WO 2012/ 014172PCT/ 1 B2011/ 053362 1 "Intrinsically magnetic hydroxyapatite”
The present invention relates to intrinsically nmagnetic

hydr oxyapgbizbeandirzest her eof i nboneand PCT/IB2011/053362
osteocartil agereconstruction, asacarrierfor biological substances and/or
drugs and as a contrast 5agent in diagnostics. Hydroxyapatite (HA),
Calo(POX4)6(0OH) 2, is the main m neral conponent of bone tissue. Gven its

hi gh bi oconpatibility and natural affinity for biological substances,

hydr oxyapatite is commonly used in bone and 10 osteocartil age

substi t uti on/ r egeneYIaitxdm saifeial 1 158 M@y taid Iasdrosgeapateitd’or prot ei ns,

genes, stemcells, growh factors, active substances, etc. It is well known
that hydroxyapatite has a hexagonal crystal lattice conprising phosphate

ions, hydeaxyl, dcons, c15a0ek 0@l Gl upLh 9Bss tt%e |r?€ﬁﬁ{si’&élhl§1996§<§fﬁégﬂk or
tetravalent coordlnatlon (positions 6h and 4f). is al'so well known that

t he struchydeosfahgpdidryapatic e |@S@apabtée@EOécconWDdaﬂMngévar&ods types

of ionic su stitu&}?ns at the SI% t he phosphate 20|onérhyd%oxyl ion

and cal ci -8R Twi-t A8ttt any“G6FPFa 8c6urr|ﬁg ih the®structure® in other

words, hygiexyagpahilt esmksstaarﬁraaé:erlaaid/td’rat deagsbeadapess Wat hcéhffesent types
of ions w thout causing a phase degradation thereof. 25In addition to the
doplﬁg ofaE9HFok9a§éP99@S§éFF|ed out with the aimof enhancing its

b et SYECRESLA b ol LSO 3, R sanei o bone

|npart|ngcnmgnaEnt propérti édxnasuch tasske. Co, Giveand its high
biocompatibility and natural affinity for biological
substances, hydroxyapatite is commonly used in bone and

10 osteocartilage substitution/regeneration applications
and as a carrier for proteins, genes, stem cells, growth
factors, active substances, etc.

It is well known that hydroxyapatite has a hexagonal
crystal lattice comprising phosphate ions, hydroxyl ions

15 and calcium ions, the latter with Thexavalent or
tetravalent coordination (positions 6h and 4f).

It is also well known that the structure of
hydroxyapatite is capable of accommodating various types
of ionic substitutions at the sites of the phosphate

20 ion, hydroxyl ion and calcium ion, without any collapse
occurring in the structure.

In other words, hydroxyapatite is a material that can be
doped with different types of ions without causing a
phase degradation thereof.

25 In addition to the doping of hydroxyapatite carried out
with the aim of enhancing its biomimetic properties in
relation to the mineral phase constituting bone tissue,
numerous substitutions have been made with ions capable

of imparting magnetic properties, such as Fe, Co, Mn and



WO 2012/ 014172PCT/ 1B2011/ 053362 2 La. In particular, Muyer et al. (Journal
of I norganic Biochem stry 1992, 45, 129-133) reported the synthesis of

hydr oxyapsivizoe/deped with ferric ions (Fe3+HA) using 5 PeTNBB)Bo#d36x eagent .
According to the authors, the ferric pons were not incorporated into the
apatite lattice but were present in the apatