present in our world are proceeding from two different
sources. First, pure synthetic calcium orthophosphates appear as white crystals with moderate
hardness. Second, natural calcium orthophosphates are proceeding rinmerals or biological
sources. Common characteristics of all calcium orthophosphates are insolubility in alkaline
solutions, slight solubility in water, and high solubility in a¢ls



Natural geological calcium orthophosphates can be extracted from mineral deposits of apatites.
These deposits are located in different parts of the world (Russia, BrazichtorChina, Austrial,

and other placers Mineral apatites are principally found as natural fluorapatite (FAy(E@)sF) or
sedimentary rocks (phosphorites). Calcium orthophosphates minerals always contain impurities
(normally, iron ions and rare eaithhat make themcoloured The principal reason to extract and
commercialised calcium orthophosphates mineralsthgeir high applicative interest in the
agricultural fieldasphosphoruscontaining fertilizerg3].

Biological calcium orthophosphates are the prime components in all mammalians calcified tissues.
They make up the inorganic parts of biological systdtrmeansthat they constitute both, normal
(bones, teeth, fish enameloid, deer antlerand some species of shells) and pathological
calcifications (dental, urinary calculus and stones, atherosclerotic lesiomsng otherk For the
particularcase of human beings, all hard tissues are madefugalcium orthophosphates, except

for small portions in the inner ear. From a chemical point of view, the processes for normal and
pathological calcifications are just aim vivo crystallizatim or dissolution of calcium
orthophosphateg3].

The principal calcium orthophosphate species are orthophasp((P@)?*) anions. All the structure

is built up around orthophosphate groups (#OThey provide stability to the structural entity
through their assembly conforming a network of (P@Q* anions. All atomic arrangements are
strengthened around the ® network. Due to the presence of hydrogen the structure,
orthophosphate groups ((P§) can be combined with €acations in different ways. Hydrogens
can be found irthe structure as an acidic phosphate (HR@r HLPQ") or as molecular water
(CaHPG - 2H0). The most important parameters determining the principal characteristics of the
ternary system Ca(OHIHsPQ-HO are Ca/P molar ratio, basicity/acidity, and solubility. These three
parameters are strongly correlated between them and with thegbkthe solution. A lower Ca/P
molar ratio,the more acidic and watesoluble the obtained calcium orthophosphaitge and vice
versa A strongcorrelation with the pH is due to the triprotic equilibrium. Triprotic equilibrium is the
equilibrium established between the four polymorphs of orthophosphoric acid as a consequence of
different pHs in the solution. The importance of triprotic equililbmiisdue to its direct relation to

the chemical composition of the calcium orthophosphate precipitated (Ca/P molar ratio and relative
abundance of orthophosphates polymorphB)dqurel.1) [3,6]. Considering this, eleven known rron
ion-substituted calcium orthophosphates with Ca/P molar ratio varying between 0.5 and 2.0 can be
directly precipitated from Caand (PQ)* containing solutions (se€ablel.1).

H,PO, = H,PO, = HPOZ> = PO®

< <
K,=7.5x10°3 K,= 6.2x108 Ky= 1.7x1012
0 2 4 6 8 10 12 14
pH

Figurel.1: Triprotic equilibrium for phosphoric acid and solutions showing the different
orthophosphates species and their relative abundance as a consequence of the pH. Adapted from
Ref.[3].
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1.1.2.CLASSIFICATION OF CALCIUM ORTHOPHOSPHATES

There eleven known neion substituted calcium orthophosphates (all summarizedablel.1), as
it was previously mentioned. In this section, we presgbrief resume of all of them ordered by the
increasing Ca/P ratio.

VI.

VILI.

VIII.

Monocalcium phosphate monohydrated (MCPMa(HPQ). - BO, Ca/P = 0.5. MCPM
precipitates from highly acidic solutions, and it is the most acidic waatker-soluble
compound.Due to its high acidity, it cannot be found in biological calcifications.
Monocalcium phosphate anhydrous (MCR&A(HPQ)., Ca/P = 0.5). MCPA is the anhydrous
form of MCPM. It precipitates at temperatures above 100 °C in the same conditions as
MCPM, or de to the liberation of water molecules from MCPM by heating at 100 °C. Like its
hydrated homologue, it does not exist in biological calcifications.
Dicalcium phosphate dihydrated (DCPD, CaHR&O, Ca/P = 1.0). The mineral brushite. It
can be easily gstallized from aqueous solutions. It has been proposed as an intermediate
in both bone mineralization and dissolution of enamel in acids (dental erosion). it has been
detected in some pathological calcifications in the human body.
Dicalcium phosphate andyous (DCPA, CaHPCa/P =1.0). The mineral monetite. It is the
anhydrous form of DCPD. Therefore, it can be obtained from DCPD by heating at
temperatures above 80 °C, or it can be directly crystallized from aqueous solutions at
temperatures over 100 °C.dPD can be found in neither normal nor pathological
calcifications.
Octacalcium phosphate (OCPgE#Q). (PQ)4 - 5HO, Ca/P = 1B33). It is one of the stable
components of human dental and caldiig9]. OCPstructureis constituted of apatitic layers
separated by hydrated layers (water molecules). Apatitic layers are structurally similar to
those of hydroxyapatite$4,5,10,11] It is thought that they are directly involucrate in the
initial formation steps of apatitic biominerals. Since OCP has been identified as an unstable
transitory intermediate during the precipitation of thermodynamically morebstacalcium
orthophosphates in aqueous solutiofi2¢16].
Amorphous calcium phosphate (ACRBH, (PQ).: nHO (n= 34.5, 1520% HO), Ca/P =12
2.2). Itis the first precipitate obtained from supersaturated solutions containing calcium and
orthophosphates ions. Like OCP, ACP has been often detected as a transient phase during
the formation of calcium orthophosphates in aqueous syst§nt7¢22]. ACP experiences
a slow recrystallization process when it is left in the mother solution aqueous. The resulting
product is a better crystalie compound, like CDHA,5]. Biological ACPs are never pure.
They possess NaMgh, carbonate, and/o pyrophosphate ions in their structure. Biological
ACP is found in pathological calcificatigh23¢25].
h-Tricalcium phosphate¢(TCPh-Ca(PQ). Ca/P = 1.p It is a hightemperature phase of
Ol £ OA dzY 2 NI K2 LK 2AZLIK INISI@P MhRating hitReMperatures above
M MH p -TEP nver occurs in biologicalcifications.
i -Tricalcium phosphate (TCPj, -Ca(PQ). Ca/P = 1. It is anotherhigh ttmperaturephase
of calcium orthophosphate. It precipitates from thermal decomposition at temperatures
Fo2@3S ynn c/ @& ¢KS-IRRFCOP 3 ptieis chemic& StracBu yind b
a2f dzo A f AIRIZA S SW/NES | @GP nevierSdeurs inldiddgical calcifications.
Only the Mgsubstituted is found in some pathological calcifications.
Calciumdeficient hydroxyapatite (CDHAaox(HPQ)x(PQ)sx(OHY»x (0<x<1),Ca/P =1.5
1.67). It precipitatesas a result of the contemporary addition @ficium and orthophosphate
solutionsin boiling waters and after leavirte suspensiomoilingfor several hoursFirstly,
it precipitates ACR which is thenrestructured into CDHACDHA crystals are poorly
crystalline and of submicron dimensions. It has a large specific surfac€2ag#0 n¥/g)
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XI.

XII.

[26¢31]. Its Ca/P molar ratiovariability is a consequence ddurface adsorption, lattice
substitution and intercrystalline mixtures of HA and O[3R]. In biological systems only
substituted CDHA exists. These types of CiDHa#ldition to some water, form the biological
apatite [5,23].

Fluorapatite (FA, G{PQ)sF, Ca/P = 1.67FA is the halest mechanically, most stable, and
least soluble compound among all calcium orthophosphates. Pure FA never occurs in
biological systems because of the inherent toxicity of3f It is possible to find solid
solutions between FA and HA, where theufe substituting the Otpositions, orwvice versa
(fluorhydroxyapatites (FHA) or hydroxyfluorapatites (HFAReirT chemical formula is
Cao(PQ)s(OH)xF (0 < x < 2) and their physiohemicals characteristics are between FA
and HA physicahemical propertie$32¢36].

Hydroxyapatite (HACao(PQ)sOH, Ca/P = 1.67)t is the second more stable and least
soluble calcium orthophosphate after FA. Chemically pure HA crystallizes in the monoclinic
space group RZb. But the monoclinic phase experience a transition to the hexagonal phase
(spae group P&m) at temperatures above 250 ]€]. Natural biological hydroxyapatite is
always exhibiting a hexagonal phase, which is stabibiyetie presence of some impurities

in the crystalline lattice (like Oldubstituted by For Cl). Pure hydroxyapatites never occur

in biological systemi3]. Their structure, preparation methodologies, and physibemical
characteristics will be further described.

Tetracalciumphosphate (TTCP or TetCHRTH20, Ca/P = 2.0)The nineral hilgenstockite.

It is the most basic calcium orthophosphate. It can be prepared only by astalelreaction
above 1300 °C. TTCP is not stable in aqueous solutions and cannot be found in biological
calcifications due to its high basicity.

As can be appreciated, all calciarthophosphates are closely related between them through
their Ca/P molar ratio and their structural flexibility. Since they can experience structural
reorganizations between them producing the conversion of a calcium orthophosphate to
another. All of theabove descriptions demonstrate the complexity of these compounds and why
their study is complicated. For that reason, it is important to have a global view of the calcium
orthophosphates family, which permits the proper fine design and study of the raideri

As can be appreciated, all calcium orthophosphates are closely related between them through their
Ca/P molar ratio and their structural flexibility. Since they can experience structural reorganizations
between them producing the conversion of a catgiorthophosphate to another. All of the above
descriptions demonstrate the complexity of these compounds and why their study is complicated.
For that reason, it is important to have a global view of the calcium orthophosphates family, which
permits the prger fine design and study of the materials.
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Table 1.1: Principal characteristics of the compounds belonging to the calcium orthophosphates

family. Table adapted from Ref. [3]

Ca/P  Compound Fomula Solubility Solubility at pH stability
molar at25°C; 37 °C, - range in
ratio log(ks) log(k) aqueous
solutions at
25 °C
0.5 Monocalcium Ca(HPQ)2- RO 1.14 Data not 0.0-2.0
phosphate found
monohydrate (MCPM)
0.5 Monocalcium Ca(HPQ): 1.14 Data not c
phosphate  anhydrou: found
(MCPA)
1.0 Dicalcium  phosphat¢ CaHP®- HO 6.59 6.63 2.06.0
dihydrate (DCPD;
mineral brushite
1.0 Dicalcium  phosphate CaHP® 6.90 7.02 c
anhydrous (DCPA
mineral monetite
1.33  Octacalcium phosphatt Ca(HPQ)2(PQ)s - 96.6 95.9 5.57.0
(OCP) SHO
1.2-2.2 Amorphous calciun CaHy(PQ);- nHO, b b 5-12
phosphate (ACP) n = 34.5; 1520%
H.O
1.5 h -Tricalcium phosphat¢ h-Ca(PQ)2 25.5 25.5 a
0 TCP)
1.5 I -Tricalcium phosphate i -Ca(PQ)2 28.9 29.5 a
6 iTCP)
1.5 Calciumdeficient Caox(HPQ)x(PQ)s- ~85.1 -85.1 6.59.5
1.67 hydroxyapatite (CDHA) x(OH)x (0<x<1)
1.67  Hydroxyapatite (HA)  Cao(PQ)s(OH) 116.8 117.2 9.512
1.67 Fluorapatite (FA) Cao(PQ)sk 120.0 119.2 7-12
2.0 Tetracalciumphosphate Ca(PQ).0 3844 37-42 a

(TTCP or TetCP), mine

hilgenstockite

a2 Compounds that cannot be precipitated from aqueous soluti®i@annot be measured precisely.
¢ Stable at temperatures above 100 °C.
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1.2. HYDROXYAPATITEBULKSURFACE STRUCTURE AND
MORPHOLOW%

1.2.1. HYDROXYAPATITE STRUCTURE

Stoichiometric hydroxyapatites (@6PQ)s(OH), Ca/P = 1.67) crystallize insf6 space group. This
YSEya | LINAYAGAGS KSEF3A2yLtt f1FGGAOS 6AGK dzy Al
For the specific case of hydroxyapatites, these unit cell parameters are: a = 9.418 A, ¢ = 0.6881 A
YR T MHM3B73BIW/ t 5{ b2d b

Hydraxyapatites structural backbonstetrahedral PQgroups compactly arranged between them.
P°*ions are located at the centre of the tetrahedrons with oxygen atoms occupying the vertexes.
Calcium cations are packed in coluntimat are sharing every single Pt@trahedron. There are two
types of calcium cations, denoted as type | (Ca (1)) and ty(@al(ll)). Each unit cell possesses 4 Ca
() and 6 Ca (ll). Ca (I) cations are coordinated to 9 oxygen atoms of fhetR@edra, thus
producing the formation of a polyhedron. Ca(ll) ions are placed into the imaginary vertexes of the
helicoidal senaryaxis at two different heigtgt of the unit cell along the -axis (1/4 and 3/4).
Therefore, Ca (ll) catisrare forming alternate equilateral triangles around the helicoidal senary
axis. The Ca(ll) ions are in coordination state 7. Thepardedto six oxgen atoms from the PO
tetrahedrons and to one OHnion that is occupying the 2a position. This disposition produces two
types of unconnected channels, denoted as channel type | and channel tipmgpubiel.2). Channel

type | is delimited by Ca (l) cations. This channel possesses a diameter of 2.5 A. Channel type Il is
bigger than the first one, with a diameter o#35 A. Channel type Il is surrounded®a (11) cations.
Finally, OHanions are disposed like columns along tkexts to balance the positive charges inside
channels type [|87¢39].

It is worth noting two important characteristics dfydroxyapatitestructure. The frst oneis the
existence of two types of Cdtes. This is interesting since it allows a fitneed design of the HA
properties by specific modifications of the sifgs38]. The £cond oneis thatthe dimensions of
channel type Il enable some mobility of the @dths, consequently allowing threcirculation along
the channels in the OZ axis directi®8,39]
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Figurel.2: Different representations of HAs unit cell. (a) view of the unit cell from (Plhe; (b)
projection showing the octahedrons arrangement [Cadl)(@)View of the octahedral sequence
[Ca()@] together with tetrahedral [P@); and (d) view of the octahedral sequence: [Caf|lDd

[Ca(ll)@] together with tetrahedral [PQ. Figure repinted from Ref[38].

1.2.2.IMPORTANCE OF THEKPOSEBURFACES AND MORPHOLOGY

From the point of view of materials science, a material can be differentiated into its bulk and its
surfaces. The bulk is the vast internal part of a material. The bulk structure is the part supporting all
the material, and its composition determines timrinsic characteristics of the material. Moreover,

the bulk is the part in contact with the surfaces of the material. For that reason, the composition
and structure of the bulk also determine the characteristics of the surfaces. If we consider the
exampleof a biomaterial intended to be used as an implant. The biomaterial bulk must be resistant
to support all the mechanical stress of the human bptly;41] This is also applicable for materials
intended to be used in any type of catalysispoocedure. Bulk composition and structure must be
robust, not to be degraded or collapsed as a consequence of the aggressive environments in which
the material must be used, and normally for more than one use. For that reason, a proper design
and prepardion of (bio)materials with an appropriate bulk structure are mandatory. Equal
importance is necessary for the development of a meticulous study of their durability, functionality,
and mechanical properties.

Nonethelessthe material surface structure isven more important tharthe bulk structure. Since
material surfaces are the meeting point where directly osthe interaction between material and
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surrounding media. For example: in biomaterials, the structure of their surfdegsminestheir
biologicd compatibility; in adsorption process, the capacity of adsorption of the material relies on
their surfaces; in catalytic process, the surfaces define the catalytic activity of the material and its
catalytic effectivity; and this only to cite some exampbésurface importance. Thus, for all these
reasons, a precise design of the surfaces with the further scrupulous characterization of them is
mandatory for the correct development of (bio)materials. Last but not least, these surface
characteristics are ftiner improved when the material possesmnanometric dimensiongt0¢42].

Regarding lte hydroxyapatites, it is of crucial important@ pay attention to their surfacs. Since
hydroxyapatites nanopatrticle surfaces are possessing special intrinsic characteristics which
significantly differ from those of the buJk3]. In general, the characterization of the surfaces of any
material is not an easy task, because they can be eamiltaminated, and normally show a high
reactivity, metastability or ion mobility. This statement is even more accurate for the case of
hydroxyapatites nanomaterials. Therefore, a deep understanding of hydroxyapatites surfaces is
mandatory for the proper dsign of the materials whether as biomimetior as catalysts. The
chemical composition of stoichiometric hydroxyapatites is largely different from that of the
biological hydroxyapatites or their synthetic biomimetic analogues. Bone mineral is constiyted

a singlephasenon-stoichiometricnanocrystalline hydroxyapatitesith general chemical formula :

Caox (PQ)sx (HPQor CQ)x (OH or %2 Cé 3
(This formula principally evidences the presence of vacancies in both Ca and O 3iel)

A meticulous analysis of the surfaces of biological hydroxyapatites and their biomimetic synthetic
analogues hydroxyapatites nanoparticles @amparison with stoichiometric ones has demonstrated
that biological hydroxyapatites and their synthetic analogues may be auzstratelydescribed as
nanoparticles possessing an apatitic core (but frequently nonstoichiometric) and a surface hydrated
layer 6 A G K H LJ& ¥ 2 T A O §43). aThieNddz€ctiotzM®s possible because the chemical
environments for phosphates and carbonates ions were differewnimf that belonging to
stoichiometric apatitic domains. It was Rey who named these different environments asgaditic
environments[45,46] The discovery of the neapatitic layer was achieved through ysaof
investigation, thanks to the combined power of some different techniques. Nowadays, some of
these techniques are really powerful in the analysis of material surfaces and/or strustuaieas

XRD, Ramarsplid-Sate NMR and FTIR, only to name theipeipal of them[43]. The norapdtitic
surface layer is composed superficial water molecules and labile ions¥CHPQ?, CQZX 0 | a Ol vy
be appreciated irFigurel.3 [43,47] Therefore, the superficial ionic specigisHAs nanoparticles

are susceptible to be exchanged by ions present in the surrounding media. T+agpatiic surface

layer has been also detected in biomimetic hydroxyapatites and seems to be also responsible of
their special properties. Concretely,ntade the hydroxyapatites surface highly reactive with the
surrounding media. Because it permits a great mobility of the ionic molecules constituting this layer,
which is evidenced by the rapid surface d#exchange reactions. It is also important to undezl

that the nonapatitic surface layer has been described sometimes as amorphous. This terminology
IS not accurate, because it has been evidenced by spectroscopy techniques that Hapatidic

layer shows its own reproducible structural characters3].

Another property related tahis special surface layer is the apparent solubility of HAs. It is not
possible to precisely determine a constant solubility produgd) fir hydroxyapatites nanoparticles,
because there is a relationship between the obtainggalid the amount of disdeed material. This
strangebehaviourg & RSY2YAYy I GSR a4 aYSGlFadlr@8.S Sljdzhf A
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The ron-apatitic surface tends to progressively disappear during the processvrk as
GYFGdzNF GA2yéd ¢KS YIFUGdzNFGA2y 200dzNAR a | O2
nanocrystals. It consistdf the progressive consumption of the napatitic layer due to the growth

of apatitic domains most likelthermodynamically driver{43,49,50] This process entails the
transformation in a solution of poorlycrystallized nonstoichiometric hydroxyapatites toward
stoichiometric nanoparticles with an improweent of their crystallinity. As consequence, there is a
decreasdn the capacity to exchange ions or the adsorptiomligb[43].

. Non-apatitic
Hydroxyapatitic Hydrated
structure
layer
~ ARV EAN 2+
e Ca
Q;;;;;;;,;§:> HCOy
AERR OF AN
PSR HPO,™
Non-apatitic S ’ ; 4:::) Ca®"
Hydrated O H.PO:
|ayer ARARRRVARER RN 2 4
a) Hydroxyapatite nanoparticle b) Hydroxyapatite nanoparticle in solution

Figurel.3: (a) Pictural representation of a biomimetic hydroxyapatite nanoparticle. (b) interaction
with the surrounding media. Adapted from REf3].

Another determinant parameter with respect toydroxyapatitesranoparticles is their morpholgg

and the study of the different faces that thexposeto the media. Fortunately, th@reparation
methodologies of hydroxyapatites nanoparticles can be addressed to obtain different
morphologies,suchas needldike [51¢54] and platelike [55], among others. However, only the
second morphology has been found in bone tissUyé6¢58]. Prepared hydroxyapatites
nanoparticles showing any of these two morphologies crystallize into the hexagonal system showing

a predominant surface termination of the {010} type. As consequeneedlelike nanoparticles

lateral {010} facets are elongated due to the growth of the nanopartall@sgtheir crystallographic

c-axis. Instead of that, for platéke nanoparticles {010} facets are the basal facets, preferentially
grown through both the eand a (or b-) axig55,59] Regardinghese surfacedyydroxyapatitesan
besemast o0t 201 2F adl O]l SR f I & SABA! .T! 2uhEre2thie Khédicall KS
composition for A and B is §&BQ). and Ca(PQ)2(OH}, respectively. The importanaéthese {010}

facets reieson the fact that the crystalline growth can be interrupted in one of these layers., Thus
resulting these {010} facets mtthree possible types of surface terminations. First, the growith

the layersis not interrupted, so the face finish in the wholABA block, as consequence
stoichiometric naneHA {010} surface types are obtained. Second, the sequence can be interrupte

I & -ABAAB type, which giweorigin to a nonstoichiometric nanblA {010} facets, denoted as

(010) CNA OK®d ! yR TFAylIftfes (§KS ONE BABAABAALAofignatBNE & (i K
another nonstoichiometric nandlA {010} facets, named as (01BYich [60]. It has been reported

that these two nonstoichiometric surfaces-eaist together by Sato et al. and Ospina e{@i,62]
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Furthermore, it has been studied by theoretical calculous that the stoichioedA {010} surfaces

react spontaneously with water, which prodwgcthe generation of FOH and new G®H groups

2yi2 00KS ada2NFIF OSd ¢KIFG Ad Aa NBadz Ga[e8§dAnmnyY
detailed pictogram of all these types of {010} terminations is shiowWigurel.4.

Moreover, some studies made by HEM provided experimental evidence of the exposure of these
terminations[61,62] But in any case, it is not a trivial task to observe the really small differences,
since itis nd easy to obtain a proper orientation and stability of the nanoparticles under the
St SOGNRY o06SFY®dP C2NIdzylrdStex GKS AYyFNINBR aLIS
types of problemslndeed carbon monoxide has been usedegzrobe moleaile to study the Lewis
acidity of the C# cations located at the surface of the nahtA\[65], as well as the fluenceonthe

basic properties and the characteristics of surface hydroxyls groups of the-Hhanafter the
substitution of some cation as My[66]. Regarding this, it is very interesting the synergic
computationatlexperimental work developed by Chiatti et al. Since they presented a way to deeply
analyse adsorbed CO spectra that permit to evaluate the relative contribution of the different
terminations for the (001) and three types of {010} facets of the surface-h67]. Subsequently
extended by Sakhno et al. in a stuthat evaluatel the textural and surface features in natA by
infrared spectroscopic of probe molecules to evaluate how the presence of acetatesaiftiog
synthesis mediunf60].

stoichiometric

) e

uv :

4

Ca_Rich

Ca,(PO,),(CH), B

Cay(PO,), AR

Figurel.4: Upper part: side view of the sequence of Ax@&). and B) CAPQ)>(OH} layers in
the bulk structure of HA along the cressction perpendicular to the (010) surface. Bottom part:
Top view of the three possible (010) terminations. Figure adapted froneREf.
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1.3. HYDROXYAPATITES FUNCTIONALIZATION

One of the most useful, interesting, and exploited characteristics of the HAs is their structural
flexibility, which allows the incorporation or exchange of anions and/or cations with the surrounding
media leading to funabnalise the nanoparticles. All the present species in the structure are
susceptible to be exchanged €GgPQ)* and/or, OH). This ability allows a fine design of the HAs,
providing materials with specific chemical propertj68,69]

There are three different ways tiunctionalise HA nanoparticles. The first one is to include the
desired nonapatitic species at the beginning of the synthesis, together with the apatitic reagents
(from now on referredo as bulk substitution). The bulk substitution occurs in both, thiéband

the surface. Here, the replacing ions can occupy any position in the lattice. The second methodology
is accomplished once hydroxyapatites have been already prepared. In this procdurrelA
powder is suspended in a solution containing the interess from now on referredo as exchange
substitution). And finally, HAs can be used as support for different molecules of interest whether
organic, inorganior nanoparticles (i.e., HAs as suppd43].

Exchange substitutions are possible thanks todheve mentioned nonapatitic surface layer. Since

the non-apatitic surface layer is nestoichiometric, possegsa low crystallinity degree and its ions
are poorly bonded to the meral species. For these reasons, allowing ionic mobility and exchange
between its ions and the present species in the surrounding media. The superficial exchange of the
HAs nanopatrticles seems to be firmly correlated with the maturation stage, the caioposf the
hydroxyapatitesand the nature of the cationfgl3,70] The exchange substitution® not produce
significant modificatiosin the structural composition, as has been evinced from XRD patéerhs
hydroxyapatites stoichiometrf43,71] The exchange procedure is fast, and the equilibroam be
reached only imfew minutes. The exchanged materialge atable since it is not possible to remove
the exchanged species from the surfaces only by resuspending the powders in agueous solutions or
washing them. Nevertheless, the baekchange can be achieved by soaking the exchanged
materials in solutions containg calcium or phosphate ions, or even in presence of other minerals
ions ((C®?% or Mg?* or SF*). The maximum of adsorbed ions and their affimibnstantsare only
dependent on the nature of the ion$43,70¢72]. It seems that one of the important parameters in
the exchange procedure iké ionic radii of the species. In the case of cationic substitution, cations
with an ionic radio bigger than €40.099 nm) are easier exchanged than cations possessing atomic
radii similarto or smaller than C4[73]. Nonetheless, the hydroxyapatite ability to exchange species
seensto be firmly correlated with the composition of the hydrated layer and the maturation stage.
Thenon-apatitic hydrated layer decrease with the maturation time, as it does the ability to exchange
species with the solution. Thewre less amount of exchangeable species available. In contrast to
this, into bulk substitution, the substituted species cahme removed without destrayg the
structural entity[43,70,72]

1.3.1.SWBSTITUTION IN PHOSPHATE GROUPS

For the particular case of the (B®anions, the most common substituting species are@y and

(CQ)?%, which are substitutions naturally occurring in biological apafitdy Carbonates can occupy

two positions in the apatites lattice, substituting the phosphates groupty/gB carbonates) or
substituting the hydroxide groups {#pe carbonates). Alsgubstitution with silicate (SiKp or
sulphates (S£? have been studied. As can be observed, in these cases, there is a difference in the
charge number of the phosphate ions and substituting groups. The charge balance of the entire
structure must be rgsected, and the way to do it is through hydrogen vacancies. The elemental
formula of the HAs is illustrated asiGRQ)s(OH»»O« x> 0SAYy3I & € | KE&RNR3ISy
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substitutions with anions maintaining the charge valance are possible. For examplara et al.,
2006, all the phosphate groups were substituted by {#@nd the resulting material was used as a
catalyst in organic reactior{69,74,75]

1.3.2.SUBJITUTION IN CALCIUM ATOMS

With respect to calcium 2+ ions, a huge range of divalent species have been used to perform
substitutions, some of them are Mg, Sr, Mn, Fe, Co, Rh, Ni, Pd, Pt, Cu, Zn[&Sd, Wben the
substitutions are performed by exchange, the way to include the cation into the structure is
different anddepends exclusively on the cation nature. It has been reported that igrincipally
exchanged into the noapatitic domains, and it cannot substitute extensively calcium from the
apatitic structure. Therefore, Mgexchanged cations are always susdaptto be reexchanged if

the material is soaking in a solution containing other cations (89.Castead of that, It was also
reported that Sf*is a cation that can substitute calcium cations from the apatitic structure as a
consequence of the ageirfgven if an exchange substitution is performed). So, as a consequence of
maturation time, a certain amount of Biions get incorporated into the apatitic domains, and they
cannot be removed from the apatite structure without destroying the crystal. Taisour is
similar to those happening in the bulk substitutiof®3,70] The calcium cations can be also
substituted by cations with a positive charge different from 2+. Some authors have achieved the
caldum substitution by silver (Ap Also, it has been reported the incorporation of*Eations. In

this case, the authors reported that the substitution of°Chy Tf* is possible, but at Ti
concentrations lower than 0.1 M, because at concentrationsdrighan 0.1 M it starts to appear
amorphous phase€§4]. Moreover, attempts to incorporate rare earths into the structure have been
done. But they have not been successfully achieved. These are the case¥ ford RS cations,
where instead of getting a substitution of the®€aations, it was appreciated the formation of new
amorphous phosphates phases rich in La or Ru on the surface of the apatites together with the
apatitic phases. This also produces a partial dissm of the HAs in the aqueous solution with the
consequent release of phosphates and calcium ions in the sol[@&]n

1.3.3.SUBJITUTION IN HYDRQ>GROUPS

OH groups normally are substituted by halogens, especialtyr @en most often KFHAS, principal
components of the human teeth). Batso, can be substituted by carbonates (TAfpearbonates),
as naturally occur in biological hydroxyapatites.

In general conclusion, it may be said that all these substitutions affect the different lattice
parameters, crystal morphology, crystallinity lidaility, and thermal stability of hydroxyapatites.
Specifically, it is possible to observe that substitution procedures principally depend on the nature
of the specie of interest. So, it is difficult to predict if the substitution will be achieved omandt,

how it will affect the hydroxyapatites structuf@4].

1.3.4.ADSORPTION ON HYDROXYAPATITES SBRFACE

The last functionalization type of hydroxyapatites is the adsorption of different species on their
surfaces. In this case, the species are not incorporated into the hydroxyapatitegure but
adsorbed on their surfaces by complexation. Therefore, hydroxyapatites are acting as support for
different phases in this type of functionalization. The adsorption effectiveness depends on the
intrinsic characteristics of the cations, buetmechanism ruling the adsorption is not still clear. One
hypothesis is based on Lewis acigiggsicity of hydroxyapatites surfaces. Since @td (PQ)* are

hard Lewis bases in hydroxyapatites, adsorption of hard Lewis acid might be more effectiverAnoth
important factor seems to be the cations electronegativity, being more effective the adsorption of
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cations with higher electronegativity since it facilitates surface complexation reactions. The
hydroxyapatites can adsorb a huge range of species oniosheaces. It is possible to perform the
adsorption of metal ions, metal nanoparticles, organic molecules, and/or proteins. So, as can be
appreciated, the versatility of hydroxyapatites is enormous; this fact permits their use in a whole
range of differat applications, as will be discussed beld8].

1.3.5.HYDROXYAPATITES AS SUPPORT FOR METAL NANOPARTICLES

Hydroxyapatites nanoparticles have also been explored as support for different metal nanoparticles.
Normally, the use of hydroxyapatites as support is aimedatalytic applications. The principal
advantage®f the use of hydroxyapatites assupport arerelatedto their environmentally friendly
characteristics and their biocompatibility. Therefore, is possible to obtain more environmentally
friendly catalysts and in some cases also more biocompatible. Moreover, in@eghgible amount

of cases, their se as support for metal nanoparticles in catalysis brings better results than other
traditional supports. As a consequence of their reactive surfadesh can assists actively in the
catalytic process through their acidic and basic centres. Furthermbesuse of hydroxyapatites
from natural sources as support means saving with respect to other synthetic catalysts, and a
renewable mode of supporting metal nanoparticles. The metal nanoparticles are supported by
linkage with the OHand (P@)* groups, whib are acting as binding groups. Different types of metal
nanoparticles have been supportedasedon their future applications. For example, gold and
ruthenium for their use in water gas shift reaction or platinum with a huge range of diverse
applications.In any case, more types of supported nanoparticles and their applications will be
further presented in the application sectioh.5.4 [73,76,77]

1.4. GENERAL OVERVIEW ON HYDROXYAPATITES PREPARATI
METHODS

The increasing interest in the preparation of hydroxyapatites nanoparticles has brought the
devdopment of several preparation procedures. Each methodology has its special conditions, which
result in hydroxyapatites nanoparticles possessing different characteristics. The preparation
methodologies have been developed to exert an accurate control eictiistal growth. Since the
principal characteristics of nanosized hydroxyapatites are strongly influenced by morphology and
particle dimensions. Stoichiometry, crystallographic structure, and phase purity are important too.
But the last ones are more relant for micre than for nanostructure. Consequently,
hydroxyapatites nanoparticles possessing different characteristics mean hydroxyapatites with
different mechanical properties, biocompatibility, bioactivity, specific surface area, and surface
chemistry. Therefore, it is possible to address the hydroxyapatites nanoparticles applications
through their preparation specific conditions. Hereafter, the principal hydroxyapatites preparation
methods are briefly presented putting more emphasis on the wet methaisce it is the
methodology employed for the preparation of the nanoparticles presented in this manuscript
[38,69,78]

1.4.1.DRY METHODS

Dry methods are employed when wellystallized stoichiometric hydroxyapatites are desired. No
solvents are used in this methodology. To perform the preparation, the powders of the precursors
must be carefully and homogeneously mixed. Then, the mixtursulsmitted to a thermal
treatment. Variation relies on used precursors, heating temperature, and/or environmental
conditions[38,78]
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1.4.2.WET METHODS

They are the most used methods, because of their simplicity and high yield. Moreover, it is possible
to exert a fine tune of hydroxyapi#es structure, morphology, and texture. Obtained
hydroxyapatites can be poorly crystalline and ionic substituted. But other phosphate phases might
appear together with hydroxyapatites. Wet methods are really versatile since they can be carried
out in different solvents (aqueous or organic), employ different reagents (even using additives in
some cases), can be performed at different temperatures, and finally, at different atmospheric
conditions; in the sense of pressure (atmospheric or high pressurespngposition (inert or air
atmosphere). It is possible to distinguish four different preparation methodologies in the wet
methods.

Coprecipitation methods:lt is a simple methodologyat consissin the reaction of a phosphorus
phase (phase containing (P® ions) with a calcium phase (phase containing*ations) in
presence of other additives, like an acid or a base to cottieopH. A huge number of reagents can

be used as precursspof the calcium and phosphorus phases. Also, the reaction conditan be
variable, wih pH values ranging from 3 to 12, or temperatures varying from room temperature
boiling water temperatures. This methodology can be also performed in the presence of templates.

Solgel methods:lt is a methodology performed undeof-chemistry conditions i.emainlylower
temperaturesthan the conventional procedures. Mineralization occurs from precursors in solution,
which are normally organometallic reagents the first stage it produces the hydrolysis of
precursors and thedrmation of micelles around templates, in aqueous or organic phases. Then the
polycondensation of these speciescursthrough the formation of a thre@limensional inorganic
network. In solgel methods, if certain parameters are not taken under contras, @ppearance of
different phases, like CaO, £80;, Ca(PQ)., and CaC&@might happen.

Emulsion methods:This method is useful, simple, and efficient for the production of Rano
structured hydroxyapatites powder. The methodology permits accurate control of morphology and
grain size distribution. Different calcium aptlosphatesources can be employed, beirfgetmost
common Ca(Ng¢). and BPQ. Also, a huge batch of surfactants is available. The more important
parameterswith respect to these methods arthe type of surfactans, the ratio of aqueous and
organic phaseshe pH, andthe temperature.

Hydrolysis methodsThe preparation protocdbllowstwo steps: dissolution of the precursors and
subsequent precipitation. Many calcium orthophosphates can be used as precursors, but the most
common are octacalcium phosphates, dicalcium phosphate dihgdaaid tricalcium phosphate.

The precursor dissolution step is strongly dependamthe pH and temperature in the media.

Hydrothermal methodsResulting hydroxyapatitesxhibit a moderate degree stoichiomety and

high crystalliity. This process pernstcontrol over morphology, porosity, and crystal sizes. The
preparation procedure is carried out in water, organic solvents, or a mixture of water/organic
solvents. The reaction medium is isolated from the environment. Reaction conditions include
temperatures and pressures higher than atmospheric. Frequently, this procedure is combined with
other methods, like cgrecipitation or solgel protocolq38,78]

1.4.3.ALTERNATIVE ENERGY INPUT METHODS
They are normally combined with other conventional methodologies.

Microwave (MW)-assisted methodsit produces hydroxyapatites perfectly crystalline, and greatly
homogeneous iparticlesize, morphology, and porosity.
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Balkmilling method (or mechanochemical processYhey arevery useful method for the
production of hydroxyapaties at a large scale. Also, it has thadvantageof being simple and
reproducible. The different adjustable parameters oésamethods are the type of precursors, the
type of atmosphere, the milling medium, the diameter of the milling balls, the posiaiall mass
ratio, the duration of the milling steps and interval pauses, and the rotational speed.

Sonochemical methodsthe eactiorsare activated by ultrasound energetic radiation. The method
permits to exert a perfect control over porosity, morphologgnd size (being this always
nanometric)[38,78]

1.4.4.OTHER METHODS

There are two methodologies specialized in the preparations of biomimetic hydroxyapatites,
combustion (and/or pyrolysis), or spray pyrolysis. Combustion methods are performed in an
agueous phase between HAs precursangl a suitable organic fuel (glycerine, sucrose, citric acid,
succinic acid, etc.). Therefore, the produced reaction is exothermic andustHining redox.
Instead of that, in the pyrolysis, the liquid reagents are evaporated, and then, the solutitims of
precursors are sprayed in a flame or hot zone of an electric furnace using an ultrasonic generator
[38,78]

1.5. APPLICATIONS OF HYDROXYAPATITES

Hydroxyapatites application fields are extensive and totally different between them. They are
incredibly versatile materials thanks todin inherent properties. Hydroxyapatites can be used in
the biomedical field thank to their intrinsic biocompatibility. But, thanks to their structural flexibility,
exchange, and/or adsorption ability; hydroxyapatites have also shown remarkably interesting
applications in totally different fields like agriculture, pollution remediation, heterogeneous
catalysts, etc. For that reason, it is not possible to collect all their applications in this dissertation.
Therefore, only the definition of some concepts wahifacilitate the understanding of these
materials, and some of the most relevant applications will be briefly described here.

1.5.1.BIOLOGICAL IMPORTANCE OF HYDROXYAPATITES IN HUMAN BONE!

Human body is constituted by different calcified tissues, which in turn are principally constituted by
calcium orthophosphates. The composition of each calcified tissue is different between them. All
inorganic phases of adult human calcified tissues amansarized inTable 1.2 showing their
differences in composition and structural parameters.

Between all the human calcified tissues, the bones are thentapresent. Great efforts have been
done to understand their formation and fundamental biological role at a molecular IBeek is a
complex composite material constitudleby both inorganic and organic compoundaorganic
compounds are predominant,ging the ratio of inorganic to organics of approximatelyZB86 in
weight and 6536% in volume. Bone inorganic phase is principally constituted by biological
hydroxyapatites. On the other hand, the organic matrix is constituted principally by collagen, but
there are other important biological moleculdsat play a key role in hydroxyapatites development,
like citrates or carbonate$3,79¢83].
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Tablel.2: Comparative composition and structural parameters of inorganic phases of adult human
calcified tissues

Composition, wt% Enamel Dentin Cementum Bone HA
Calciunt 36.5 35.1 c 34.8 39.6
Phosphorus (as P) 17.7 16.9 C 15.2 18.5
Ca/P (molar ratio} 1.63 1.61 C 1.71 1.67
Sodiun? 0.5 0.6 c 0.9 -
Magnesiun? 0.44 1.23 C 0.72 -
Potassiunt 0.08 0.05 c 0.03 -
Carbonate (as G®) P 3.5 5.6 c 7.4 -
Fluoride? 0.01 0.06 c 0.03 -
Chloride? 0.30 0.01 c 0.13 -
Pyrophosphate (as;@*)?  0.022 0.10 c 0.07 -
Total inorganié 97 70 50 65 100
Total organi® 1.5 20 35 25 -
WaterP 1.5 10 15 10 -
Crystallographic properties: Lattice parameters (+0.003 A)
a-axis, A 9.441 9.421 c 9.41 9.430
c-axis, A 6.880 6.887 c 6.89 6.891
Crystallinity index, (HA = 10( 70-75 3337 C 3337 100
Typical crystal sizes (nm) 100 um x50 x50 35x25 ¢ 50 x25 x 200600
x4 4
Ignition products (800 °C) i -TCP + HA i-TCP+ i-TCP +H/HA+ HA
HA CaO
Elastic modulus (GPa) 80 15 C 0.34 10
13.8
Tensile strength (MPa) 10 100 C 150 100

a Ashed sample$,unashed samples, arfdvalues were not found in the literature, they should be
similarto those for dentin

Bones are connective tissues. They are found in vertebrate animals composing the mineralised parts
of them. Bones are porous materials hierarchically organized. They are relatively hard and
lightweight, with reasonably high compressive strength but lowstienstrength. But also, they are
basically fragile. Bones develop their functiatsoth, macroscopic and nanoscopic levél$.a
macroscopic level, they act as support for body structures, keep safe internal organs, and aid the
movement together with te musclesOn thenanometric scale, they participate in cell formation,
calcium metabolispand storeof body minerals.

Regarding their structure, bones, as all living tissues, are organized into a strong hierarchical
structure which is normally differergted into 7 levels of organizatiofigurel.5) [3,81,9(;93,8%;
89].
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Figurel.5:The seven hierarchical levels of bones organization. Figure reprinted frof®#&ef.
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Moving from macroscopic levels to nanoscale dimensions. The first two levels cothgrisbole
skeleton and different bones, which are levéland 6, respectively. There are two types of bones,
woven and lamellar. Woven bones are formedkra first stage during growth or repair. Their fibres

are alignedrandomly, and for that they possess low strength. During bone growth, woven bones
are normally replaced by lamellar bones. On the contrary, lamellar bones are much stronger
because their fibres are patal arranged. Lamellar bones are the resulttié normal ageing
process in the human body. Moreover, bones are compasgdao types of osseus tissues called

the first cortical or compact bone, and the second cancellous, spongy, or trabecular bone.c€ompa
bone has a relativg high density, and for that, a low surface area. It composes large portions of the
skeletal mass, and it is found externally surrounding trabecular bone. On the contrary, trabecular
bone constitutes smaller parts of the skeletonhés an internal porous structure arranged like a
network, with variable density, and relatively high surface ar§®24,89,90,93,95,96,%9
83,85,86,88]3]. Both types of ossris tissues are constituted by a porous structure, \pitie sizes
ranging from 1 to 100 pm in compact bone, and from 200 to 400 um in trabebate. In the
specificcase of trabecular bone, the 58 % of the pores are connected between them. The
macroscopic structure of bones and osss tissues is represented figurel.6 [3,97].

The next following steps are lamellar (level 5), fibril array pattern (level 4), and fibril array. These
levels are aamicrometric scale. Lamellar are bone layer8-@fmicrons thick (level 5). These layers
are concentrically arranged around the-salled central haversian or osteonic canal (central canal
of the bones containing nerves and blood vessels) (level 4).

Finally at a nanoscale level, bones are constitutgdtype | collagen molecules conforming a triple
helix and bio hydroxyapatites nanocrystals (level 1). Collagen tripleebedre arranged together
giving rise to mineralised collagen fibrils (level 2) which are specifically oriented between them (level
3).

Collagen triple hetes are interacting between them through their elongated axes and thus
producing the collagen fibrils. The periodicity of a collagen fibrils block is ca. 67 nm. Between one
collagen fibril block and the next onhere is a gap ofa 3540 nm, which is the place where bio
hydroxyapatites are place®,57,85,86,98 Biological hydroxyapatites crystals show a platélet
morphology (elongated through their crystallographiaxis), with a really thin and notably uniform
thickness of 24 nm. Bio hydroxyapatites crystals are parallel oriented between them. Tiness,
interact directly with the collagen fibrils through their elongated directi§®86,99,100]
Nevertheless, there is not yet a well understanding between the interface interaction of collagen
with bio-hydroxyapatite crystals, iis thought that citrates develop a key role mediating in the
interaction[3,57] It is not known neither why the bibydroxyapatite crywls show a platelelike
morphology[3,79,90,101,102,883,85,86,88,89]

Biological hydroxyapatites are not pureda perfectly stoichiometric hydroxyapatites. Biological
hydroxyapatites are ionic substituted calcium deficient hydroxyapatites (COB3A)3,104]
Therefore, they are poorly crystalline and sha high specific surface area. They are -non
stoichiometric, since they are substituted by biological ionic species likeN\#, F, Cl and/or
(CQ)~.
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Some preparation methodologies have been directed to obtain hydmedyies nanoparticles
mimicking the structure, morphology, and principal characteristics of human bone hydroxyapatites.
These types of bimimicking hydroxyapatites were developed to be firstly used in related
applications in the human bones to treat difémt diseases and/or injuries. One of the most
extended uses of biomimetics hydroxyapatites is in bone reparation as bone grafts or implants.

The firstin vivostudies of nanenydroxyapatites as implants dated frattme 1990s either alon@n

their own or together with organic molecules as biocomposites. Hydroxyapatites in a micrometric
size have been employed for 30 years in dentisirthopaedics and surgery, due to their inherent
biocompatibility. But, nowadays, th&m to the development of nanotechnology and the
enhancement that brings the nanometric size to materials properties, the interest in-nano
hydroxyapatites has increased. Hydroxyapatites at a nanometric size show improvements in sense
of sinterability, dendication, and better bioactivity than rough crystals. For these reasons,-nano
hydroxyapatites have become an excellent choice for-ssting bone cement. Moreover, they
have shown good results in repiaig bone defects, as drug delivens, and as implast In fact, the
current use of nandnydroxyapatites as bone grafts is not intended only to replace lacking bones,
but also, they are intended to be osteoconductismce, in this way, grafts can direct bone growth

by acting as scaffoldgl3,94]

There are two principal ways to use nahgdroxyapatites materials in bone repair:

(a) Nanohydroxyapatites can be used in powder form as filling materials in biocomposites and
hybrid materials to transnmibiocompatibility.

(b) Nanohydroxyapatites can be used alone as dense compacts or porous scaffolds. Since they
possess enough mechanical properties.

The application list for narbydroxyapatites is pretty huge. For that reason, here | will only present
briefly some of the most common and recent examples that are employed nowadays. - Nano
hydroxyapatites can be also used in different application fields. Indeed, they have been used in
sports medicine, trauma, and orthopaedics due to their ability to remodel imiman bones with

time. As is the case of Nan®¥&€one void filler developed by Angstrom Medica. Another example

is Ostim®, which is a reatly-use injectable paste used in metaphyseal fractures, periprosthetic
fractures during hip prosthesis exchange cg®ns, and/or filling cages in spinal column surgery,
among others. Also, there are materials mimicking bones nanostructure, as is the case of the
nanosized H&ollagen biocomposites developed by €ual. The interesting characteristic of these
materids is that after implantation they can be incorporated into bone metabolism. Additionally, it
is possible to find the combination of these Jdéllagen materials in combination with polymer.
Thus, they are producing a porous 3D nanocomposite mimicking baaterial which can be
employed as a matrix for tissue engineering of boj@gs105,106]

Nevertheless, synthetic biapatites are too stiff and brittle to be used in lchdaring applications,

and for that, their use in this aspect is quite limited. To solve this problem, biological friendly metals
are used (cobalthromium alloys, titanium and its alloys, and others). Normally these metals are
coated with bieinspiredapatites materials in order to improve their biological properties in their
uses as implants. Finally, synthetic -bjpatites have been used as coating materials to induce
surface bioactivity in other materials like glasses and polyri®iis

Another of the most exploited uses of bioinspired namaroxyapatites is together with bore
related cellsBonerelated cells are principally osteoblasts and ostestslaThe importance of these
cells relies on the fact that they play a key role in the physiological formation of calcified tissues. It
has been demonstrated that the use of nahgdroxyapatites can improve the structural
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biomimicity and osteoconductivityNanosized HAolyamide biocomposites scaffolds have been
employed to study the adhesion, proliferation, and differentiation of mesenchymal stem cells.
Thesebiocompositematerials showed good biocompatibility and extensive osteoconductivity with
host bonein vitro and in vivo. Therefore, nanosized -pdlyamide scaffolds demonstrated their
potential use inorthopaedic reconstructive, and maxillofacial surgery. Nanosized hydroxyapatites
have also showan improvement in cell attachment and mineralizationvigo. Thus, it suggests

that these materials possess really good bioactivity, making them excellent candidates for clinical
use. Moreover, it has been studied the effects of these materials in terms of crystallinipastnde

size on boneelated cells The cell culture experiments proved the improvement in the cytophilicity

of the nanophase HAs in comparison with submiesaed HAs. Nonetheless, for bamenour cells
happened the opposite phenomenon. The daipatites showed a great ability to preventll
proliferation in some cancecell lines when the particle size decreases. The effects of the
crystallinity were performed between HAs nanoparticles and ACP nanosized, both possessing the
same particle size distribution. The experimental results show#tht the crystalline HAs
nanoparticles are a better substrate for Marrow mesenchymal stem cells (MSCs) th§@dACP

1.5.2.BIOMEDICAAPPLICATIONS

In spite of the boneelated applications commented in the previous subsection, rano
hydroxyapatites have been also tested for other types of medical applications. Here we present a
brief resume of their most remarkable uses in this field.

Naro-hydroxyapatites can act as secure environment for loaded drugs by adsorption, protecting
them from degradation during the process of penetration inglieecell membrane and performing

a controlled release athe drugs.For exampletwo hydroxyapatiteswith different morphologies

were studied for the uptake and liberation of a typical anflammatory drug such as ibuprofen,
showing really promising resulf$07]. They have been also studied for the adsorption of sodium
ampicillin or vancomycif108,109] Furthermore, calcium phosphates have shown promising results
as gene delivery systems. In this case, their best advantageeis ghfety improvement in
comparison with other conventional carriers. In this applicatigrdrbxyapatites have been proven

as nonviral vectors to transfer foreign nucleic acids (DNA or RNA) into nuclei of living cells
(transfection), since nucleic acidannot penetrate the cell walls by themselves. Transfection is
done with the objective of repaimg missing cell functions angroviding means to enhance or
silence gene expression. Moreover, HAs nanoparticles can be used also as adjuvants to enhance
vacenes since they can selectively stimulate immunoregulatory respori9d$. Finally,
hydroxyapatite materials can also act as carriers for proteingshas been studied for the particular
case of bovine serum albumin and lysozymt0g112].

Taking advantage of the great hydroxyapatites ability to incorporate different substituents in their
structure. They have been used to host radioisotopes. dtiieen studied the in situ immobilization
of strontium into the hydroxyapatites structufé13].

Cancer treatment. One of the most remarkable and newly uses of hydroxyapatites has been in the
treatment of human lung carcinoma. In this study, hydroxyapatites doped with thallium and
selenium were used. It is remarkable that the use of thallium is forbidden due to its toxicity.
However, it has been demonstrated that its use together with a hydroxyapatiteixnaduces its
toxicity and maintains its anticancer activjiyl4].

The use of nanocrystalline materials as carriers for drugs improves the addressed of the material
inside the body. Thatgrmits to kill the cancer cells more efficiently. Hydroxyapatite surfaces can
be also modified to permit the support of drugs without affinity to their surfaces. One example of
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that is the modification of hydroxyapatites surfaces with polyethylene glyodl falic acid to
support paclitaxel (an anticancer compound). The modifiedace hydroxyapatites show a higher
anticancer activity than paclitaxel acting only by it$&f5].

Drugs can be also directly adsorbed onto the hydroxyapatites surfaces. In one study the anticancer
drugs  cisdiamminedichloroplatinum(ll), di(ethylenediamineplatinum)medronate, and
bisphosphonate alendronate were adsorbed onto the surface of two poorly crystalline
hydroxyapatites possessing needilee or platelike morphologies. In this study, the nano
hydroxygatites demonstrated to be a promising material for the adsorption and release of the
different drugs. The study also demonstrates the possibility to tailor the hydroxyapatites properties
to obtain nanematerials with specific therapeutic applicatiofisl6]. Nanchydroxyapatites have

also show their healing abilities. They have shown apoptotic action and inhibiting effecta for
hepatoma cell lineleukaemiaP388 cellsand rat macrophagel®4].

The homologous partner of the hydroxyapatites but present in dentin and enaanel,the
fluorapatites. These materials have been vastly emplagetie dentistry field. The most extended
applicatiors are related to caries treatment, using nanrfluorapatitesas filler to repair damaged
enamel. But also, they can be used as apatiding toothpaste or in mouth rinse to promote
partial remineralization of damagleenamel and with whitening effec{94].

In summary, hydroxyapatites their related compounds, possess a great versatility thanks to their
biocompatibility and their easily tuneable physicbemical properties. Also, their great versatility
relies on their different morphologies, degree of crystallinity, substituent, aiffe species
adsorbed, or different functionalization of the surfaces.

1.5.3.ENVIRONMENTAL REMEDIATION

Nanchydroxyapatites have been successfully employed for environmental remediation, being
considered environmentalifriendly materials. Because naifydroxyapatites are notoxic and
biocompatible. But more important regarding this field is that they banobtained from natural
sources, even from waste. Hydroxyapatites can be extracted from animal wastes like fish or chicken
bones, fish scales, eggshells, and mussel sidiithese natural materials are considered important
bioresources for the produain of hydroxyapatites. Nevertheless, there is a problem associated
with hydroxyapatites obtained from natural sources. In comparison with synthetic hydroxyapatites,
natural sources of hydroxyapatites possess lower purity, less specific surface area,hagid a
content of substituents associated with a deficiency of calcium. Therefore, natural sources of
hydroxyapatites show worse adsorption capabilities. As consequence, their efficiency in
environmental remediation applications is lower than for synthetidioxyapatites. However, this
problem can be solved by submitting the natural sources of hydroxyapatites to-aegatenent of
purification, addressed to the obtaining of a pure hydroxyapatite phase. This purification procedure
will improve natural sourcefiydroxyapatites efficiency up to the level of synthetic ones. The
importance of natural sources of hydroxyapatites and the reason to perform this purification
process, rely on their low cost and especially in the reason that using these natural sources of
hydroxyapatites involves an active participation in the global waste management pi@&gss

Nanohydroxyapatites are showing direct applications in this field as adsoslb@ntvastewater and

solid treatment. Their profitable use in environmahtemediation is thanks to their inherent
characteristics: no#toxic nature, inexpensive and readilyadable, high adsorption capacity and
low water solubility, and high stability under reducing and oxidizing conditiongarticular they

have shown great characteristics in the removal of metals by immobilizing them into their structure
(Cr, Pb, Cd, NZn, Al, Cu, Fe, Co, Mn, Fe, among otH&&)
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Hydroxyapatite materials have been also used for the treatment of nuclearesaas permeable
reactive barriers (PRBs). Hydroxyapatites are able to immobilise nuclear wastes whether by an
adsorption process or by a chemical reaction. Important is thatretention process must be
irreversible. In that sense, hydroxyapatites haveyen excellent results in the adsorption of some
radionuclides as U, Cs, Sr, I, Np. Am,d?uCo. Indeed, hydroxyapatites have shown a better
effectivity in the removal of U compared with granulated activated cafddi7].

Moreover, also regarding the hydroxyapatites properties being excellent adsorbent materials, they
have demonstrated good results in the removal of inorganics or organics compounds. Inorganic
elements regarding their tdkOA G & I NB y2NXIFffe& yIFYSR aiN} OS
properties at really low concentrations in the human body but becoming hazardous at middle or
higher levels. This is the case of fluoride which can be entrapped into the hydroxyapatittarstr
Hydroxyapatites have been proven to be the most effective material “iadBorption in a
comparative study using hydroxyapatites, Fluorspar, quartz activated using ferric ions, calcite, and
guartz. Furthermore, hydroxyapatites have the ability ttsarb selenium (in their common anion
selenite (Se€¥)). Regarding the organic compounds, HAs have demonstrated their efficiency in the
removal of toxic dyes from contaminated water, whether using synthetic or natural soofces
hydroxyapatites. Hydroxyapites have also shown their effectiressin the adsorption of fulvic

acid (FA) from consumable water, demonstrating better results tbhanventionallyreported
adsorbents. Finally, they have been proved as excellent adsorbents for other organic psbutant

as nitrobenzene or phen¢¥3,118;120].

1.5.4. APPLICATIONS IN CATALYSIS

The importance of heterogeneous catalysis is s@sthblished and recogred in many different
fields. The use of heterogeneous catalysts is rapidly increasing due to the environmentally friendly
characteristics of many of the catalysts. In any case, the principal characteristics that should possess
a material to be used as ateeogeneous catalyst are elevated activity, great selectivity, and robust
stability. In this sense, hydroxyapatites have demonstrated to be an excellent choice to be employed
as heterogeneous catalysts. Indeed, during the last years, hydroxyapatitestting ga increased
interest as one of the new families of heterogeneous catalysts. One of the most practical
characteristics of their use as heterogeneous catalysts is the facility to address their properties
through their preparation procedures. Thatstpossible due to their intrinsic characteristics which
permit hydroxyapatites to form solid solutions with other materials, exchange ions with the
surrounding media, and/or adsorb different materials on their surfaces. As a consequence,
hydroxyapatites dalytic versatility is as big as the different possible combinations that they can
establish with other materials, plus their use by themselves. Therefore, the application list of
hydroxyapatites as catalysts is huge. The intention of this dissertatioati®d enumerate all of

them since they can be easily found in the literature. Thus, only a general view will be provided,
together with the exposition of some interesting concepts directly related to the use of
hydroxyapatites as catalyst38].

t is wellestablished that one of the crucial factors of solid cataystheir acidbaseproperties. The
factors ruling the activity and selectivity of many catalytic reactions, whether in-besd
transformations or redox reactions, are the number and strength of the-lbag® sites of the
catalysts. Considering this, nahgdroxyapatites a excellent candidates to perform these types

of reactions, since they possessstheir surface both, acid and basic centres closely located. The
number of acidor basic centres in the hydroxyapatites structure is firmly related to the Ca/P atomic
ratio in the nanomaterial. For that reason, it is possible to design hydroxyapatite catalysts with the
desired amount of acidic or basic groups through the synthesis methodologies. High values of Ca/P
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ratio, results in materials witl lower amount of acid sitegnd thus higher is the density of basic
sites. Stoichiometric hydroxyapatites (Ca/P = 1.67) possess a predominantlybbhamiour
Therefore, wherthe Ca/P ratio is ranged between 18067, hydroxyapatites can perform both
acidc and basic functions.his behaviouris relatedto the acidc or basic nature of the species i.e.,
Bronsted or Lewis acidity/basicity. Hydroxyapatites possess both, Bronsteds{HR6d Lewis
(C&*and OHvacancies) acid sites at the surface. That is the reason why spéttidess amount

of C&* cations possess lower acidity, because the presence of JHg@ups or OHvacanciesre

more abundant at the surface, as is evidencedFigure 1.7. Moreover, hydroxyapatites can
participate in oxidation or reduction reactisnAlso in redox reactions, the present species at the
hydroxyapatites surface can actively participate assisting the reaction. In the case of oxidation
reaction,hydroxyapatiteacidic centres play a key role. The presence at the surface oftgfpdips

and surface cationic vacancies are responsile¢he activation for adsorbed oxygen. Cationic
vacancies can facilitate an electrophilic attamkthe adsorbed oxygen thank to their ability to
entrap electrons. Instead of that, for reduction reaction hydrapatites basic groups are
determinans. In many reduction reactiondydroxyapatites are used as support for metals or
nanoparticles. Hydroxyapatites improve the dispersion of the active phase adsorbed on them, which
resultsin an enhancement of the cataiy activity[73,121,122]
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Figurel.7: Schematic representation showing the presence of Lewis and Bronsted acid centres at
the surface of hydroxyapatite nanopatrticles (epresensthe OH vacancies). Figure adapted
from Ref.[121].

The nanehydroxyapatites can be employed in catalysis whether by themesebrby forming solid
solutions. In this sensdydroxyapatites have been used as acid/base heterogeneous catalysts in
biodiesel production. Hydroxyapatites derived from waste natural sources exhibit a great catalytic
activity with good biodiesel production and recyclability. They can be also usduefoxidation of
volatile organic compounds (VOCs). VOCs are a type of air pollngamhay be removed by their

total oxidation assisted by catalysts. For examipléhe oxidation of formaldehyde, hydroxyapatites
have shown a conversion rate of 45%, asllghtly lower than the traditional metal catalysts Pd (3

g ("> 0-AL®s which is ca. 57 %. But hydroxyapatite catalyst is more stable with time, suffering the
RSONBIFasS Ay GKSANI OF O f & ( AApCs| HYdioky@patited hasief bBeg S NJ 1
employed in the oxidation of other VOC:s like toluene, ethyl acetatd isepropanot producing in

all the cases excellent results in their oxidation at-%00 °C. Moreover, hydroxyapatites calcium
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deficient proved good results in the decompositioncbiorinated organic compounds at 4800
°C, like trichloroethylene or chlorobenzene, whereghcalcium deficient hydroxyapatites are also
able to entrap Cl species from the reaction mediui,123]

Another use of the hydroxyapatites is in the field of photocatalysis. Hydroxyapatitesdawn
photocatalytic activity whether by themselves or doped with photocatalytic materials. In this
regard, nonrdoped single phase hydroxyapatites have proven their photocatalytic efficiency for dyes
elimination under UV irradiation. Hydroxyapatites calso photocatalge the decomposition of
2NBFyAO O2YLRdzyRa | a RAYSUK-héthyltestdstelaife\[R4].> 2 N.
Hydroxyapatites combined with other materials have been developed to achieve more specific
targets in this field. For exnple, composites materials of BiEAs, AgPQ amorphous Fe(IH)
substituted hydroxyapatite demonstrated good results in the photocatalysis of hazard organic
molecules like dyeld 25]. With the combination of these mattials, the obtained results were better
than the use of both materials separately. Other hydroxyapatiteased composite materials have
been used for the photodegradation of pharmaceutical products, like/FI& into the degradation

of pharmaceutical prducts or Zinc oxiddydroxyapatites for the photodegradation of antibiotics
[73,126,127]

Photocatalytic activity of hydroxyapatites has been tested in the removal of nitric oxides \@
pollutant effects othe nitric oxides it is thoroughly knawespecially the effects of nitric monoxide
(NO) and nitrogen dioxide (NOFor that reason, it is mandatory to find a way to remove them from
the atmosphere. Normally, titanium oxide (BE)®as been employed asphotocatalyst to achieve

this target. But Ti@presents considerable inconveniences which are low adsorption ability for
pollutants and high recombination of phoeioduced electrorhole pairs. But the combination of
TiQ and HAs, creating a Ti#BIAs compoge material has demonstrated a higher photocatalytic
activity than the constituent components acting separately. Thus, being this composite material a
great candidate for the removal of both NO and NTB3].

Another use for the combination of HAs with Ti©in the disinfection of water contaminated with
bacteria by photocatalysis. This case is equivalent to the previous one, the combination of both
materials enhanced the photocatalytic activity. Also, the excellent adsorption properties of the
hydroxyapaites play a key role. Since HAs can adsorb the bacteria on their suf&¢es

Furthermore, hydroxyapatite can be used in caséd acting as support or containing foreign species

in their structure Hydroxyapatites have been largely employed as support of other active phases
taking advantage of their textural and structural characteristics. The most important
hydroxyapatites chacteristics for these applications are their modulable dwade properties
(which sometimes can also participate the reactions process together with the supported
material), or their relatively high specific surface area. It is also important tiatuse of
hydroxyapatites as support, normally result in a high dispersion of the supported materials. All these
characteristics are associated with an improvement of the catalytic acféaty 3]

For example, hydroxyapatites can be used in oxidation reasttombined with different active
phases. Pd nanoparticles supported on hydroxyapatites have been studiedihnethane oxidation
reaction, showing an equivalent catalyéictivityto the conventional Pd/AOs catalyst{128]. Cobalt
atoms supported on hydroxyapatites have been used to perform the oxidation of 1,2
dichloroethane and methanol, showing a higher catalytic activity thaa©{Ja29]. Finally, only to

give another example, hydroxyapatit@ave been also used as support for gold nanoparticles to
perform the oxidation of formaldehyde, or for the elimination @drbon monoxidg130]. On the

other hand, hydroxyapatites can be employed in reduction reactions. The most important use of
hydroxyapatiteswith respect to these studiesis in the reduction of NO Hydroxyapatites ensure

33



good dispersion of the active phes becoming therefore an improvement of the catalytic activity.
AgO nanoparticleshavebeen welldispersed on hydroxyapatites, and they have demonstrated an
improvement in DeNOX activity in comparison with other catalystsOAITiIQ, SiQ, ZrQ, TiG-
ZrQ, and Ga0s) [131]. Rhodium loaded on hydroxyapatites exhibited superior catalytic activity in
N>Os decomposition than the other support as@l TiQ, or SiQ [132].

Moreover, hydroxyapatites can be employed in hydrogen production. Hydrogen is a green and
sustainable energy carrier, reason why its storage and productemfaprime importance. One of

the ways to stoe hydrogen is in form of hydrides which can easily generatéyHa hydrolysis
reaction. It is important here the use of hydroxyapatites as catalysts support, thanks to their high
ion-exchange ability and laegsurface area. In this regarf@h or Pd supported on hydroxyapatites
have demonstrated the excellent use of hydroxyapatites as carriers, thanks to their higher
reusability, or their excellent results in the hydrolysis of ammditeane. The hydrogen carlalso
produced through methane conversion. Here, hydroxyapatites have demonstrated their higher
catalytic activity using a nickehllcium phosphate/hydroxyapatites against other nickel catalysts
(NiO/SiQ, NiO/ALOs-TiIG-CaO)73,133]

Last but not least, it is the use of hydroxyapatites taking advantage of dbéity to incorporate
foreign species into their structure. This is the case of hydroxyapatites substituting the)f (PO
groups by (V@?* anions to perform carboitarbon bondforming reactiong75]. Cobaltexchanged
hydroxyapatites have been employed tatalyzeoxidative dehydrogenations of-2utanol and
ethane [134]. Hydroxyapatites containing €uand C@* cations have been studiein the
dehydration of glycerol showing a good raiéreaction conversion and selectivif$35]. Finally,
regarding pure catalysis, exchanged hydroxyapatites with transition metals (Zn, Cu, Rh, Pd) have
been successfully ugkin GC and &N bond-forming reactions[136]. Finally, hydroxyapatite
prepared by ion exchange have been successfully employdte decomposition of NQoxides.
Concerningthis application, hydroxyapatites with a high dispersion of CuO particleheit
surfaces, but also containing €wations in their structure hae been employed for the NO
conversion137]. Exchanged hydroxyapatites with“Cand Fé*have been also studied in the NH
SCR reaction for the removal of N@here both magrials showed a good catalytic response but
were better in the case of irofiunctionalzed hydroxyapatite$138,139]
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2. MATERIALS AND METHODS

2.1. MATERIAL PREPARATION DETAILS

In the course of this work, different hydroxyapatites nanopatrticles were prepared. The preparation
procedures employed were aimed to obtain hydroxyapatitesssessing some general
characteristics: a nanometric size of the particles, a high specific surface area, and low crystallinity.
With the intention to obtain hydroxyapatites nanoparticles mimicking those that can be found in
the human body. However, thebtained hydroxyapatites were not only tested with biomedical
applications but also as potential catalysts or electrochemical sensors.

Four different batches of hydroxyapatites nanoparticles were preparée frst wasa batch of
non-functionalizedhydroxyapatites nanopatrticleprepared by ceprecipitation The condwasa
batch of hydroxyapatites nanoparticles containing coppegpared byionic exchange, thus the
copper incorporation was expected only at the surfaces of the matémigthis case, onefahe non
functionalized hydroxyapatites was used @sstine material to perform the exchangehd third
wasa batch of hydroxyapatites nanoparticles containing copgmérprepared byco-precipitation,

so the copper substitution was expected in both baiid surfacesFinally,n the fourth batch the
non-functionalized hydroxyapatites were used as support for the deposition of platinum
nanoparticles.

As can be appreciated, the principal methodology used for the preparation of the materiatowas
precipitation. Therefore, the common characteristics of this procedure for the preparation of the
different materials are explained next.

In the coprecipitation methodologieswo phases are needed to carry out the preparation. Fast
solution or dipersion containing the Cacations named as calcium phase. Second, another solution
containing the (P©)* anionsknownas phosphorous phase. Then, both phases are miiasualting

in the precipitation of the materialsSThe experimental setip can be tunedo obtain materials with
different characteristics by exerting a fine control of the following parameteedcium and
phosphorous phase compositions, mixing flux of both phases, pH of the phases or tthering
reaction, reaction temperature,and/or maturaion time, where the temperature can be also
controlled[1,2].

The processing procedure of the obtained powder was the same in all the cases. It was carried out
after the maturation time as folloa powders were recovered by centrifugation of the mother
liquor (4500 RPM, 5 min), washedth double distilled water three times, and finally, dried using a
freezedryer. Afterwards the obtained dry powder was ground and fractioned employing 75 pum
sieves.

2.1.1.PREPARATION  OFNONFUNCTIONALIZED HYDROXYAPATITES
NANOPARTICLES

Three different types of nofunctionalized hydroxyapatites previously described elsewHaré]
were prepared and used as control of the doped hydroxyapatites materials. The first two were
hydroxyapatites with different morphology and (010) surface terminations. They were labelled as
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HA_Ca_Rich and HA_P_Rich, in function of the composition of their (010) face (It will be later
explained in detail). The third one was hydroxyapatite containing citrates, and it was labelled as
HA_Cit.

The preparation procedure for the materials labellesildA _Ca_Rich and HA_P_Rvels designed

to obtain nanehydroxyapatites showing a predominant exposure of their {010} facksswas
explained in chapter oneséction1.2.1), these faces caterminate enriched in calcium (molecular
composition C&PQ)2(OH») or in phosphorous (molecular compositions0)2). Moreover, the
surface termination in this preparation protocoksulted in a different morphology of the
hydroxyapatite nanoparticles, being the morphologiesedle or platdike for (010) calcium or
phosphorus enriched, respectivellt was reported before by our groyg], that these materials
possess theif010) faces enriched tboth phosphorus and calcium. But the ratio of the presence of
these surfaces is different between therin summary we have two materials with different
morphologies and with a differerexposedsurface ratiowith respect to the capositionof their
(010) surfaces.The frst material wasdenominated as hydroxyapatites calcium enriched
(HA_Ca_Richit is showinga Carich/P-rich ratio of 1/1.4. The second material was nominated as
hydroxyapatites phosphorous enriche@HA_P_Rich) since its -@eh/P-rich ratio is 1/5. Th
morphology and surface terminatiorse represented inFigure2.1.

HA_Ca_Rich Ca-rich . HA_P_Rich
By ANy P-rich

g‘.'-.*.,d. PR LT PR P
\ 2 L;‘ o & ; 9 4 E y 'y&f;_g

- S

B

Ca-rich / P-Rich ratio
1:14 (1:5

Figure2.1: Schematic representation dfydroxyapatitenanoparticles morphology and their
surface terminatiorthroughtheir (010) surface in function of the @iah/P-rich ratio.Ref. [4].

Hereafter, the detailed preparation protoctdr each norfunctionalized hydroxyapatite materials
is discussed. A schematic representation of the preparation is shofigume2.2.

Hydroxyapatites (010%alcium enriched (HA_Ca_RicKalcium hydroxide (Ca(QBH) »x dp ®n 27z
and phosphoric acid @RQ, 80% pure) were purchased from SigAldrich and used without
further purification. All the solutions were prepared wittouble-distilled water. HA_Ca_Rich
preparation was performed following a protocol previously described by our gf{8lpThe
phosphorusphase (0.225 L) was composefch solution of HPQ (1.26 M), andhe calcium phase
(0.375 L) wamade of a suspension of Ca(@H).35 M). The phosphorus phase was added dropwise
over the calcium phase under vigorous stirring with a flux rate of 1 drop/second. The reaction
suspension was maturated under stirring for 24 hours The temperature was KkepiG K
throughout the preparation processhe initialpH of the Ca(OH)suspension was 12.8, which
decreasedo 12.6 afterthe HsPQy addition. After 24 hours of maturation, the recorded pH was 12.1.
Subsequently, the powders were submitted to the proceggprocedure.
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Hydroxyapatites (010) Phosphorous Rich (HA_P_Ri€l@icium acetatehemihydrate (Ca(Ac) -
0.5H0, highpurity gradg, sodium phosphate dibas({BlaaHPQ, 99+%, anhydrous andammonium
hydroxide (NHWOH volumetric standarfl were purchased from Sigr#ddrich and used without
further purification. All the solutions were prepared witlouble-distilled water. This preparation
protocol was adapted from a methodology previously developed by our gf@upA solution of
NaHPQ (0.21 M, 0.3 L) was added drop by drop over a Cagdd)tion (0.35 M, 0.3 L) previously
adjusted to pH 10 with NdOH.ThepH was kept at 10 adding MBH when necessary during the
procedure. After theaddition of NaHPQ, the suspension was left under stirring for 24 hours at
room temperature. Finally, the powders were submitted to the processing procedure.

Hydroxyapatites with citrates (HA_Cit)Calcium chloride dihydrateCaG> | y K& R NP dza
sodum citratetribasic dihydratgNas(Cit)-2 BO), 99% purg sodium phosphate dibas{®aHPQ,

99+% anhydroyssodium carbonateNaCQ> ¢ tp @ p:73 ), anghigdoRhidBcdEHCI37%
analytical reagentwere purchased from Sigr#drich and used without further purification. All

the solutions were prepared wittlouble-distilledwater. Phosphorous phase (0.3 L) was constituted
by a solution of N&HPQ (0.12 M) and N£CQ (0.1 M).The initialpH of thephosphorous phase was
adjusted between 9.5 with HCI. Subsequently, the phosphorous phase was put under vigorous
stirring at 353 K. Calcium phase (0.3 L) was compafszdolution of Cag(0.1 M) and NgCit) (0.4

M). It was rapidly added over the phdsgrous phase solution. The resulting dispersion was kept
under stirring at 353 K for 24 hours. Then, the powders were submitted to the processing procedure.

Calcium phase: Phosphorous phase:
Solution containing Ca** cations Solution containing (PO,)* anions
(PO,
)
H,0 — H,0

] ¢

Mixture of Ca- and P- phases

P-Phase

| Ca-Phase

Ca-phase P-phase pH Flux Maturation
Ca(OH), H,PO, Not controlled 1 drop/second 24h, 310 K

HA_P_Rich Ca(AC), Na,HPO, 10 (NaOH) 1 drop/second 24h, RT
CaCl, + Nas-Cit Na,HPO,+ Na,CO; 9-9.5 (HCl) Instant mixing 24h, 353 K

Figure2.2: Schematic representation abn-funcionalizedhydroxyapatitepreparation, and
resume of the principal preparation parameters.
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2.1.2.COPPER HYDROXYAPATITE NANOPARTICLES BY IONIC EXCHANGE

The batch of exchanged coppeontaining samples was prepared by ionic exchange reaction.
HA_Ca_Rich waelected as the mother material to perform a superficial exchange betweén Ca
and Cd* cations. Since HA_Ca_Rich is possessing a bigger amount of (010) faces terminating as
calciumenriched. Therefore, there is a greater percentage of*@ations suscejitle to be
exchanged. Exchange methodology was previously descfijexhd it is as follows. HA_Ca_Rich

(1.5 g) powders were suspended into 50 mL of copper (ll) nitrate soluthder stirring at room
temperature for 15 minutes. Afterwards, the washing and fredegng procedure were carried

out. The exchange was performed in three different initial concentrations of copper nitrate solution:
0.01 M, 0.05 M, and 0.1 M. It resultad three different coppeiexchanged samples, named
HA_Cu_0.01, HA Cu_0.05 and HA_Cu_0.1, in the order. The initial pH of the copper nitrate solution
was 4.8, 4.3, and 4.0, while the final pH after the exchange procedure was 6.8, 4.6, and 4.3 for
HA _Cu 0.0, HA Cu_0.05, and HA Cu 0.1, in the ordéigure 2.3 shows a schematic
representation of this procedure.

Ca?/Cu?* exchanged on the surface

1.- Solution of Cu(NO;), 2.- Add HA_Ca_Rich

Stirring for 15 min

Three initial concentrations of Cu(NO;), Samples
HA_Ca_Rich
0.01M HA_Cu_0.01
o.05v > 1A Cu_0.05
0.1M

Figure2.3: lonic exchangerocedure for the incorporation of Ctiat the hydroxyapatitesurface,
and different samples obtained afunction of the initial concentration of Cu(N)2

2.1.3.COPPER HYDROXYAPATITES NANOPARTICLHPRBEIEZRTION

Hydroxyapatites incorporating copper into their crystalline lattice (HA_Cu_C@atcium chloride
dihydrate (CaGE | Yy K& RNR dzad X dps 02 99.90%0) Jisafitid ofrkté RibadicR S
dihydrate (Nag(Cit) -2 HO), 99% pure), sodium phosphatéasic (NaHPQ, 99+% anhydrous),
sodium carbonate (NEQX X ppP 2 | YKERNRAzZAV I YR Ke@RNROKT 2
were purchased from Sigmaldrich and used without further purification. All solutions were
prepared withdouble-distilled water. Calcium phase solution (0.150 L) was made of Ca@@ M)

and CuGlI(0.05 M). The calcium phase was prepared and put under stirring at 353 K. Phosphorous
phase solution (0.150 L) was prepared to contaipHNRQ (0.12 M) and N£CQ (0.2 M), and its pH

was adjusted to 8.5 with HCI. The phosphorous phase was rapidly added over the calcium phase.
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The mixture was maturated under stirring for 24 hours at 353 K. Then, the powders were submitted
to the processing procedure. This preparatiprocedure was designed following the guidelines of
a previous work developed by Martin€asado et a[4].

Hydroxyapatites containing citrates and incorporating copper into their crystalline lattice
(HA_Cit_Cu_CopThis preparation procedure was analogous to the protocol of HACGpabove
describe. The only difference between both protocols was the calciuasgobomposition, which in
this case included citrates. Thus, resulting in a solution (0.150 L) containingCa&M), Cucl
(0.05 M), and N4Cit) (0.4 M)Sodium citrate tribasic dihydrate (NECit) -2 HO), 99% pure) was
purchased from Sigmaldrichand used without further purification. All the subsequent steps were
identical to those previouslgiescribed

2.1.4.PLATINUM DEPOSITION ON HYDROXYAPATITE NANOPARTICLES

For the third batch of materials, the three nduanctionalized hydroxyapatites (HA Ca_ Rich,
HA P_Rich, and HA_Cit) were used as support for platinum nanoparticles. The deposition of
platinum nanoparticles onto the hydroxyapatites was performed following the Metal Vapours
Synthesis technique (MVS). MVS consists in the vaporization of metals pomdksr wvacuum in
presence of weakly stabilizing organic solvents. The application of this methodology permits the
generation of small metal nanoparticles (normally <5 nm), with fine size distribution and, highly
dispersed. Worth noting that the generationthiese types of nanoparticles is not dependent of the
support[6].

For the deposition of the Pt nanoparticles onto the hydroxyapatisjapours were generated at
1.45 x 1€ psi by resistive heating of a tungsten wire surface coated with electrodeposited platinum
(ca. 102.0 mg) were econdensed with mesitylene in a glass reactor at 77 K. The reactor chamber
was heated to the melting point of the solid matrix, and the resgltbrown solution (55.0 mL) was
kept under argon atmosphere in a Schlenk tube at 195 K.

Deposition of the platinum nanoparticles onto the hydroxyapatites was performed by our
collaborators from the Institute of Science and Molecular Technologies-[EN® of Milan.

2.2. CHARACTERIZATION TECHNIQUES

2.2.1. ELEMENTAL ANALYSIS

Elemental composition of the samples was measured to elucidate the amount in weight percent
(wt.%) of the species of interest. The measured species were calcium catiéhsg@sphorus (P),
copper cations (C#f), and platinum (Pt). This information is very useful since it permits the
calculation of the Ca/P ratio, one of the most important parameters in relation to hydroxyapatites,
as was explained in chapter 1 sectibid.l Moreover, it permits the calculation of the (Ca + Cu)/P
ratio in the containing copper samples which allows to evaluate the degree of substitution and its
nature.

Elemenal analysis of the samples was performed by Inductively Coupled Plasma Optical Emission
Spectrometry (IG®ES) using an Agilent 5100 spectrometer (Agilent Technologies, Santa Clara, CA,
USA). Sample preparation consisted in dissolving 10 mg of powdetesam®B0 mL of a 1 %wt.

HNQ aqueous solution. Quantification of the elemental composition (In our sample Ca, P and Cu

in the specific cases) was performed by calibration curves prepared from commercial certified
standards solutions (Sigma Aldrich, I1Stis, MO, USA). IGFES measurements were performed by

our collaborators from the Institute of Science and Technology for Ceramics (CNR), Laboratory of
Bioceramics and Bibybrid Composites.
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2.2.2.SPECIFIC SURFACE AREA MEASUREMENTS (SSA)

Specific Surface Area waneasured to firstly evaluate the particle size since particles with SSA
values around or higher than 100 &g normally show a nanometric size. Secondly, it is also an
important parameter to evaluate the potential efficiency of heterogeneous catalystsalse SSA

give us information about the available reactive sites at the surfaces. Higher SSA values mean
catalysts with more available reactive sites. Thus, at higher SSA values, catalysts show more catalytic
activity. The SSA value together with the edartal composition of materials permits the calculation

of the surface cationic density of the materials (Equatior80 Gj@ & 0 wob0 & O
— 9D W O>—m— 2.7

W80 (& a 0 wobP0O &8 O— O 0 O—— 2.1

Equation 21 representsthe surface cationic density ohé materials calculated ake number of

cationic atoms per square nm (at. Cat/BmWhere [Cat] is concentration in weight percent of the
cation, SSA is the specific surface areaANt | @2 3+ RNER Q 3aisyhdz2tam® M@&ightlof/ R a
the cation.

Specific Surface Area of the materials was measured with a Micrometrics ASAP 2020 using nitrogen
as adsorbate inert gas at 77 K. SSA was calculated according to the BranauettTeller (BET)

model (Equationr———= p ‘ Gbltd £ 61—  2.2)[7]. Samples were previously
0" 0 Ta ¢ ©

treated by outgassing at room temperature for 12 hours, reaching a resideaspre of 1 x 19

mbar.

- O— 2.2

2 KSNBE A A& 0KS Il specleINIEH & eZNBIA KB SR WUt Hz2S ¢KSY
is completed, C is a constant correlated with the temperature, aridtRe vapour pressure of the
adsorbate at the temperature of the experiment.

2.2.3.0OLIBSTATE NUCLEAR MAGNETIC RESONANDER)SS

Solidstate NMR (s&§\MR)is a spectroscopic technique, which is sensitive to the species present in
both surface and bulk, unlike infrared spectroscopy of adsorbed probe molecules which is only
sensitive to the species present at the surface. Therefore, in substituted samph8IRsllows to
elucidate how the incorporation of the species into the structure occurs: if this happens only at
surface level, or, conversely, the exchange occurs also in the bulk. Moreover,-NithRsgs possible

to study the chemical environment of thpgincipal species presents in our HAs?(0aif*, and PG>

).

Solidstate NMR spectra were collected on a Bruker Avance Ill 500 spectrometer and a wide bore
11.75 Tesla magnet with operational frequencies #F and 3P of 500.13 and 202.45 MHz,
respectiely. A 4 mm triple resonance probe, in double resonance mode, with MAS was used in all
the measurements and samples were packed in a zirconia rotor and spun at a MAS rate of 15 kHz,
LINE RdzOAY 3 | &l YL S % WASdgdctiades® coledavith a 90deyrde ¢ K S
Lzt aS FyR GKS YIF3IyAddzRS 2F G KS HNEcBuplidg dariNg |j dzS
acquisition. For thé'P {H} cross polarization (CP) MAS experiments, the proton radio frequencies
wCUO 2F wmnn YR pn {éxditatignamilBec@Mihg respestiRely TDRrMg they A (
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CP period!H RF field was ramped using 100 increments, whet#a&F field was maintained at a
constant level. During acquisition, protons were decoupled ffdfhusing a Spinal64 decoupling
scheme. Amoderate ramped RF field of 55 kHz was used for spin locking, #RilBF field was
YFG§OKSR (2 | OKAS@GS 2LJAYIFT &A IHMASHMR spdcttaw®@e y (0 |
acquired with an excitation pulse of 100 kHz. In addition, a rsyorchronized sphecho sequence

0 ~ & @ig_gacquisition) was also applied to colléet NMR spectra with a delay time of 2000 ms.

The relaxation delays, d1, betweenCadzY dzf | G A 2 y a 3% S N Rmip Alaéhermzaisl)
AKAFTGAa FNB NBLEZ2NISR dzaay3 + ao0FltS FyR FNB SEG:
4 n oy 3R Anivtetr@ndetiyisilane at 0 ppm féiH. ssNMR measurements were acquired by

our collaborators from the University of Alessandria

2.2.4 HIGHRESOLUTION TRANSMISSION ELECTRON MICROSCEWY (HR

HRTEM images were employed to analyse the size, morphology, and aggregation degree of the
samples. In addition, it is possible to observe the aiisity of the nanoparticles and the nen
apatitic layer at the surface. Finally, HEM permitted the analysis of the platinum nanoparticles
deposited on the hydroxyapatite nanoparticles, allowing a study of their size and distribution.

HRTEM pictures othe materials were recorded with a JEOL 3QHR electron microscope,
operated at an acceleration potential of 300 kV. Measurements were performed under feeble
illumination conditions to prevent any kind of modifications of the materials during the asalys
since hydroxyapatites samples might suffer alterations under the electron beam, potentially
resulting in subsequent crystallizations and/or in the loss of bulk wak0]. Fourier transforms

of direct pictures were obtained using the Gatan Digital Micrograph program software.

To perform the experiments, samples were prepared by dispersing the powder on lacey carbon Cu
grids, only by direct contact between the poardwith the grids, and subsequently a soft shaking.

2.2.5.X-RAY POWDER DIFFRACTION (XRPD)

X-ray diffraction experiments were performed to collect information about the crystallinity degree
and phase composition of the hydroxyapatite samples.

Xtay RAFFNI OGA2Y LI GGSNYya oSNB O2ff SOGSR 6AGK |
SldzA LILISR SgAGK Fy - Q/SESNFXG2N RSGSOG2N) dzaAay 3 |/
instrument was set up with ¥4 and ¥ slits. Sample powder was placed in BHul K2 f RS NJb
N}y3dS dzaSR gl a FNRBY wmnc G2 donc 6AGK F aAGSLI aa
point.

The average sizes of crystalline domains (d) along the hydroxyapatites axis diregigaadDs10

were calculated by th&cherrer equation (Equatiah= ) [11]:

A 2.3

Whered is theaverage size afrystal domains, K is a shape factor of value 0.9 for this particular
OFasSs <aysdBIEKSYIGKZ * Aad (KSanyBdad dedl&perimemNal 33 |
and instrumental broadening, respectivelyhe instrumental contribution to peak broadening was
evaluated by collecting the PXRD pattern of aslséddard sample.
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2.2.6.FOURIER TRANGHRM INFRARED SPECTROSCOPY (FTIR)

Fourier transform infrared spectroscopy (FTIR) versatility is thoroughly known. It is used for the
characterization of materials and to determine their principals functionals groups. But also, FTIR can
be employed to perfan a fine characterization of the surfaces of the materials by infrared
spectroscopy of probe molecules. FTIR of probe molecules is able to detect different species present
at the surface of the samples and distinguish their chemical environment.

Sample prearation and experimental setip to perform infrared measurementsBefore infrared
analysis, samples were meticulously grinded and pressed isigghiorting pelletsvith a hydraulic

press. The required pressure to obtain a selpporting pellet vary withhe type of sample. In our
specificcase the used pressures are approx. @3 tons - cm. The pellet must then be fixed into

a gold frame. The gold frame is a sample holder. It is a thin square sheet of gold with a hole in the
middle, to allow the pass of the IR beam, graksesse$our mobile wings whiclallow fixing the

pellet into the goldrame (Figure 2.1). The gold frame is first properly treated (by heating over 800
°C), to make it more malleable, thus, giving it more flexibility permitting an easy opening and closure
of the wings to place the pellet inside. The function of the golth&as support and keep safe the
pellet (normally really fragile) during the pteeatment and the IR analysis of the sample.

Normally, two types of infrared cells are used to perform the measurements witlsgptiorting
pellets. One is used to perform maa&rements at room temperature (RT_cell), and the other is used
to perform measurements at low temperature (LT_cell). Both cells are representédune2.4.

With respect to RT_celhe first part is made of glass, arlde long part is made of quartz, which
permits the treatment of the sampleis situat elevated temperatures (until 800 °CThe cellis
closed placing a tap at the top of it. Tap seriesolate the cell fronthe external atmosphere and

to attach the cell to a vacuum line through a connector. At the bottom of the tbelfe are two
windows, placedn each side of the cell. Windows are made up of any material transparent to
infrared radiation, normally KBr or CaFPretreatments under heating conditions (if necessary) are
performedby placing the pellein the middle of the quartz part and inserting this part inside of a
special ceramic oven. Once the treatment is completibd@, pellet is shifted down and placed
between the windows to perform the infrared analysis. In the infrared analysis at room
temperature, the pellet is at ca. 50 °C (IR beam temperature).
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Figure2.4: Schematic representation of both room temperature (A) and low temperature (B) cells,
and gold framesisedto hold the selfsupporting pell¢s.

On the other hand, we have LT_cell, which is really similar to RT_cell but has some special
characteristicsThetap of this cell has a funnel connected to a pipe wigoesdown through the

centre of the cell. Attached at the bottom of the pipe there is a metal support (normally made up
of copper) where the pellet is placed. Liquid nitrogen can be permanently added to the pipe to cool
down it, and thus the metal support aritle pellet placed at it are also cooled by thermal contact.
The temperature achievas the sample is higher than 77 K (liquid nitrogen temperature), since the
pellet is not directly in contact with liquid nitrogen, and the IR beam acts as a heating ddead.

been reported that the reached temperature during these types of experiments is around3B0

K.

The vacuum lineThe vacuumniine is constituted by a system of Pyrex tubes and valves connected
between them (Represented iRigure2.5). At one end, the vacuum line is connected to a pump
system to perform the vacuuniThe pmp system is an assembly of a primary rotative and a
turbomolecular pump dispsed in series between them, able to reach a residual pressure less than
1 x 10* mbar. At the other end, the vacuum line possesa connector and a valve whigiermits

the assemby of the infrared cell to the vacuum line. The function of the vacuumibne perform
measurements or treatments of the samples under controlled atmosphere. For that retmson,
vacuum line is also possessing some insets where balloons containing gas can be directly attached
to the line. Therefore, it is possible to performsitu adsorption/desorption préreatments of the
sample under vacuum or angas atmosphere, either at room temperature or by thermal treatment.
These procedures are really useful for the surface study of the different samples. Moreover, these
characterigics allow monitor in continuous and in situ adsorption/desorption studies of gas
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molecules directly at the surface of the materials, which is known as infrared spectroscopy of probe
molecules.

Vacuum Gauge

@ 7 s ® ) IR cell

Vacuum Pump

Figure2.5: Schematic representation of the vacuum line.

The instrument and the acquisition parameter$nfrared spectra presenteth this dissertation
were acquired using a Bruker Equinox 55 spectrometer equipped with both DTGS @hd M
detectors. Spectra were collected at a resolution of 4'@and a zero filling factor = 8. The number
of scans was adjusted to 128 to obtain a good simatoise ratio. Data were normalized by optical
density (weight of pellet in mg / area of pellet €n¥), in order to make differences in intensity
independent of differences in the thickness of the pella2].

Infrared spectroscopy of probe moleculeinfrared spectroscopy addsorbedprobe molecules is

an important methodology whichllows analysing in deptihe materials surface composition. For

the performance of this technique, the sample is previously pressed into swggforting pellet,

then placed in a gold frame, and in turn into a spectroscopic cell as those described above. Then,
the cell is attached to a vacuum line. The probe molecules agasnphase and are sent to the
sample hrough the vacuum line. Probe molecules are infrared active molecules whighhgse
/chemisorbed by the species present at the surface of the material. The species of the material
might be not infraredactive, but due to the chemisorption of probe molecyle®ond isstablished
between the specie and the probe molecule. Consequently, the spbemme revealed through

the appearance of an infrared band in the spectrum. The intrinsic characteristibg dfand are
directly relatedto the nature of the probe molecule, and the specie at which is adsorbed. At the
same gas pressure of probe molecule, the band position (normally expressed in wavenuniber (cm
1)) and its intensityare directly relatedto the nature of the adsorbed probe molecule, the specific
specie nature ando its chemical environment. Therefore, it allows to elucidate the nature of
different species, their oxidation state, their chemical environment (as can be their coordination
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state),and/or some specifics characteristics relatedhe surface of the materials (as can be, acidity
or basicity of the material surfaceld)2¢14].

In our case, the species of interest are platinum nanoparticles calaiighcopper cations. For that

reason, oneof the selected probe molecules was carbon monoxide (CO). Since CO is a probe
molecule sensitive to all these species. The use of CO as probe molecule is thoroughly extended due
to its great versatility. Moreover, for thearticularcase ofcoppercontainng samples, nitric oxide

(NO) was also used as probe molecule. Because NO is also sensitive to copper species, and it shows
a higher affinity for Ctf cations than CAndeed CO is more sensitive to QGiations.

The probe molecules experiments were perfad by monitoring the adsorption of the probe
molecule on our samples at different coveragefs CQ followed by the desorption study by
outgassinghe probe molecule. Desorption study was perfornweith the intention to obtain more
information of the presat species through the evaluation of the adducts stability.

2.2.7.CYCLIC VOLTAMMETRY (CV) MEASUREMENTS

The potential catalytic activity of coppeontaining hydroxyapatites samples was evaluated by
measuring the electrochemical reduction ot@®4 by cyclic voltammetry. The whole batch of
electrochemical experiments was carried out in one compartment voltammetric ceRq10L) at

room temperature Figure 2.6). The conventional threelectrode configuration was employed
throughout the work. As reference electrode, an Ag/AgCl 3 M KClI electrode was used. As an auxiliary
electrode, a platinum wired electrode was employed. Finally, as working electrode, modifieshcarb
paste electrodes containing our samples were prepared (carbon paste electrodes are described
below).

4
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Figure2.6: Schematic representation ofwltammetriccell containing the three electrodeRef
[15].

Cyclic voltammetry measurements were carried out with an Autolab electrochemical analyzer
operatedviaNOVA 2.14 software (Metrohm Autolab, Utrecht, The Netherlands). Experinmwents
performed by adding 10 mL of PBS buffer (0.02 M) intoubigammetric cell. Then the three
electrodes were immerseth the PBS solution. The current intensity (in pA) was measured in
function of the applied potential, which was ranged frein4 to 10 V. Subsequently, 200 pL of a
solution of HO, (0.1 M)wasadded to thevoltammetriccell, and the current intensity in function of

the potential applied was recorded. Thus, the catalytic activity was evaluated as the differences in
current intensity at0.4 volts.

The carbon paste electrode€arbon paste electrodes (CPE) is a type oking electrode used to
perform electrochemical measurementsigure2.7). CPE can be easily modifieglincorporating a
desired material powder during the electrode paation. For the preparation of a CPE two
principal materials are required: first graphite powder to ensure the electrical conductivity, and
second a highly viscous phase to homogenize all the powdepermait the handling of the mixture

(as can be mina&l oil or paraffin). Moreovemther materialscan be incorporated previouslgto

the viscous phase. For the preparation of CPE fhietgraphite powder, together with the powder

of the desirel material, must be precisely weight. Then both powders amedgd together to make

a homogeneous mixture. After that, the precise amount of viscous phase (also measured by
weighting) is added to the powder mixture. Finally, the resulting mixture must be actuhated

mixed by grinding all the components togethentil the obtaining the complete homogeneity of the
viscous phaseThe obtained paste is then placed into a pistisiven carbon paste holder, which
consistsof an elongated plastic support with a piston at the bottom and a hole (with a diameter of
2 mm)at the top. The electrode paste is packed into the carbon paste holder by filling it through its
hole, with the help of a thin metal rod permitting to carefully compact all the paste inside the
electrode. The piston permitenewingthe surface of the CPiechanically by extruding carbon
paste out (normally ca. 0.5 mm) of the electrode holder and smootttimgth a wet filter paper.

Once the CPHare prepared, it is advisable to leave the CPE resting for 24 hours to homogenize and
settle them[16,17]

Modified carbon paste

\ spatula
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Figure2.7: Schem#c representation of the carbon paste electrodes and the pisiarmen
electrode holder Ref[18].

In our case, two types of CPE were prepared to perform the electrochemical measurements. First,
a bare electrode constituted only by highly viscousernal oil (0.175 g) and graphite powder (0.325

g). This bare electrode was employed as control during the performance of all the experiments.
Second, modified CBIEontaining our samples were prepared. They were prepared with highly
viscous mineral oil (@75 g), graphite powder (0.250,g@hd hydroxyapatites powder (0.075 g).

Electrochemical experiments were carried @itthe Chemistry and Biochemistry Department of
Mendel University in Brno, during my abroad period.

2.2.8.ANTICANCER ACTIVITY ASSAYS

Cells linesand culture: The following cell lines were purchased from the American Type Culture
Collection (ATCC, Manassas, VA, USA): murine colon adenocarcinoma (CT26;-2288, GHRID:
CVCL_7256); tripleegative human mammary carcinoma (VHMB-468; Cat# HTR32 RRID:
CVCL_0419); and human metastatic prostatic adenocarcinoms;(Fat# CRL1435, RRID:
CVCL_0035) cell lines. These cell lines were maintained inI®BMmMmedium supplemented with
10% heatinactivated fetal bovine serum (FBS), 2 mM glutamine, 1@0LLpenicillin, 100 pg/mL
streptomycin, 1 mM sodium pyruvate, 4.5 g/L of glucose, and 10 mM of HEPES solution.

The human hepatocellular carcinoma (HohCat# PTA4583, RRID: CVCL_0336) cell lines were
purchased from the ATCC (Manassas, VA, USA). Tliefede 6 SNBE YI Ay Gl AYySR AY
Eagle Medium (DMEM) supplemented with 10% FBS, 4 mM glutamine, 100 U/mL penicillin, 100
pg/mL streptomycin, 1.5 g/L sodium bicarbonate, 4.5 g/L of glucose and 10 mM of HEPES solution.

Cells showing exponentialayvth with viability greater than 95% were used for all experiments. Cell
lines were used in up to four passages. Cultures were maintained under standard conditions (37 °C,
5% CO2 atmosphere) and grown until 80-90% confluence. All cell lines were testéat
mycoplasma infection (MycoAlert Mycoplasma Detection Kit, Lonza, Switzerland) according to the
YIydzZFI OG§dzZNEND&a LINRG202f @

In vitro cytotoxicity assaysThe cytotoxicity of drugs in mouse and human cancer cell lines was
determined by3-(4,5-dimethylthiazol2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Briefly,
cells were seeded in a 98ell flat bottom tissue culture plate (Thermo Fisher Scientific, USA) (0.5
or 1.0 x 1&well density), followed byhe addition of various concendtions of the samples to reach

a final volume of 200 pL per well. Triplicate wells were used for each test condition. The plates were
incubated in a 5% G@tmosphere at 20 Kfor 24 h, 48 hor 72 h. Cells were then centrifuged (200

g, 5 min277 K and esuspended in 120 pL of MTT (5 mg/mL) in culture medium for an additional 3
h (5% Ceatmosphere at 20 K to allow for complete cleavage of the tetrazolium salt by metabolic
active cells. Finally, 200 pL of dimethyl sulfoxide (DMSQO) was added to eadbrvé&limin. The
absorbance in each well was determined at 570 nm using a microplate reader (Infinite 200 PRO,
TECAN, Switzerland). Each drug concentration was tested in triplicate, and at least two independent
experiments were performed.

Analysis of totaROSFor analysis of total ROS, cells (~PxED well) were seeded into flat bottom
tissue culture plates and incubated overnight in standard culture conditions (%%t@Gsphere at
310 K to allow attachment. Subsequently, cells were exposedrt@nnaated concentration of
samples and incubated for another 24 h. Then, the cells were washed twice with phosphate
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buffered saline (PBS, pH 7.4) and incubated with 10 uM-dchlorodihydrofluorescein diacetate
(H2DCFDA,; Invitrogen, USA) for 30 min (theibation steps were conducted in a 5% €O
humidified atmosphere atB0 K. After the incubation period cells were harvested by centrifugation
(300x%g, 5 min277 K and fluorescence intensity ag analyzed using the BD Accuri C6 Plus (BD
Biosciences, USA). &k cells were gated out by-&minoactinomycin D (AAD; Exbio, Czech
Republic) staining. For each experiment, at least 25,000 events/sample were recorded. Data were
analyzed using FlowJo software (FlowJo; RRID: SCR_008520). The assay was done iraddplicate,
two independent experiments were performed.
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3. HYDROXYAPATITES
FUNCTIONALIZED WITOPPER
BY IONIC EXCHANGE

3.1. INTRODUCTION

The hydroxyapatites capacity to incorporate anions or cations present in the surrounding media
inside of their surfaces or evestructure has been thoroughly studied. This ability is attributed to

the surface hydrated layer surrounding the hydroxyapatites nanoparticles and possessing a non
apatitic structure. The no@patitic surface layer is constituted by superficial water moleswand

labile ions, principally €¢§ HPG*, CQ*. Therefore, one of the most common protocols to
functionalize hydroxyapatites is through ionic exchange, which consists in making a suspension of
the hydroxyapatites powder in an aqueous solution contagnthe ionic species of interest. It
permits the labile ionic species of the napatitic surface structure to be exchanged with the ionic
species present in solution. Thus, incorporating the anions or cations of interest inside of the
hydroxyapatites sudace or structure. Unfortunately, it is not possible to predatpriori the
extension or way of the substitution, since the incorporation of an ionic specie into the
hydroxyapatites surface, strongly depends on the ionic specie nature and the speaifictehatics

of the hydroxyapatites. However, the exchange degree is enhanced for hydroxyapatites possessing
nanometric size, low crystallinity, and a high specific surface diea.study and controlfahis

ability permit a fine design of the hydroxyajias properties intended to be used for different
applications that can be as diverse as from biomedical applications to their use as heterogeneous
catalystq1¢5].

Several cationic species have been incorporated into the hydroxyapatites surfaces to develop
different applications. A detailed explanation about the different hydroxyapstgebstitution,

some examples and their different applications are collecte@lmapterl. However, for a better
comprehension of the work preserdein this chapter, it is important to consider the
hydroxyapatites functionalised with copper. The copper incorporation into the hydroxyapatites
structure and/or surfaces can be achieved through bulk substitution or ionic exchange. But the bulk
substitution will be furtherdiscussed itthapter 4.

The incorporation of copper cations by ionic exchange into the hydroxyapatite surface has been
successfully achieved in several cases. It has been reported that in this type of substitution, the
copper uptake for hydroxyapatites soaked in a solution is strongly dependent on the copper
concentration in solution. Moreover, the increase in the soakiimge does not affect the
incorporation of C&fions into the hydroxyapatites surface for relatively short times (less than 20
minutes). However, longer exposition times could promote on one hand the coexistenceé*of Cu
with CuO nanoclusters (ca. 20 minuteand on the other hand the precipitation of new phases,
such as libethenite (G(OH)(P@)) (ca. 50 minutes), which indicates that a dissolution/precipitation
mechanism occurs. These experiments were performed for highly crystalline hydroxyaf@&iiles
Moreover, it has been reported that as a consequence of soaking hyalpatites in aqueous
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containing copper solutions, the copper incorporation on the hydroxyapatites surface can occur
through a complexation mechanism. €ions are immobilized on the hydroxyapatites surface by
direct interaction with carbonates and hydrd>groups[8].

Copperexchanged hydroxyapatites have been vastly employed with catalytic appthisator
selective hydrogenation§d], formaldehyde oxidation$10], azidealkyne cycloaddition$l11] or
antimicrobial application§12]. Another important application related to the ability of copper
exchanged hydroxyapatites is their use in polluted waters. In these applications the hydroxyapatites
are used without modifications and taking\ahtage of their adsorption capacities, they have been
used to remove the copper cations from polluted watef®]. Finally, copper exchange
hydroxyapatites have been also tested in thesMICR of NOHere, hydroxyapatites containing
copper in different manners were tested. The bests results were obtained for thiee@changed
hydroxyapatite46,7].

In this chapter hydroxyapatites containing copper by ionic exchangepesented. As pristine
material hydroxyapatites poorly crystallized, exhibiting a high specific surface area, a nanometric
size, and showing a bigger proportion of their exposing {8d@ts calcium enrichment
(HA_Ca_Rich) were usede(tion 2.1.1). Taking advantage of the hydroxyapatites ability to
exchange cations and its high surface concentration éf iBas, HA_Ca_Rich was suspended at
room temperature for a short time (15 min) in copper nitrates solutions (CeiN@t different
concentrations. Three different initial concentrations of Cug)¥€blutions were used: 0.01 M, 0.05

M, and 0.1 M. Thus, theedifferent coppefcontaining samples were obtained, labelled in reference

to the initial concentration of copper nitrate in solution: HA_Cu_0.01, HA_Cu_0.05 and HA_Cu_0.1.

3.2. ELEMENTAL ANDORPHOLOGICANALYSIS

3.2.1.ELEMENTAL ANALYSIS

Specific Surface Area df the samples was measured by &tlsorption applying the BET method.
Thee were not significant differences between the pristine material and the coppataining
samples. Irall samplesSSA valuis in order of magnitude expected for nanometric matésiel25
m?/g).

The elemental composition of the samplsspresented infable3.1. As can be appreciated, the
incorporation of copper cations into theamples was successfully achieviéaan be noticed that
the amount of incorporated copper increases with the increase éf @ncentration in the initial
solution until reaches a maximum at 0.05 MeTdifference in theamountof incorporated copper
between HA Cu_0.05 and HA_Cu_0.1 is minimal, being 7.2 and 7.7 (wt. %), respédtiasligeen
previously reported13,14] that this could be the consequence of reaching the saturation of the
surface cations exchange capacity, which in our conditions is athadkeadyat the concentration
of 0.05 M C#&'ions in solution. No differences were detected in the content of phosphosmce

it is not involved in the cation exchange mechanistowever, azould havebeen predicted there
is a noticeably decreasethe Ca/P atomic ratios in theoppercontainingmaterials with respect to
the HA_Ca_Rich samplaving to the substitution of the surfaeexposed C# cations with Cer.
Instead of that, thgCa+Cu)/P atomic ratie almost constant, and its valigcloseto the expected
value for stoichiometric hydroxyapatites(1.67), indicating the consistency af C&" surface
exchangeby Cd*ions.

It was previously reported that the surface density of Ca cations in pure hydroxyapatites was 4.5
C&*%nm? [10,32] Onthe basis of the obtained data by ICP, the number & @ms exposed per
unit area was estimated. It can be appreciated that HA_Cu_0.05 and HA_Cu_0.1 slightly exceed the
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expected value of surface density corresponding to pure hydroxyapatitasplies that the
maximum possible exchange of surfamgosed Ca atoms to Cu has been reached. Furthermore,
the exposed discrepancy in the surface density of exposed cations between pure hydroxyapatites
andthe estimated amount of Cu iorat the surface of the eshanged materials could be possibly
explained by two facts. Firstmight happen a limited exchange with the?Gans also into the sub
surface or bulk inner layers. Second, little amounts of @ms can be adsorbed on the surface of

the hydroxyapatieés by a complexation mechanism. In 8$y@ecificcase of HA_Cu_0.01 sample (1.6
C?*/nm?*), It is worth noticing that the amount of Cu is considerably lower than the amount of Ca
in pure hydroxyapatites suggesting the-existence of both Ca and Cu ionsitasurface.

Table 3.1: Samples codes, weight percent composition measured by ICP, atomic ratios and
estimated number of Ciications per nri

Sample  [C&1] (%wt) [CW?](%wt) [P](%wt) Ca/P _ (Ca+Cu)/P C@Z/nm?
HA_Ca Rict 33.0+0.7 - 15.3+0.3 1.67 +0.04 - -

HA_Cu_0.01 33.2%+0.1 209+0.03 16.0+0.1 1.60+0.01 1.67+0.01 1.6
HA_Cu_0.0¢ 29.0+0.2 7.67+0.02 155+0.1 145+0.01 1.69+0.01 5.8
HA Cu 0.1 28.4+0.2 7.17+0.09 150+0.2 1.46+0.02 1.70+0.02 5.4

To further investigate the copper incorporation into the hydroxyapatites samples, an ICP analysis of
the supernatant solutions after the exchange procedure was perforril. Ca_Rich sample was
submitted to an equivalent procedure in an agueous solution acidified at the same pH as the
corresponding copper nitrates solutions. The experiment was performed at two different times.

The obtained results are presented Tiable3.2. As can be appreciated, there are no significative
differences between the obtained results after suspending the Aaydroxyapatites for 15 or 60
minutes. Therefore, the substitution procedure occurs fast, which is characteristic of ionic exchange
mechanisms. Moreover, the release of’Ca the aqueous solution is almost negligible. Whereas
when the HA_Ca_Rich is suspended in the copper nitrate solutions higher amount% efeCa
released, being the amount of released?Clhigher when the copper nitration concentration is
higher. This fat suggests that the Ctions are being incorporated into the material by substituting
C&*ions. The amount of phosphorous released is equivalent and negligible in all the cases except
for the sample suspended in a copper nitrate solution at 0.1 M. incase, even if the amount of
released phosphorus is higher at 0.1 M, this amount is less than 1%. Therefore, no significant
modifications are expected. Regarding the copper uptake for the different samples, wegbéight

that for copper nitrate solutio at 0.01 M, Ciiuptake is almost 100 %nstead, for HA_0.1M the
uptake of copper is ca. 40%. Thigggests a saturation of tHeydroxyapatitesexchange capability.

The results obtained in both ICP experiments suggest that the predominant incorpaoétiopper

into these samples is governed by an ieexchange mechanism rather than an adsorption
mechanism. The poor crystallinity of the hydroxyapatite samples bestows them a high reactivity.
Hence, it permits Caions to detach from hydroxyapatites $ace and be exchanged by €ions.

This statement is consistent with the results obtained from the ratid{fGa%*] in mol Table3.2).

The ratio highlights an almost 1:1 exchange between?'Cand Ca&* ions, associated with the
negligible amount of released phosphorous, that confirms no effects due to dissolution. In any case,
it must be noted that there is a slight increase in the (Ca+Cu)/P atotiodmam 1.67 to 1.7 and in
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the estimated copper surface density. Consequently, it cannot be discarded the presence in lesser
extension of copper adsorption by complexation on the surface, particularly for HA_Cu_0.05 and
HA_Cu_0.1. As has been reporteddyeffor another type of more crystalline hydroxyapatites in
which the copper incorporation is governed by complexation on the surface by interaction with the
present aniong15].

Table 3.2: Effect of the acidic pH (4.8 and 4.0) on the release of Ca and P from HA in buffered
suspensions at increasing contact time. Effect of copper nitrate solution concentration (0.1 and 0.01
M) and contact time in the uptake of €y HA (with respect to thmitial amount in solution) and
release of Cd from HA.

sample oH Contag:t time Ca&" released P released Ci* uptake [CW*]/[Ca?
(min) (%) (%) (%) (mol)

HA_Ca_Rich 4.8 15 0.74 £ 0.02 0.31+0.01 - -
HA_Ca_Rich 4.8 60 043+0.01 0.13+001 - -
HA_Ca_Rich 4.0 15 0.17+0.01 0.03x0.01 - -

HA Ca_Rich 4.0 60 0.62+0.01 0.17+0.01 - -

HA Cu 0.01 4.0 15 3.48 £ 0.07 0.01+£0.01 999+£0.1 11zx0.1
HA Cu 0.01 4.0 60 4.11 £ 0.09 0.02+x0.01 999+0.1 10zx0.1
HA Cu 0.1 4.8 15 10.9+£0.2 0.80+x0.03 404£0.7 15x0.1
HA Cu 0.1 4.8 60 11.8+0.2 0.90+0.03 40.6x0.7 14+0.1

3.2.2.MORPHOLOGICAL ANALYSIS

Morphological and dimensional information about the samples was obtained byERimages.
Figure3.1 show lowmagnification images of a representative portion of the size and morphology
of the nancehydroxyapatites samples. As can be observed all the images are comparable between
them. In all the cases, hydroxyapatites nanoparticles show a high degesglaimeration, which
makes unfeasible the measurement of the nanoparticles dimensions accurately. In any case, the
nanoparticle size seems to be equivalent for the pristine material and the cepgaining
samples. The nanoparticles exhibit a neelite morphology, presumably due to their growth along
their crystallographic-axis, as has been previously reported for this type of Raydroxyapatites

[16]. As can be appreciated, it seems to betiypes of nanoparticles, one thinner and showing a
higher contrast, and the other one with approximately the same length but flatter and exposing less
contrast. Taking into account that only the mdbk&kness contrast is effective for lemagnification

[17], this effectcan be attributed to a different orientation of the nanopatrticles, rather than to the
coexistence of two different types of nanopatrticles. Finally, as is evidenced by the TEM images, the
copper incorporation into the samples or the ionic exchange proeedio not produce any
alteration in the morphology or the size of the hydroxyapatites.
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Figure3.1: HRTEM images representative of the size and morphology of (A) HA_Ca_Rich, (B)
HA_Cu_0.01, (C) HA_Cu_0#&4d (D) HA_Cu_0.1.

3.3.  STRUCTURAL ANALYSIS

3.3.1. POWDER-RAY DIFFRACTIGPRD)

Structural characterization of the samples was performedP¥RD experiments. The obtained
diffraction patterrs for the different samples are showin Figure 3.2. Broad diffraction peaks
indexed as hydroxyapatite single phase (PDF n€)0®0432) arepresentfor all the samplesAs

can be observedthere are no marked differences between the copper loaded samples and the
HA_Ca_Rich sample (used as pristine material)
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Figure3.2: XRD patterns of the pure and coppaontaininghydroxyapatiteswith the indexing of
the main diffraction peaks. The diffraction peak associated withbtlushite phase is marked with
an asterisk.

A more quantitative analysis of the structural characteristic of the samples is preserfablaB.3.

The unit cell parameters of hydroxyapatites samples exhibit no significant differences between the
samples. This confirms that the copper exchange hagipaily occurred at the surface and, in part,

in the first inner layers of the buldn any case, the calcium substitution does not produce
modifications tothe crystal structureThe crystalline domains along thexis ([bo2) anda-b plane

(Dz10) were estimated by the Scherrer equatidh.can be observed that the crystalline domain
dimensions are comparable in all the samples. Moreover, the samples possess gD

ratio, which is in agreement with the elongated morphology preferahtishowing {010} facets for
these types of hydroxyapatites, as has been already reported in previous stii@jesurthermore,

it can be appreciated that the@dzsize is slightly shorter imé coppercontaininghydroxyapatites

This phenomenon cannot be associated with the atomic radius differences betwée@apm)

and Cd*(73pm) ions, since the substitution occurs mainly at the surface (as was explained before,
seeTable3.2), and no modifications of unit cell parameters are detected. Therefoceyild bedue

to a slight decrease in crystallinity, which occurs duringekehangeprocedure This is probably a
consequence of the acidic pH (48)) of the solution during the exchange procedureover, in

the HA_Cu_0.05 and HA Cu_0.1 hydroxyapatR®D patterns, an additional small peak is
detected at 12°. This peakassigned to the precipitation of a small fraction (< 1% wt) of brushite
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(CaHP®2H0, PDF no. 00077), which is a calcium phosphate phase more stable in acidic
conditions.

Table 3.3: Unit cell parameters ah crystalline domains along the [002] and [310] directions
obtained from the XRD patterns of the samples.

Sample a(h) c() e S
HA_Ca_Rich 9.427 + 0.002 6.895 + 0.001 391 12+1 3.2
HA_Cu_0.01 9.423 + 0.002 6.890 + 0.001 35=*1 11+£1 3.3
HA_Cu_0.05 9.426 + 0.002 6.891 + 0.001 361 11+£1 3.2
HA Cu 0.1 9.425 + 0.002 6.891 + 0.001 361 9+1 4.0

3.3.2.SOLICSTATE NUCLEAR MAGNETIC RESONANNBER)SS

Deeper insightsconcerningthe structural characteristics of the hydroxyapatites samples were
obtained by soliestate NMR (s®\MR).The recorded spectra 8H MAS NMR antH ECHO NMfer

the different samples are shown Figure3.3. The ECHO NMR experiment was performed tith
appropriate delay time and optimizing the compromise between signal decay due to relaxation and
resolution gain due to longer delay timgs3]. The obtainedspectral parameters from these sptra

are summarized iTable3.4. As can be appreciated Figure3.3A, the spectrum of HA_Ca_Rich is
composedof two intense resonances ab.1 and 5.2 ppmThese peaks have been assigned to
structural hydroxyl groups and surfaeelsorbed water in apatite samples, respectivél\B].
Moreover, another two low intensity peaks can be detected at 1.2 and 0.8 ppm, which have been
attributed to hydroxyls bonded to calcium cations present at the surfaces of the hydroxyapatites
[20].

Concerning the copperontaining samples, it can be appreciated that the chemical shifts of the
peaks assigned to the structural hydroxyls and suradsorbed water remain unaffected.
However, the resonances are significantly broadened, especially those due to the water. The
broadening is higher when the amount of copper increases in the samigiesbroadeningan be
explained by the complexation of wet molecules by Ctiions at the surfaceMoreover, in the
coppercontaining samples, a new very broad peak centred at ca. 3 ppm can be defBoiegeak

is tentatively assigned to hydroxyls bonded tGons. InTable3.4 it can be appreciated that the
linewidth (in Hz) increases with themoer amount in all the case$his effect has been previously
reported as a consequenad the presence of paramagnetic Cu ions on kiyelroxyapatite surface

[21]. Unfortunately, the obtained spectra focoppercontaininghydroxyapatites are significantly
unresohed revealing substantially greater line broadening, in comparison with the HA_Ca_Rich
spectrum.For that reason, the assignation of copgamtaining hydroxyapatites is possildaly in

part. However, inFigure3.3 panel B,are presented thefH ECHO NMBpectra for the different
samplesin these spectra, it is possible to observe the different hydroxyapatites resonances without
the contribution of water Thus, permitting the analysis of the present species in the bulk structure.
Furthermore, it facilitates aletailed analysis of the full width at hatiaximum (FWHM)The
calculation of FWHNMN the structural hydroxyls reveals the manifestation of the Ibroadening

due to the increment othe copper amount in the hydroxyapatite samples.
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Figure3.3: 1H MAS NMR (A) artti ECHO NMR (B) spectra of HA samples recorded with a MAS
rate of 15 kHz.
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2.7 ppm to bulk phosphate groups.

Sample 11 (ppm) n ol 1p (ppm) n ollo

HA_Ca_Rict  -0.1 227 2.7 308

HA Cu_0.01 -0.1 356 2.7 356

HA_Cu 0.08  -0.1 470 2.7 389

HA_Cu 0.1 0.1 489 2.7 390

Another two ssNMR experiments to study the type of phosphorous present in the samples were
performed. InFigure3.4 panel A, are presented theP MAS NIR spectra for the different samples,

recorded under proton decoupling. For HA_Ca_Rich sample, two resonances can be appreciated,

one at 2.7 ppm due to the phosphates groups present in the bulk crystallographically equivalent,
and the second one at 5.9 ppwhich can be assigned to the phosphates groups present at the
surface[22,23] Moreover, the3'P CPMAS NMR spaatn for HA_Ca_Rich shows an additional
resonance present at 1.3 ppm. This peak is attributed toAB@ups present at the surfacqdg3].
The appearance of this peak in a CPMAS spectrum evidences the'stfRcheteronuclear dipolar
interaction. The strength of these types of interactions decreases with incredmnigternuclear
distance[24]. Regarding the coppearontaining hydroxyapatites, it can be appreciated that He
CPMAS NMBpectra do not show differences in the chemical shifts. However, these samples exhibit
a progressive increase in the linewidth of the peaks when the amount of incorporated copper
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increasesTable3.4). This effect is attributed to dipoldipoles interaction between Cu electron spin
and nuclear spinsid or3'P), leading to a faster nuclear spin relaxation behaviour. As a consequence
of this effect, the okained spectra for coppecontaining samples are poorly resolved, hence, they
present a substantially greater lilgoadening. In any case, the presence of these three resonances
in the coppercontaining samples can be appreciated in the different speeaind,it was confirmed

by spectral deconvolution.

3Ip MAS NMR 3Ip CPMAS NMR
2.7 2.7
A B
5.9 HA_Ca Rich 59/ \13
_i HA_Cu_0.01 / \
J HA Cu 0.05 /\
_Jk HA_Cu 01  / \
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Figure3.4: 3P solidstate NMR spectra of the HA samples recorded using MAS (A) and CPMAS (B)
under proton decoupling conditions.

In summary, thessNMR data further confirm the exchange of calcium by copper cations. The
spectral broadening detected in the coppesntaining hydroxyapatites is in agreement with a
certain degree of exchange in the first inner layers of the materials. Finally, irils mating that

the obtained results of elemental analysis and structural characterization evidenced that the
HA_Cu_0.05 and HA Cu_0.1 samples are comparable. Therefore, it can be concluded that the
maximum substitution degree of €dy Cd*ions is alredy reached at a concentration of 0.05 M

in Cu(N@)2 solution, and the increase of this concentration does not produce any detectable change
in the samples. For these reasons, HA_Cu_0.1 sample will not be further discussed in the following
sections, with tle intention to clarify the speech during the subsequent data discussions.

3.4. SURFACE CHARACTERIZATION

3.4.1. PRETREATMENT CONDITIONSR IR SPECTROSCOPY

Surface characterization of the different hydroxyapatites samples was performed by Fourier
TransformInfrared Spectroscopy of probe moleculé perform a FTIR experiment of probe
molecules, the materials must be first submitted to a proper-peatment or activation procedure.
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Nanomaterials are normally covered by multilayers of water molecules add@btheir surfaces.
Therefore, the predreatment is intended to remove the multilayers of water molecules adsorbed at
the surface allowingconsequently, the exposition of the acid and basic centres present at the
surface of the material without any intaction. The detection of a particuldrasic and/or acidic
specie depends on thgpecificspecie nature and the probe molecule used. To remove the water
layers from the nanomaterials surfaces, the samples must beeleatder outgassing conditions.
Nonethekss, some materials can experience structural modificatwrheir surfaces and/or bulk
structure when they are treated at relatively high temperatures. This is the case with
hydroxyapatites nanoparticlesn consequence, the treatment conditions must &e&ompromise
between the removal of the adsorbed water layers and the preservation of the material structure.
For the case of nanbydroxyapatites presented here, the conditions to perform an optimal pre
treatment of the samples were previously studied oyr group[16,25] These conditions are
presented schematically in

Figure3.5 and Table3.5. Conditionswere establisheds acompromise between the elimination of
adsorbed water layer at the surface atfike preservation of hydroxyapatites structure.

Figure3.5 represents theemainingpercentage of relative surface water molecules removed from
hydroxyapatites surfaceafter performing a prereatment by heatingat different temperatures
under outgas for 2 hourJ he relative amount of water molecules was calculated on the basis of the
integrated intensities of the IR band attributed to the water bendingO) mode. The 100% of
water molecules was considered as the relative amount of remaining water molecules after
outgassingthe material at room temperature for 2 hours. When the tematerre is increased, the
relative amount of water molecules decreased. As can be obsefeed{A P_Rich sample the
complete outgasingwas reached at 433 K. Whereas for HA_Ca_Rich at this temperature remains
the 10% of water molecules. Tloemplete water emovalfor HA_Ca_Rich is attained at 573 K.
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Figure3.5: Desorption of the relative amount of water molecules from the hydroxyapatites
surfaces as a consequence of outgassing for 2 hours at different temperatures. The relative
amount of water molecules was calculated by the intensity integration of {hkO) mode.

Since thdull dehydrationof HA_Ca_Rich and HA_P_Rich is reached at 573 and 433 K, respectively,
the behaviour of the materials at these temperatures was further studied. The obtained results are
resumed inTable3.5. As it is evidenced in the table, HA_P_Rich sasyfiiersa great loss of its
specific surface area when the material is treated at 573 Kd&heeasan the specific surface area

of HA_P_Rich was attributed to an agglomeration of the hydroxyapatite nanoparticles. Instead of
that HA_Ca_Rich sample only experienced a slight decrease in its specific surface area when it is
treated at 573 K. Moreover, the (010) Ca Rich/(010)_P_Rich vesi® calculated by the
confrontation of the obtained results due to the IR band produced by\i®) mode adsorbed on

the C&" at the surface, with a computational method performed to analyse the ratio of the most
important surfaces present in hydroxyapatites sampg&. As can be appreciated Table3.5, the
(010)_Ca_Rich/(010)_P_Rich ratio for the samples HA_Ca_Rich and IdA dRtdrissed at 433 K

was 1:1.4 and 1:5, respectively. But when sampleshasged under outgas at 573 K, HA_Ca_Rich
sampleremainspractically unaltered, whereas HA_P_Rich sample experience a great decrease in
this proportion of phosphorus rich faces. Heeresults are in agreement with the specific surface
area values obtained for the samples treated at these temperatuitesan beconcluded that
HA_P_Rich sample treated at 573 K experienced an agglomeration of their nanoparticles through
their (010) sufaces which finish stacked between them.

For these reasons, the optimal settled conditions to perform the outgassed treatment in these
materials wereestablishedas heating the sample at 423 K under ousgagfor 2 hours. These
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conditions claim the presgation of the material surface structure, as weltlas removalof at least
the 90% othe surface water molecules.

Table 3.5: Variations in the SSA and the (010) Ca Rich:(010)_P_Rich ratio for the samples
HA_Ca_Rich and HA_P_Rich, after performing an outgassing treatment for two hours at the
temperature for the complete removal of the superficial water layers for HA_Ca_Rich]j5t&i
HA_P_Rich (433 K)

Sample HA_P_Rich
Qutgassed at 433 K Outgassed at 573 K Outgassed at 433 K Qutgassed at 573 K
SSA (m?/g) 130 120 160 90
(010)_Ca_Rich:(010)_P_Rich Ratio 1:1.4 1:1.8 1:5 1:1.74

3.4.2.IRSPECTROSCOPNADSORBEPROBE MOLECULES

To elucidate the presergpecies at the hydroxyapatites surface and their characterjstibsired
spectroscopy of probe molecules was used. Carbon monoxide was selected as prebglesihce

it is a versatile probe molecule able to probe both Ca and Cu surfacefstésas been previously
explained,before performing CO adsorption experiments, the surface of the materials should be
GO0t SIYySRé TFTNRBY NB&ARda 6n thé Isuif&dRr, 282 The hadutatnant | R & 2
conditionsto achieve this objectivevere settled as outgassed the hydroxyapatites at 423 K for 2
hours. This protocol permits he attainingof I & Of S| ywithoui thBULING Significant
structural modification$16].

Carbon monoxide is a probe molecule possessing a low affinity’t@@h Cd* ions, but with high
affinity to Cu ions. Moreover, CO molecule has a reductive character and thus, it can reduce some
species when it is used at room temperature. For these reasdresCO adsorption over the
hydroxyapatites samplewas performed at 10K, by continuously cooling down the infrared cell
with liquid nitrogenlt also permits to favour the interaction between CO and the species of interest,
avoiding any effect due to a reductive reaction. The adsorption spectra collected were subtracted
by the spectrum of the same sample after the greatment, but before send the CO molecule. One
example of this procedure for HA_Cu_0.05 sample is presented in
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Figure3.6: Example of the spectra subtraction for the sample HA_Cu_0.05. a: spectrum collected
before CO adsorption; b: spectrum after sending 50 mbar of CO and, c: spectrum resulting from
the subtraction ba.

The sets of subtracted spectra collected at 100 K atrreksing CO coverages foAHCa_ Rich,
HA_Cu_0.01 and HA_Cu_0.05 samples are showigume3.7. HA_Ca_Rich spect(gigure3.7 A)
exhibit an intense band centred at 2168 dmwhich progressively shifts to 2178 &mhile
RSONBFaAy3a GKS /h O2@SN} ISd ¢ KA &carBok Fgnoxide A &
molecules adsorbed on surfaexposed CH cations of hydroxyapatited16,25] At lower
wavenumbers (around 2143 cl it can be appreciated the CO gas phase profile fohtheest CO
coverage.This is a consequencd the high pressurén the IR cell, evidencing that the material is
completely covered by CO molecules.

With respect to the coppecontaining samples HA_Cu_0.®lgure3.7 B) and HA_Cu_0.0%igure
370,y S8 A0/ lard présént/aR dconsequenckthe presence of Cu ions on the surface of
the materials: one in the range 214820 cm', and another one in the range 212160 cm’. The
most intense band for both copparontaining samples is centred at lower wavenumbers (2108 cm
Lin the case of HA_Cu_0.01, and at 2115'émthe case of HA_Cu_0.05). In both samples, a shift
of these bands towards higher wavenumbers when the CO covergeases is observedwing

to the progressivdossof COCO lateral interactionf29]. Taking into account the bands position
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and bond strength between the CO and the copper iehs;idated by the irreversibility of the bond

at room tempeature, the lower wavenumber band (2108/2115 énwas attributed to Clications
[30,31] The presence of Cgations in the material is a consequence of the heating procedure in
vacuum conditionswhich possess a certain reductive character. Therefore, thetrpagment
promotesa partial reduction of Cii surface iong§32].

The second band can be found at higher wavenumbers 2149 and 215%crHA Cu_0.01 and
HA_Cu_0.05, respectively. This band possess lower intensity and stability since it totally disappears
during the outgassing procedure at beam temperatuf@onsidering theprevious literature
assignment$30], this signal can beonsequenthattributed to CO interactig with C@* cations not
reduced during the activation procedsis also worthnoting that, in the case of HA_Cu_0.01, the
band 2149 cniis overlapped with a signal at 2166 ¢uue to CO adsorbed on residuaPGzations

on the HA surfaceHowever in the spectra of CO adsorbed on HA Cu_0.05, the 2166 cm
component is absent, further confirming the complete exchange of the sudapesed Ca cations

with Cu.

CO molecules can also weakly interact witBIR species present at the surface, producing a band
centred at ca. 2170 c This band would go unnoticed due to the overlapping with the bands
related toCOinteracting with Cu and Ca ions. However, in the insets presentedjure3.7, it can

be noticed a perturbation of the&(OH) mode of the #H groups, which is initially centred at ca.
3680 cm*and is progressively restored with the CO outgassing. In any case, gismnahétensity

of the ROH band and considering the ratio between the integrated intensity ontf@H) band of
unperturbed POH and that expected for the stretching band of CO adsorbed on {liémit can

be concluded that the effect of the interaction of CO witfOR groups, if any, is negligible with
respect to theN(CO) modes associated to Ca and Cu species.
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Figure3.7: FTIR spectra @fdsorbedCOat ca. 100 K on HA (panel A), HA_Cu_0.01 (panel B) and

HA_Cu_0.05 (panel C) at different coverages starting from 50 mbar (curves a) with stepwise
outgassing till 1 x ¥®mbar (curves j). The spectrum of the activated material has been subetract
from all spectra. In the insgthe P-OH stretching region is reported.
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With the intention to confirm the assignments of Cu species interacting with CO and that the
presence of Cuions at the hydroxyapatites surface is only a consequence of thérgagment
procedure, another IR experiment was performed. This experiment is totally equivalent to the
previous one, only an oxidation step after the outgassing procedure at 423 K was added. The
oxidation step consisted itreating the sample at 423 K for 2@inutes under @atmosphere and

then outgas the sample. The obtained results are presentddgare3.8. For HA_Ca_Rich sample
(Figure3.8 ! Yno modifications after the oxidation step were deted. Thus, proving that the
oxidation step does not modify the hydroxyapatites samples. Instead of that, for HA_Cu_0.01 and
HA_Cu_0.05 samples, the relative intensity of the bands associated to the CO bondébtts G
considerably reduced in favoof the band assigned to CO adsorbed oA*@uns. It is worth noting

that the oxidation step is short in comparison with the fireatment. For that reason, it is
comprehensible that not all the Cuons were reoxidized. Moreover, a more complex spectral
profile is obtained after the oxidation step for the bands associated to CO interacting with Cu
species. The appearance of the band at 2194 and 2200 fomHA Cu_0.01 and HA_Cu_0.05,
respectively, has been previously assigned to CO weakly interagtm@w33]. Consequently, the
observed different reducibility of the €tions and the appearance of new copgetated bans after

the oxidation, suggest the coexistence of cations located in different positions in the
hydroxyapétes. As can be the case for copper cations resulting from surface exchange or surface
complexation.
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Figure3.8: FTIR spectra of adsorb&@Dat ca. 100 K on Hafter the pretreatment including the
oxidation stepy(panel A), HA_Cu_0.01 (panel B) and HA_Cu_0.05 (panel C) at different coverages
starting from 50 mbar (curves a) with stepwise outgassing till 13ndifar (curves j).
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3.5. CONCLUSIONS

Hydroxyapatites narnmarticles with high specific surface area (128ghand exposing elongated
{010}acets were prepared. The preparation protocol was optimized to obtain hydroxyapatites with

a predominant surface density of €#&ns and low crystallinity to favour the cper incorporation

by ionic exchange. The hydroxyapatites material was soaked in aqueous solutions containing copper
(1) at different concentrations (0.01, 0.05, and 0.1 M). It was discovered that the maximum rate of
C&*to Cu#* exchange for this material can be already reached at a copper concentration of 0.05 M.
The concentration increasing of the solution does not result in a higher uptake’tib@si into the
hydroxyapatites, remaining it at ca. 7%. The copper incorporatams not modify the morphology

or size of the nandydroxyapatites material.

The combined study of XRD and sdalidte NMR demonstrates that the copper incorporation took
place principally at the materials surfaces, and for the higher copper concentrasitsasin the first

inner structural layers, without significantly disrupting the hydroxyapatites crystal structure.
However, a slight decrease in crystallinity occurred for the cogpataining hydroxyapatites, most
likely as a consequence of the acigiel of the copper solution employed for the exchange
procedure. Furthermore, the appearance of a very broad peak centred at around 3 ppm was
observed in théH MAS NMR. This band might be assigned to the presence @H&pecies.

FTIR spectroscopy of adbed CO was employed to elucidate the surface properties of the materials
after their proper pretreatment. Carbon monoxide was capable to probe both Ca and Cu cations
on the HA Cu_0.01 sample. Instead of that, only the bands related 26COUspecies wee
detected on the HA_Cu+0.05 sample, which confirmed the complete saturation of the surface by
Cw?*ions. The presence of Cspecies was confirmed to be due to the fireatment at 423 K under
outgassing.
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4. HYDROXYAPATITES
FUNCTIONALIZED WITOPPER
BY CCPRECIPITATION

4.1. INTRODUCTION

The incorporation b copper in hydroxyapatites materials by ionic exchamges presented in
chapter3. In that case, the copper uptake occurs mainly at the material surfaces. In contrast to that,
in this chapter, the focus is put on hydroxyapatites samples incorporating copper by bulk
substitution (described irsection 1.3). Briefly, in a bulk substitution the desired ionic species are
introduced in the synthesis medium at the initiaégs of the preparation protocol together with

the calcium or phosphorous phase. Consequently, the substitution of the apatitic species may occur
randomly in any position of the hydroxyapatites lattice, either bulk or-apatitic surface layer. In

the sane way as it happens for ionic exchange substitutions, the incorporation of ionic species is
strongly dependent of the species nature, and substitutions are favoured for nanometric size
hydroxyapatites possessing high specific surface area and strucexiility (low crystallinity)1¢

5].

Taking a look into the Stataf-the-Art literature sources, it can be observed that the
hydroxyapatites containing copper obtained by bulk substitution methodologies have attracted
more interest than the ionic exchange sultstions. Different preparation methodologies can be
employed to achieve the copper incorporation into the hydroxyapatites structure, thus producing
materials with different characteristicgl,2]. Among all the possibilities, the most employed
preparation methodologies are soligtate reaction and wet methods, specificallymecipitations
methods. The solidtate preparations consist of the sinterin§loydroxyapatite and copper oxides
(CuO or CuO/GO mixtures) powders at high temperatures. In these preparations, the copper is
substituting the hydroxyls positions inside the structural channels in the hydroxyapatites structure.
The copper substitutionnpduces an increase of theaxis in the hydroxyapatites lattice. However,
the increase of copper concentration (over 5.3 wt.%) or sintering temperatures (oveCB00
promotes the precipitation of CuO and £[6,7].

The ceprecipitation methods are more used than the sedihte preparations. In thipreparation,

the Ci#*ions are substituting the C&ions from the hydroxyapatite structure following the formula
CaoxCu(PQ)s(OH} (x varies in function of the [G{} used). In this methodology, the obtained
copper substituted hydroxyapatites are strgly dependent on the conditions used (reagents,
maturation temperature and time, and pH). However, there are common characteristics regarding
the copper incorporation into the hydroxyapatites structure. The copper incorporation into the
hydroxyapatites sticture is successful for low copper concentrations, increasing the concentration
promotes the precipitation of new phases, that depending on the used methodology can be new
K& RNR E& L LJ G A-TCP) orHoppér PRospliatesi phasess (D)0, Cy(OH)PQ among
others). Finally, the presence of copper in the structure leads to a decrease in the lattice cell
parameters and the crystal size, sinc&'Qu3 pm) ion is smaller than €&on (100 pm). In any case,
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the majority of copper hydroxyapatitegreparations are addressed to obtain highly crystalline
hydroxyapatite§8¢11].

In this chapter, twacoppercontaininghydroxyapatites obtained by a quecipitation method are
presented (methodology described isection 2.1.3). The preparation protocol was designed
considering a previous work reporting the preparation of hydroxyapatites containing divalent
cations (Mi*, Ca@* and N#) in presence of carbonates and studying the effect of the citrates
incorporation[12]. However, Cif cations were not considered in this work. The inclusion of sodium
carbonates during hydrgapatites preparation strongly affects the physidwemical properties of

the hydroxyapatites. The carbonates are included in the hydroxyapatites structure substituting
hydroxyl or phosphates positions (type A or B respectively). But also, smaller andsoroedric
nanoparticles, poorly crystallized, and wrapped by the -apatitic layer are obtained13].
Moreover, the inclusion of citrates stabilizes the raypatitic layer, remaining them adsorbed at the
cations present at the surface since the citrate molecules are too big to fit inside the hydroxgspat
structure[12,14] Finally, the citrates stabilise the metallic cations in solution acting as complexing
agents, thus controlling the activity of the hydrated cations in solution and consequently the
extension of thesubstitution proces$12,13]

On the basis of these statements, the objective of this section is to study the copper incorporation
into hydroxyapatites poorly crystallized and posseg high specific surface area, in the presence

or absence of citrates, and compare them to the copper incorporation by ionic exchange (previously
described in chapter 3). For this reason, two coppentaining hydroxyapatites were prepared, one

in absene of citrates following the scheme €A W?/phosphate/carbonate, named as HA_Cu_Cop
and the second one, was prepared in presence of citrates, which specific scheme was
Ca&*/Cuw*citrates/phosphate/carbonate, labelled as HA_Cit_Cu_Cop. To establish theacison

with coppercontaining hydroxyapatites, the HA_Cu_0.05 sample (previously discussed in chapter
3) and the norfunctionalized hydroxyapatite sample containing citrates, HA_Cit, were included in
the discussion of this chapter.

4.2. TEXTURARROPERTIES AND ELEMENTAL ANALYSIS

Specific surface area of the samples was calculated by the BET métteodalculated SSA for the
different samples wa$25 nt/g for HA_Cu_0.05145 n¥/g for HA_Cit312 nt/g for HA_Cit_Cu_Cop
and,117 nt/g for HA_Cu_CopAs can be observed, the SSA values for each sample are in the order
of magnitude expected for nanometric materials. The SSA values obtained for the samples
containing citrates are higher than the obtained values for the other samples. In the specifaf case
HA_Cit sample, the SSA value obtained is slightly higher than the obtained values for HA_Cu_0.05
and HA Cu_Cop. That suggests that HA_Cit -hgdooxyapatites are possessing nano
hydroxyapatites barely smaller and possibly less crystalline than HA 0Buafd HA_Cu_Cop.
Different is the case of HA_Cit_Cu_Cop sample, which is possessing a SSA value much higher than
any of the other samples. This fact indicates marked differences between this sample and the
others. HA_Cit_Cu_Cop high SSA value suggeflissemll nanoparticle size.

Elemental analysis of the samples was performed byQEBTable4.1 collects the obtained results

in weight percentage (W) for the different species of interest, and the corresponding calculated
molar ratios (Ca/Cu, Ca+Cu/P, and Ca/P) for each sample. Samples HA Ca_Rich and HA_Cit are
included at the bottom of the table to be used as references for-aontaining copper saples.

The first remarkable difference is the lower amount of*Gans in the copper samples. The’Ca

content decrease is related to the increase in the®*Gumounts incorporated into the different
samples. HA_Cu_0.05 sample exhibit an amount of incatpdrcopper of 7.67 wt.%, whereas
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HA Cu_Cop and HA_Cit_Cu_Cop samples possess 20.7 and 10.6 wt'lomd,Cespectively. That

is an expected result since HA Cu_0.05 was prepared by ionic exchange. Therefore, the
incorporation of copper is performed pgipally in the surfaces of the material or the first inner
structural layers ¢hapter 3). Instead of that, HA_Cu_Cop and HA_Cit Cu_Cop samples were
prepared by coprecipitation. Thus, the calcium substitution by copper takes place in both the
surface and the bulk of the materi#or that reason, it is not surprising that coprecipitation samples
contain a greater amount of copper, since there are mor& ©as susceptible to the substitution.
However, there is also a noticeable difference between the 20.7 wt.% %fi@orporated by the
sample HA_Cu_Cop compared to the 10.6 wt.% &f @aorporated by HA Cit_Cu_Cop. The
differences between the incorporated copper amounts into hydroxyapatites containing copper
samples are in agreement with the Ca/Cu ratio and follow the samelirins worth mentioning

that HA_Cu_Cop sample possesses a surprising high Ca/Cu value of 0.96. It evidences that there are
almost equal amounts of copper and calcium cations constituting this sample. Finally,
hydroxyapatites containing copper exhibitetfdrences in their (Ca+Cu)/P ratio between them and
with respect to the hydroxyapatites stoichiometric value of 1.67. HA Cu_0.05 and HA_ Ca_Rich
present a (Ca+Cu)/P and Ca/P ratio slightly higher than the stoichiometric hydroxyapatites.
Nonetheless, thesdlifferences do not affect their hydroxyapatitic structure or surface, as was
further discussed i€hapter3. HA_Cu_Cop present a (Ca+Cu)/P ratio lower than theateg ratio

for stoichiometric hydroxyapatited.ow Ca/P ratios are associated with more acid hydroxyapatites
[15,16] It is surprising that despite the high amount of Cu cations present in the sample, the
(Ca+Cu)/P ratio is low. It suggests a high degree of amorphization or the presencehei guatse

which increase the perceptive amount of phosphorus atoms in the sample. Moreover, it may be
considered that copper incorporation might occur by other mechanisms rather than substitution. It
may explain the high amount of incorporated copper shdayrthis sample and the low value in the
(Ca+Cu)/P ratio. In any case, it seems clear that this sample is far enough to be considered a
stoichiometric hydroxyapatite material (a complete explanation regarding the anomalous (Ca+Cu)/P
ratio of this sample vilibe provided later together with the PXRD patterns). Finally, HA_Cit_Cu_Cop
shows a (Ca+Cu)/P ratio higher than that expected for stoichiometric hydroxyapatites. Values higher
than the stoichiometric hydroxyapatites values are associated with more bgsimxyapatites
[15,16] This (Ca+Cu)/khcremented ratio can be explained by the presence of carbonates
incorporated during the preparation procedure. The carbonates are substituting the phosphates
positions. Therefore, the perceived amount of P atoms is lower and consequently, the (Ca+Cu)/P
ratio increases, as has been previously reported by Delgapez et al[13].

Table4.1: Elemental analysis of the different samples measured by ICP, including weight percent
composition and atomic ratider each sample.

Sample [C& (%owt.) [P] (%wt.) Cu (%wt.) Ca/Cu Ca+Cu/P
HA Cu 0.05 29.0+£0.2 155+0.1 767x0.02 6.0£0.1 1.69 £0.01
HA Cu Cop 125%+0.3 13.6+£0.7 20.7x0.7 096+0.01 1.45+£0.09

HA Cit Cu Co 259+0.2 144+0.1 106+0.1 3.863%0.001 1.752 +0.002

Nonfunctionalized hydroxyapatites

Sample  [C&1 (%wt) [P](©wt) Cu (%wt) CaP
HA_Ca Rich 35612 159+06 - - 1.700 + 0.009
HA_Cit 350+03 16.920.1 - - 1.60 + 0.07
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4.3. STRUCTURAL ANALYSIS

Structural analysis of the samples was performed wgyXdiffraction powder (PXRCHigure4.1.
presents the obtained diffraction patterns for tltifferent samples, and the XRDP hydroxyapatites
reference (PDF no. 6009-0432) at the bottom. For the samples HA_Cit_Cu_Cop, HA_Cit and,
HA_Cu_0.05, it can be appreciated that broad diffraction peaks indexed as hydroxyapatite single
phase (PDF no. 6@09-0432) were observed in all the cases. However, the case of HA_Cu_Cop
sample is different, being composed of a multiphase system. For that reason, its detailed description
will be further discussed separatellyigure4.2). Thus, in regard to samples containing one single
hydroxyapatite phase, it can be said that the broad XRD signals obtained for HA_Cit_Cu_Cop, HA_Cit
and, HA Cu_0.05 are normal for poodsystallized samples which possess small nanopatrticles
dimensions. The crystalline domains size along tais ([d02) was calculated by the Scherrer
equation.Thecrystalline domaindimensionsalong the [002] direction for theamples HA_Cu_0.05
(31.9 m) and HA_Ci{32 nm)are equal On the contrary, HA_Cit_Cu_Cop sample shows shorter
dimensions (17.6 nm) along this directiofFhe resultsuggests that HA_Cit_Cu_Cop nanoparticles
are formed by really small nanoparticl&8hese data are in agreement withe diffractograms and

the SSA values obtained for the samplemfortunately, due to the poor resolutionf the
HA_Cit_Cu_Cop diffractogramnot possible taalculate accurately the crystalline domains along

the ab axis (B in this sample Furthernore, one small peak is detected in HA_Cit_Cu_Cop
diffractogram at 29.84°. This peak is tentatively assigned to the mineral monetite (PDF0®. 00
0080). Monetite is an apatitic mineral belonging to the calcium orthophosphates family. The
monetite chemicahame is dicalcium phosphate anhydrous, and its elemental formula is GaHPO
In any case, it is difficult to identify a whole phase in a diffractogram by the presence of one lonely
peak. However, monetite diffraction pattern presents its maximum intergégk at that position,

and it is the only detected peak in the diffractogram. Moreover, monetite can precipitate from
agueous solutions at 373[K5]. Considering that for the obtaining of HA_Cit_Cu_Cop the sample
must be stirred for 24 hours at 353 K, it is plausible that a small amount of monetite may precipitate
0§23S3KSNJ ¢ A (higdrodypatiteaFmally, it iISIvdrtd mentioning that the peak assigned

to monetite is not intense and shows a small FWHM, suggesting the presence of an insignificant
fraction.
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Figure4.1: XRD patterns obtaed for the different samples with the reference hydroxyapatite
pattern (PDF. No 0009-0432) indexing the main diffraction peaks.

Completely different is the case for HA_Cu_Cop sample. It can be appreciated that for this sample
a multiphase compound wasbtained. The diffractogram and phase identification for HA_Cu_Cop

is shown irFigure4.2. As can be observed, HA_Cu_Cop sample is composed of two phases. The first
phase was indexed as hydroxyapatites (PDF n@09®0432), and the second phase was indexed

as copper hydrogen phobpte hydrated, C4H(PQ)sz - 3RO (PDF no. 0031-0458) Both phases

show broad diffraction peaks, indicating a high degree of amorphization of the sample. Itldeed,
hydroxyapatite phase exhibit really weak and broad peaks. Again, for this sample wieratedt

the dimension of the crystalline domains along thaxts ([302) by the Scherrer equation, resulting

in a crystalline size of 14.6 nm. This value is even smaller than the value obtained for HA_Cit_ Cu_Cop
(17.6 nm), confirming that the hydroxyapatifghase present in this samplgossesses high
amorphization degree. Neither in this sample is possible to apply accurately the Scherrer equation
along the ab axis (10) to a proper determination of the nanoparticles dimensions. Moreover, the
presence othe copper hydrogen phosphate hydrated phase explains better the high amount of
copper measured by IAR this sample, and its deviation from the Ca/P value for stoichiometric
hydroxyapatites. Ci#H(PQ)s - 3HO is a compound with smaller amount of strucral Cu atoms in
comparison with the amount of calcium atoms expected for stoichiometric hydroxyapatites
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(Ca(PQ)3(OH)). Indeed, stoichiometric hydroxyapatites possess?5i@as and 3 (Pg) groups,
which results in a Ca/P ratio of 1.67. Instead oétthcopper hydrogen phosphate hydrate is
possessing 4 Ctions for the same amount of ROgroups, which results in a Cu/P of 1.3. It must
be also considered that carbonates were includeca@sagent in the synthesis media during the
preparation of thissample. Carbonates are substituting phosphates groups into the hydroxyapatite
structure, and the same might occur in the copper hydrogen phosphate phase. Therefore, the
presence of these two phases plus a reduction in the phosphate groups assowitltethe
substituting carbonates can justify the (Ca+Cu)/P value of 1.45 obtained for this sample and, the
elevated values of Ctions measured. Furthermore, the high level of amorphization in both phases,
which is greatemn the hydroxyapatitephase, must be considered. A high level of amorphization
hydroxyapatite samples has also been associated with a deche#ise Ca/P ratio for some types

of amorphous hydroxyapatites.

HA reference
Cu,H(PO,); - 3H,0
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E)
)
=
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Q
£
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Figure4.2: HA_@_Cop XRDP pattern evidenced in bla¢kh& bottom of the image, it can be
observed the reference patterns for hydroxyapatites (PDF n€1d¥0432) and copper hydrogen
phosphate hydrate (PDF no.-031-0458).
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4.4. SURFACE CHARACTERIZATION

More detailed information about the specific species composing the material and a deep
characterization of the material surfaces was performed by Fourier Transform Infrared
Spectroscopy. To attain this objective, the samples were submitted to an actiyattmedure
intended to remove the molecular water layers from the material surfaces while preserving their
structural entity. As has been previously explained (se@&idttl), the activation conditions for these
samples consist in the outgassing of the samples at 423 K for two hours.

4.4.1.INFRARED SPECTROSCOPY CHARACTERIZATION

Once the outgassing procedure has been completed, the samples were cooled down until room
temperature and spectra of the samples without the interference of surface water were collected.
It permits the analysis of different species present in the samples and their chemical environment.
The obtained results are exposedrigure4.3. The common signals that can be appreciated in all
the spectra in the range 229890 cmt and 28352995 cmt, correspond to the\CQ) modes of
environmental C@and ACH) modes due to hydrocarbons adsorbed on the samples, respectively.
Now, regarding the concrete bands due to the species constituting the hydroxyapatite samples, it
can be appreciated that three principal sets of bands are present for all the sampéeBrstiset is
placed in the range 1260600 cm. The bands present at this spectral range correspond to the
vibrational modes of carbonates and citrates (for the concrete case of the samples containing them).
The second set is composed of weak bandstjposid at the range 1902200 cm'. The bands
detected at this range correspond to the overtones and combination modes of the fundamental
vibration of phosphates groups. Thirdly, at the broad range extended from 2750 to 37§Ghen
bands corresponding ot the different hydroxyls stretching modes(QH)) are positioned.
Nonetheless, each sample exhibit a different spectroscopic profile of these band sets. Therefore, to
elucidate the specific characteristics of each sample, the concrete aspect of eable wiksent
separately.

The first panel irFigure4.3 shows the spectrum obtained for HA_Cu_0.05 sample. The first group
of bands that can be appreciated at low frequencies (23600 cm') zone are related to the
antisymmetric stretching moded @arbonates groupflL7¢23]. In the case of hydroxyapatites, two
types of carbonates groups have been describedyp& carbonates, which are sstituting
columnar OH and Btype carbonates, which are substituting phosphates groupsXpP®able4.2
resumes the infrared frequencies of the different carbonates groups. Therefore, on the basis of the
data reported in literature, the carbonates bands in the HA_Cu_0.05 sample were identified. The
first evidence to recall is the scarce content otype cabonates (15001600 cmt), which is
appreciated because no isolated band associated with these types of carbonates can be detected.
Then, a band at 1456 chwith a shoulder at 149@n7* both dueto the presence of Aand Btype
carbonates can be observeBinally, a narrow and intense band at 1417-cassigned to Bype
carbonates substituting phosphates groups can be appreci@4jdin HA_Cu_0.05 preparation, no
carbonates were added during theaterial preparation. Therefore, the presence of carbonates is
due to CQdissolved in water, which demonstrated the high adsorption capability for these types
of nanohydroxyapatites. Moving forward through the spectrum, another low intensity band at
1650 cmi* which is attributed to the (HO) mode was detected. The presence of water molecules
after the treatment procedure can be explained as a consequence®@iblecules entrapped into

the hydroxyapatites structure. Consequently, these water molecludesat be removed under the
relatively soft conditions of the activation procedy5s]. Further on, the correspondinovertones
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and combination modes of the fundamental vibration of phosphates groups (2200 cm') can

be detected. In the case of this sample, these bands are weak buskhagled defined17,20,2&

28]. Finally, are detectethe 1 (OH) modes (2758700 cm') due to the presence of hydroxyls;®
molecules and, HP® groups. The extended broadening of this band is because of the hydrogen
bonding that occurs between both, entrap water into the structure not removed by the outgas
treatment and, HP@ groups. Moreover, three clear bands can be detected at the highest
frequency part at this region. The first band at 3493%dms been previously assigned to thed h | 0
mode of bulk OH perturbed by the presence of the carbonates hethydroxyapatite structure,
which are locally altering the structuf@9]. The second band at 3569 @nis attributed to the
stretching of columnar OHoccupying the 4e position in the hexagonal lattice of nano
hydroxyapatites. Finally, theeak band present at 3670 chis due to the OH) mode of free PO

H groups present at the hydroxyapatite surfaces.

Table4.2: Infrared spectroscopic frequencies of carbonates substituting phosphates or hydroxyl
groups into hydroxyapatite materials.

Carbonates positions in the infrared spectra

Frequencies (crh Assignment
14101420 B-type carbonates (substitutinghosphates)
14501500 Actype (substituting columnar OHand Btype (substituting
phosphates) carbonates
15001600 A-type carbonates (substituting columnar QH

The second panel iRigure4.3 reports the spectrum obtained for HA_Cu_Cop sample. As can be
easily appreciated HA _Cu_Cop presents a more complex subset of bands than HA_Cu_0.05.
Obviously, this is because HA_Cu_0.05 is only composed of a single phase of hydroxyapatites,
whereas HA_ C\Cop is constituted by a multiphase system. The respective bands due to the
hydroxyapatite phase are placed at the same position as the bands for HA_Cu_0.05 sample. But it
can be appreciated that the bands corresponding to theH{RQ)3-3HO phase are plad at the

same regions. To the best of my knowledge, thesH{BQ)3:-3HO phase has not been
spectroscopically described. In any case, some copper phosphates and carbonates minerals have
been characterized by FTIR, which permits a characterization of thegal characteristics of this
phase. In the carbonates range (1366800 cmt) two principal bands with approximately the same
intensity can be observedt 1422 and 1472 crh Moreover, two shoulders superimposed with
these bands can be observed at lowdahigh frequencies for this range, 1384 and 1546'cm
respectively. In regard to the hydroxyapatite phase, the first band centre at 1422has been
assigned to carbonates species substituting phosphates groufyp€lR The subsequent band at

1472 cm! has been attributed to carbonates substituting both phosphates groupyd® and
columnar OH(Atype). Finally, the shoulder at 1546 @iis due to carbonates substituting columnar

OH positions[24]. In the same manner, the bands can be explained for the copper hydrogen
phosphate phase. In this phase, the bands are associated by partners. The first partner is composed
of the shoulder at 1384 crhand the band at 1472 cth Bands at the same wawembers have been
reported for amorphous compounds based on an amorphous copper hydambpnate mineral

called georgeit¢30,31] The seond partner is composed of the band at 1422%and the shoulder

at 1546 crt. These two components have been identified in a crystalline copper carbonates mineral
called azurite (GCQ)2(OH}) [30¢32]. The presence of all these bands permits the elucidation of
some interesting characteristics of HA_Cu_Cop sample. First, the shoulder at 1384ata band
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corresponding to the hydroxyapatite phase. Thus, it lbarattributed only to the copper hydrogen
phosphate phase. This fact proves that the phosphate substitution by carbonate groups occurs
either in CyH(PQ)s or in hydroxyapatites phases. Moreover, two of the bands composing the
copper hydrogen phosphate pke, are related to crystalline minerals and the other two to
amorphous compounds. That suggests that there are two different substitution positions for the
carbonates species in this phase. Carbonates substitutions into the first position do not alter the
structural entity. On the contrary, carbonates substitution into the other position creates structural
distortions, that might increase the amorphous rate in the sample. This interpretation is in
agreement with the PXRD results previously shown. Firiatlstn be appreciated that the shoulder

at 1546 cmt, which can be also attributed to-#pe carbonates in the hydroxyapatite phase, does

not appear in the HA_Cu_0.05 spectrum. However, it cannot be discarded the presence of
carbonates substituting columnaOH, even if it seems that their amount is really scarce.
Furthermore, considering this last evidence plus the lower intensity and different profile of the
carbonates bands in HA_Cu_Cop with respect to HA_Cu_0.05, It may be suggested that carbonates
subgitutions seem to be favoured in the copper hydrogen phosphate phase more than in the
hydroxyapatite phase. But this can be also explained because there is a predominance of the copper
hydrogen phosphate phase over the hydroxyapatitic one. Moving forwaaligh the spectrum, a

band at 1636 cri can be observed. This band is related to tifebO) mode of water molecules
present in the sample. As can be appreciated, there is a downshift into the wavenumbers position
of this band in HA_Cu_Cop sample wekpect to HA_Cu_0.05 sample. It can be explained because
in HA_Cu_Cop the water is not entrapped inside the hydroxyapatitic structure phase, but it is the
structural HO constituting the copper hydrogen phosphate hydrate phase. In the spectral region of
the overtones and combination modes of the phosphates groups fundamental vibrations- (1900
2200 cmt), the detected bands are weak and poorly defined. This is because of the overlapping of
the bands corresponding to both phases between them. But also, iitésrthe high amorphization
degree of the different phases. The last part of the spectraf®id) region; 2753700 cmt) also
exhibits a complex set of bands. Unlike the carbonate region, in this spectral range the bands related
to both phases, hydroxyapi##s and copper hydrogen phosphates are not coincident. The
hydroxyapatite bands can be found at the highest frequencies, where at 35#lamthe AOH)

mode due to columnar OH occupying the 4e position in the hexagonal lattice and, at 36 &fem
NOH mode related to P groups found at the hydroxyapatite surfaces, respectively. With respect
to the copper hydrogen phosphate phase, four bands can be appreciated. The first band is located
at 3235 cml, and it is related to the amorphous copper hydraparbonate mineral named
georgeite. The presence of this band together with the detected bands in the carbonate range
suggests that in HA_Cu_Cop sample another phase related to the amorphous mineral georgeite may
be present. This phase would not be deteciadhe XRD pattern since it is an amorphous phase.
The presence of other two bands placed at 3389 and 3452hame been previously reported for

two copper phosphate minerals known as pseudomalachites(F&)2(OH)) and libethenite
(CuPQOH), respectisly. Therefore, these two bands can be tentatively assigne@®H) modes

due to HP@? or POy species present in the surfaces of the copper hydrogen phosphate phase.
The presence of these last bands also suggests that there are two types of plegwbaps
structurally different. Finally, it can be appreciated that the last band at 3517 isnsharp and
intense. These types of bands are normally belonging to structural and ordered species. For these
reasons, the band can be assigned to t©H) male of hydroxyl species bonded to the copper
cations substituting the calcium cations into the hydroxyapatites. Hence, the columnar OH
occupying the 4e position into the hexagonal lattice but bonded t&.Cu
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Figure4.3: Infrared spectra collected at low temperatures (ca. 100 K) of the different
hydroxyapatite samples after the pteeatment at 423 K.

The right panel irFigure4.3 shows the infrared spectra after the activation procedure of the two
samples containing citrates, i.e., HA_Cit and HA_Cit_Cu_Cop. These samples are constituted by a
hydroxyapatite single phase. Thus, their inf@dispectra are similar between them and also to the
HA_Cu_0.05 sample. Three bands can be appreciated in thelBBB0cm' spectral range. As it has

been previously said, at these frequencies vibrate the antisymmetric stretching mode of carbonates.
The fist bands at 1412 and 1417 crfor HA_Cit and HA_Cit_Cu_Cop, respectively; corresponds to
the antisymmetricACQ?%) modes of Bype carbonates substituting phosphates. Whereas the
second bands at 1450 and 1481 -teorrespond to the antisymmetrio(CQ?) modes of both A

and Btype carbonates substituting phosphates groups. But also, in this spectral range@300

cnl) vibrate the symmetric and antisymmetri§gCOCG modes corresponding to the citrates
molecules. The symmetric stretching modesitfates bonded to Cdions are placed at the same
spectral range of carbonates antisymmetric modes. Hence, the resulting bands al3d0@mt

are the result of the superimposition of both carbonates antisymmetric stretching modes and
citrates symmetig stretching modes. That explains the differences in the curves profile and intensity
between samples containing citrates and HA_Cu_0.05 sample. Finally, the bands at 1585 and 1586
cnrt for HA_Cit and HA_Cit_Cu_Cop, respectively; have been assignedattityenmetricA\COO

) mode of citrates bonded to €zcations (a more detailed description of this band will be provided
further). As can be observed, the set of bands described in this range for the sample HA_Cit_Cu_Cop
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is broader than the equivalent basgresent in HA_Cit. The broadening can be explained because
HA_Cit_Cu_Cop sample is less crystalline than HA_Cit, as was evidenced by the XRDP patterns.
Moving forward through the spectra, it can be observed the normal bands related to these types of
hydroxyapatites that were previously described in HA_Cu_0.05 sample. A2P®Tcmt it can be
appreciated the weak bands assigned to the overtones and combination modes of the phosphates
groups fundamental vibrations. At the high frequencies part of thespeit can be appreciated at
3569 cmt the band related to the\(OH) mode due to the columnar OH bonded té*@acupying

the 4e position into the hexagonal lattice. The weak intensity of this band suggests that the citrates
bonded to C# ions are partilly substituting the columnar OH. Finally, another weak band can be
observed at ca. 3676 ctnThis band has been ascribed to {®H) mode related to P& groups
placed at the hydroxyapatite surfaces.

More information about the interaction between thétates and C# ions was obtained by fitting

the curve related to the antisymmetrigf COG® modes of citrates bonded to &€dons (1585 cm)

for HA_Cit sample. The obtained results are presentdeignre4.4. The green curve corresponds

to the original spectrum of HA_Cit sample in the 18000 cm' range, the black dash line is the
result of the fitting composed of two components (grey lines), andithee line is the spectra of
HA_Cit_Cu_Cop sample in the same spectral range. HA_Cit band was fitted by two components, one
at 1589 cmt, and the second at 1554 cinThe first component has been previously assigned to
citrates bonding CGdions forming urdentate-like complexes. Whereas the second component has
been attributed to citrates forming ionilike complexes. Unidentatkke complexes are more
abundant in these materials, as it is evidenced by the intensity differences of the components in the
fitting curveq14]. The equivalent bands corresponding to the symmet(CO0O modes ofthe
citrates can be found in the range 141850 cm' [33¢36]. Therefore, these symmetric modes are
overlapped with the carbonates antisymmetric modes, descripeviously. A similardnd can be
appreciated for HA_Cit_Cu_Cop (blue lingFigure4.4). HA_Cit_Cu_Cop is a sample containing
copper, where the copper is substituting thel@am cations positions. Therefore, it is highly
probable that the citrates are also forming complexes with the copper cations. Indeed, it has been
reported that the antisymmetric stretching modes of citrates bonded to Cu nanopatrticles can be
detected at @. 1561 crt. Consequently, the same stretching modes but forGZft complexes,
might be detected slightly upshifted with respect to 1561 citdnfortunately, the complexity of this
band, which is composed of the two antisymmetric stretching modes eE&if the interferences

with the bands due to the carbonates antisymmetric modes, and the two possible components due
to the antisymmetric stretching modes of @tf*, make impossible to perform an accurate fitting

of this bandIn general, the increasaf the fitting components in a band decreases the reliability of
the fitting. In any case, it can be appreciated that the HA_Cit_Cu_Cop band is broader than HA_Cit
band but maintain a similar profile. It suggests that the band of HA_Cit_Cu_Cop is formedeby
components than the band of HA_Cit, which are probably due to the presence@ffCibmplexes.
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Figured.4: FTIRspectracollected at low temperature (ca. 100 K) for HA_Cu_Cop (blue line),
HA_Cit (green line), and the result of fitting the HA_Cit band (black dash line) composed by two
components (grey lines) in the spectral regib00-1700cnT!, where the antisymmetrie d0O)

modes of citrates can be found.

4.4.2.IRSPECTROSCGPFADSORBEPROBE MOLECULES

The elucidation of the cationic species presents at the surface of the different samples was
performed by infrared spectroscopy of probe molecules. Carbon monoxidew&O3mployed as
probe molecule since it is a molecule sensitive to both calcium and copper species. As it was
explained insection3.4.2, the CO adsrption on the hydroxyapatites samples must be performed

at low temperatures (ca. 100 K) to favour the interaction between CO molecules &HEEa
species, and avoid any type of reaction due to the reductive properties of CO. Moreover, before the
CO adsrption on the sample, the water layers adsorbed at the material surfaces must be removed,
thus allowing the adsorption of the CO moleculssction2.2.6) [37,38] Therefore, the materials
were submitted to a préreatment consisting in outgassing the sample at 423 K for two hours. The
pre-treatment conditions are intended to remove the superficial adsorbextew layers without
introducing significant structural modificationsection3.4.1) [24].

The set of presented spectra was recorded in absorbance. 50 mbar of CO were admitted into the

sample to assure the full coverage of the sample surfaces. To better evidence tlis ban

corresponding the CO adsorph, the spectrum before adsorption was subtracted as background
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to the spectra at different coverages of CIhe subtraction procedure is analogous to that shown
in Figure3.6.

Figure4.5 shows the set of spectra collected at decreasing coverages of CO for the different samples
in the 20002250 cm spectral range after concluding the methodology described above.
HA_Cu_0.05 spectr&igure4.5 A) have been previously describedsection3.4.2 Briefly, the set

of spectra exhibit two broad bands: the first one assigned toAl@O) of CO molecules bonded to

CU ions is centred at 215 cm?, and the second one attributed to thq/CO) of CO molecules
interacting with Cé&*ions is located at 2155 ctn The presence of Chas been attributed to the

mild reductive influence of the pregeatment which promotes a partial reduction of €wsurface

ions. Finally, no Casuperficial species were detected for this sample as a consequence of the
complete substitution of surface €ay Cid*ions[39¢42].

Similar is the situation for the set of spectra collected for HA_Cit sarRgare4.5 A). This is the

sample composed of nesubstituted hydroxyapatites. Therefore, its spectra are comparable to the
spectra of HA_Ca_Rich previously described. As can be appreciated, the spectra are composed of a
lonely band centred at 2163 c) which has been assigned to thé€CO) mode of CO molecules
bonded to C#" cations.

In the copper bullsubstituted samples HA Cu_Cdjigure4.5 O and HA_Cit_Cu_Cobigure4.5

D), two principal bands at the highest coverage of CO are appreciated: one in the rang215W/5
cnt and the second at 215220 cm'. The first of these bands appears at lower wavenumbers,
2115 cmt in the case of HA_Cu_Cop, and 2109'émthe case of HA_Cit_Cu_Cop. In both cases, it
can be appreciated a shift of the band through higher wavenumbersnwihe CO coverage
decreases, as a consequence of the fading out e€CQateral interaction@9]. Taking into account

the bands position and their irreversibility evaluated during the outgas at room temperature, the
band can be assigned the ACO) mode of CO molecules interacting witht ©uas [40,41] The
presence of Cuions, as in the other samples, is explained by the reductive character of the pre
treatmert [42].

The maximum of the second band, located at 2162'dor HA_Cu_Cop and 2157 @nfor
HA_Cit_Cu_Cop is the result betoverlapping of two bands as is evidenced by the decreasing of
CO coverages. These two bands exhibit lower stability since they are completely depleted during
the outgassing procedure. The maximum of these bands at low coverage of CO are found at
2159/2155 cm! and 2179/2177 cm for HA_Cu_Cop/HA_Cit_Cu_Cop. Consequently, due to the
behaviour of these bands and their position, the band at 2159/24%8 can be assigned to the
NCO) mode of CO molecules adsorbed ofi* €ations, and the band at 2179/2177 ¢ngan be
attributed to the ACO) mode of CO molecules adsorbed off iBas[40]. It can be observed that

the relative intensity of the detected bands in HA_Cu_Cop sample is totally different to the relative
intensity of the other samples. Theffect can be attributed to the higher amount of copper in this
sample as was evidenced by the ICP analysis. Moreover, the bigger intensity of the band attributed
to CO adsorbed on Euwith respect to the band of CO adsorbed ort @ms, might also sugest

that there is a stabilization effect for the €ions in HA_Cu_Cop sample, which make difficult their
partial reduction through during the prreatment. This effect would be attributed to the
CuH(PQ)s3 phase since it is not observed in any othethe hydroxyapatitic samples.

Moreover, HA_Cu_Cop sample shows a-loi@nsity band evidenced at low CO coverages centred

at ca. 2200 cnh. This is also a weak and unstable band since it disappears during the outgassing of
the CO molecules. The presenceadfand at such high wavenumbers has been previously assigned
in literature to COmolecules adsorbed oisolated Ci#* ions adsorbed on Ti@surfaceg43]. The
presence of this band suggests that there aré*@ns occupying diffent positions in the sample

88



surface. It must be noted that the weak intensity of this band might be a consequence of the low
affinity of the CO molecules for these types ofQans. In any case, the presence of this band is
totally compatible with the pesence of two phases both possessing*@ns.
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Figure4.5: FTIR spectra of adsorbed CO at ca. 100 K on the different hydroxyapatites samples at
different coverages of CO starting from 50 mbar (curves a) with stepwise outgassing for 3 hours in
coppercontaining samples (curves n), and until a residual pressuteidf mbar for HA_Cit
(curvej).

4.5. CONCLUSIONS

In this chapter, the study on the incorporation of Cuons in carbonatéhydroxyapatite
nanoparticles obtained by eprecipitation in both presence and absence of citrates has been
reported. The copper incorporation into the hydroxyapatite samples by this methodology produces
hydroxyapatites with a high amolngzation degree, which suggests that the?Cions alter the
hydroxyapatites structure. However, the incorporation of citrates during the preparation stabilizes
the hydroxyapatite phase, promoting the precipitation of smaller nanopatrticles with a higlfispec
surface area (312 #fg). Conversely, the incorporation of copper in absence of citrates leads to the
precipitation of a new copper hydrogen phosphate phasesfi{{RQ)s - 3H0O) along with the
hydroxyapatitic phase. This evidences that citrates play a key role in the stabilization of the
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hydroxyapatite phase, even during the incorporation of metal cation$)(Mis was previously
reported by MartinezCasado et a[12].

In any case, the copper incorporation was achieved for both samples, with higher amounts of
copper than coppefunctionalized hydoxyapatites obtained by ionic exchange, discussed in the
previous chapter. Indeed, HA_Cu_Cop sample exhibits a high amount of copper incorporated, being
this the double of HA_Cit_Cu_Cop sample, thanks to its copper hydrogen phosphate phase.

The fitting ofthe band due to the antisymmetric stretching mode of citrate carboxylates at the
surface of HA_Cit_Cu_Cop evidences the presence of citrates bonded to the supedidaiCat

the surface forming predominantly unidentatd&ke complexes and suggestsalthat the citrates
may be bonded in the same way toCions.

Finally, the adsorption of carbon monoxide on the sample confirmed the presence”ab@s at
the hydroxyapatite surfaces, evidencing a predominance éf @er C&*ions in both samples.
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5. APPLICATIONS OF COPPER
CONTAININGIYDROXYAPATITES

5.1. INTRODUCTION

Hydroxyapatites are versatile materials that have been used in a vast range of applications. Among
this huge range of applications, in specific, the hydroxyapatites are gaining attention in the
electrochemical field and have be extensively explored as potential anticancer mateifibtg].

Regarding the electrochemical field, the use of hydroxyapatites, whether functionalized or not, has
been extensively explored to develop sensors, focusing espeamathe detection of analytes with
biomedical interesf5¢8]. For that reason, our syntsezed hydroxyapatites, whether functionalized
with copper or not, were submitted for a proof of concept to study their potential as electrocatalysts
through the electrochemical reduction of>& by cyclic voltammetry. Hydrogen peroxide is a
molecule that an be used in many different applications fields, as diverse from each other as the
pharmaceutical and mining fields; passing through clinical, environmental, and textile applications;
among others. But ¥, importance relies also on its biological roleliving systems, acting as a
signalling molecule for the regulation of diverse biological processes, like apoptosis or immune cell
activation. Furthermore, ¥, is a side product of some enzyratalyzed biochemical reactions.

For these reasons, the stu@yd/or detection of HO; is of crucial importance to understand and
intercede some biochemical challeng€g11]. Last but not least, since-€& is an electroactive
molecule, its detection by electrochemical means permits a simple, rapid and effective detection
[12].

On the other hand, the biomedical applications of hydroxyapatites nanoparticles have been largely
studied. However, their use is not only limited to bone grafts or barlated applications, but also

as anticancer or antitumotalrugs. To achieve this target, normally functionalized hydroxyapatites
have been used. The hydroxyapatites intended to be used as anticancer materials have been
functionalized by different methods like cationic substitution, using thallium and selefiGin
anionic substitution, using vanadium as vanaddi4], or by the adsorption of drugs (as chitosan
poly(D, LJactide-co-glycolide)or metal nanoparticles (as TiOr Ag) on their surfacdd5¢17], only

to name some. Moreover, the functionalization of hydroxyapatites with copper is being currently
studied since it is proposed to improve the biological properties of bone gudif$titutes. Indeed,
some examples of coppdunctionalized hydroxyapatites, hydroxyapatites acting as copper carriers,
and alloys of copper with other metals adsorbed on hydroxyapatites can be found in the literature
[18¢21]. Therefore, the second application regarding our hydroxyapatites materials is aimed at the
study of their cytotoxic activity and reactive oxygen species induction in difféwemian and mice
cancer cells lines. This part of the project is still ongoing work, which is being performed and
developed by our collaborators at the Mendel University of Brno, in the Chemistry and Biochemistry
Department. Consequently, only some of theshinteresting results will be present in this Thesis.
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5.2. ELECTROCHEMICAL REDUCTIOMOROF H

5.2.1.CYCLIC VOLTAMMETRY RESULTS

The potential electrocatalytic activity of the samples was studied by Cyclic Voltammetry (CV)
through the electrochemical reduction ob€&. The experiments were performed by inserting the
carbon paste electrodes in a voltammetric cell containing 10 mL of PBS buffer at 0.02 M. Variations
in current intensity were recorded by scanning the applied potential from 11té V. For each
sample, wo voltammograms were recorded, the first one only in presence of PBS buffer, and the
second one after the addition of a hydrogen peroxide solution prepared in the same PBS buffer with
a final concentration of 0.2 mM into the voltammetric cé&ligure5.1 panels A, B, and C exemplifies
three different types of voltammograms that can be obtained for these hydroxyapatite samples
(colored lines), the voltammograms before and after th®#hddition are presented as dashed or
solid lines, respectively. Moreorehe recorded voltammograms of the bare electrode are included

in the different panels (black dash and solid lines) to further highlight the behaviour of the different
materials. Figure 5.1 panel A presents the case of namodified hydroxyapatites samples
(HA_Ca_Rich, HA_P_Rich, and HA_Cit), where the cathodic response of the bare electrode and the
hydroxyapatitescontaining electrode are similar. Congeently, the sample is not showing
electrocatalytic activity. In panel B, the case for HA_Cu_0.05 (red curve) as an example of the other
hydroxyapatites functionalized with copper is shown. As can be appreciated in this case, the copper
functionalized samies are more sensitive to the applied potential, since they showed a higher
cathodic response in all the voltammograms. Furthermore, the recorded voltammogram after the
addition of HO; exhibits an evident increase in the cathodic current as a broad lfaeadstarts

from ca.-0.4 V and extends down to cdal.4 V. The presence of this band is attributed to the
electrochemical reduction of .. Moreover, in the voltammograms of functionalized
hydroxyapatites with copper, we can see a small oxidation peailral 0.0 V. This peak can be a
consequence of the rexidation of the copper species in the electrod22].

Finally, in the third casdg-{gure5.1, panel C) the voltammogram for HA Cit_ Cu_Cop sample is
presented. As can be appreciated, the cathodic response of this sample is different to the response
of the bare electrode and the other samples. This is a consequence of the citrates lesle@sent

at the surface of the material, which can experience a reaction with H ét the components of

the buffer (further explanation of the effect of the citrates in these systems is provided in section
5.2.2). Furthermore, no remarkable changes can be appreciated between the two voltammograms
of HA_Cit_Cu_Cop sample, before and after the addition,@.Hndeed, thevoltammograms are
practically the same at the first potentials whereQd experiences its cathodic responsed(R)¢ (-

0.8) V). Consequently, neither in this case does the sample present catalytic activity.
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Figure5.1: Comparison between the obtained voltammograms of the bare electrode (black) and
(A) HA_Ca_Rich (orange), (B) HA_Cu_0.05 (red), and (C) HA_Cit_Cu_Cop (green) in PBS buffer
before (dashed lines) and after the addition &f with a final conentration of 0.2 mM in the
cell (solid lines).
95



5.2.2.CATALYTIC ACTIVITY

Further insights about the catalytic activity were obtained by evaluating the differences in current
intensity, calculated at0.4 V, between the voltammograms before and after thedition of
hydrogen peroxide for each sample. For a better appreciation of the catalytic activity, the
differences in current intensity have been multiplied-thy The evaluation of a material intended to

be used as an electrochemical sensor may be stlioygtwo aspects. One is their catalytic efficiency,
intended as the magnitude of the cathodic response for the considered material. The second is the
selectivity of the material, intended as the minimal applied potential at which the cathodic current
canbe detected. It is important to work at low potentials in electroanalysis because it avoids the
interferences that may be present in a real complex sample since at higher applied potentials other
species present in the complex samples can undergo elearoial oxidation/reduction. In our
case, at0.4 V the cathodic current is significantly higher than that of the bare electrode and, the
cathodic current due to only the28» reduction potential is shifted to less negative values. This is
interesting for pactical applications in comparison to other copfiersed systemp23,24].

The calculated catalytic activities|) at-0.4 V for the different samples are showrFigure5.2. In

panel A, the catalytic activity fohé nonfunctionalized hydroxyapatites in comparison with the

bare electrode is presented. No catalytic activity was detected for any of theuraionalized
hydroxyapatites, which is an expected result since the hydroxyapatites are insulant mgd&sels

27]. HA_Ca_Rich sample exposes a cathodic response similar to that of the bare electrode, whereas
the cathodic response for HA_P_Rich and HA_Cit is lower. The lowest cathodic response of HA_Cit
can be explained by the presence of citrates on its surfaldes.citrates are bonded through their
carboxylate groups to the superficial Cans of the hydroxyapatites. Thus, citrates are exposing
their organic groups and consequently, they show more resistance to the pass of the electrons.
Moreover, this effectould beenhanced by aeaction between citrates and-B, that generates
products that can be adsorbed on the electrode surface creadifign that covers the electrode
andpromotes itspassivaibon [28,29] Finally, the catalytic activity differences between HA_Ca_Rich
and HA_P_Rich could bealto an anisotropic effect, where the conductivity may be favoured along

the caxis as a consequence of the elongated morphology of HA_Ca_Rich nanoparticles through this
axis.

Moreover, the calculated catalytic activity for copgfenctionalized hydroxyagdes by ionic
exchange is presented together with their pristine material (HA_Ca_Riéljune5.2 panel B. As

it has been exposed above, the batearode and HA_Ca_Rich sample present equivalent catalytic
activity. However, HA_Cu_0.01 sample exhibit a slight increment in its catalytic activity, which is
attributed to the presence of Ctiions in the hydroxyapatite surfaces. The increase of thelytita
activity is much higher for HA_Cu_0.05 sample, where the hydroxyapatite surface is saturated with
CuU* ions, thus, evidencing that the catalytic activity increases with the amount &f iGus
incorporated into the surface of the hydroxyapatites.

Finally, Figure 5.2 panel C presents the catalytic response for the copper functionalized
hydroxyapatites by crecipitation. HA_Cu_Cop presents a cathodic response that is ca. ten orders
of magnitude bigger than the bare electrode response. Thus, HA Cu_Cop shows catalytic activity.
Indeed, its catalytic activity is comparable to the catalgttivity obtained for HA_Cu_0.01 sample
(Panel B). Differences in catalytic activigyl of HA_Cit_Cu_Cop are the only values presented in
negative, because this sample was the only one showing a positive cathodic current difference. That
is because theathodic current in presence ob& is lower than before the addition. That can be
attributed to a passivation effect promoted by the presence of citrates, which due to the
electrochemical reduction of 4, and the presence of Cuspecies at the surfacef the materials,
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promotes the formation of copper oxides. Thus, producing the formation of a passivation layer at
the electrode surface, as has been appreciated in other metallic systems or copper systems
containing citrate$28¢30].

These results are in agreement with previous work reported in the literature showing that copper
ions induce catalytic activity through the electrochealireduction of KO, [31]. Finally, it can be
concluded that our materials behave like hanozymes, i.e. nanomaterials timaicrenzymeike
activity, mimicking in our case the catalase enzya#.
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Figure5.2: Differences in current intensityy(l), calculated at0.4 V, between the voltammograms
before and after the addition of 4@ for (A) nonfunctionalized hydroxyapatites, (B) copper
functionalized hydroxyapatites obtained mnic exchange, and (C) copgenctionalized
hydroxyapatites obtained by gorecipitation.
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5.3. FUNCTIONALIZED HYDROXYAPATITES ANTICANCER ACTIVI

5.3.1.CYTOTOXICITY OF THE HYDROXYAPATITES SAMPLES

The cytotoxicity of the hydroxyapatites samples was studied in diverse human and mouse cancer
cell lines (MDAVIB-468 (triplenegative human breast carcinoma), HdHhuman hepatocellular
carcinoma), P@ (prostate adenocarcinoma), and 26 (mouse colon cainoma)) by3-(4,5
dimethylthiazot2-yl)-2,5diphenyltetrazolium bromide(MTT) assay. The obtained results are
represented inFigure5.3 by showing the percentage of control cells viability as a function of the
hydroxyapatite concentration. The cancer cells lines were screened, looking for the highest
cytotoxicity (low % of control cells viability) at the lowest hydroxyapatite concentratib is
important to note that even for biocompatible materials, a high concentration of nanoparticles is
usually hazardous for living systems. Nanctionalized hydroxyapatites, HA_Ca_Rich and HA_Cit,
do not show significant cytotoxicity at any concexiton and for any of the cancer cells lin€syure

5.3. Panel A and B, respectively) since no significant decreases in the control cells viabbigy can
appreciated with the increase of the hydroxyapatite concentration. On the contrary, the copper
incorporation into the samples has a direct effect on the cytotoxicity of the materials. As can be
appreciated for the coppefunctionalized hydroxyapatitesbtained by ionic exchange, HA_Cu_0.01

6t ySt 1'Q0 YR Il y/dzgndnp 6tlySt 1 QQ0 al YLI Sa
viability related to the concentration increase of the samples. Moreover, the cytotoxicity of the
samples is direty related to the copper amount present at the surfaces, since the reduction of
control cells viability is more significant for HA_Cu_0.05 than for HA_Cu_0.01. Furthermore, all the
cell lines are sensitive to the HA_Cu_0.05 sample, whereas only7 Huid MDAMB-468 are
enough sensitive to HA_Cu_0.01 samples. Finally, HA_Cu_0.05 sample causes a considerable
reduction in the population of control cell viability in all the lines at high concentrationu@H0L).
Unfortunately, this concentration is too high be useful inn vivoassays.

Regarding the coppdunctionalized hydroxyapatites obtained by coprecipitation, HA_Cit_Cu_Cop
OttySt . Q0 YR 1! @/dzg/ 2L 6t yStf . QQuX I RSONE
concentration increase is gbrved in both samples. HA_Cit_Cu_Cop sample exhibits a significant
reduction of the control cells viability in all the cases, but at a high concentration of the samples
(250 pug/mL). On the contrary, HA_Cu_Cop sample shows a high sensibility for alll tieeseand

its cytotoxic activity is higher than any of the other samples, reaching a significant reduction of the
control cells viability, ca. 20%, at a concentration of 3g6nL for PE and HuH7, and between

5-15% at 62.5ug/mL for all the cellsries. Consequently, these data suggest that the amount of
incorporated copper in the samples is directly related to their cytotoxic activity.

A quantitative and more precise evaluation of the hydroxyapatites cytotoxic activity can be obtained
from the calclation of the halfmaximal effective concentration (EC50 in ng/mEE50 expresses

the concentration of a material for which is obtained the 50% of the effect of such material in a
biological system. The maximum rbazardous EC50 concentration for nanddes that are
intended to be used in living systems is ca. 11 ng/fahble5.1 collects the EC50 values of each
sample for the different studied cells lines.
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Figureb5.3: Cytotoxic activity expressed at the percentage of control cells viability in function of the
concentration inug/mL for the nonfunctionalised and coppeiunctionalized hydroxyapatites
samples.
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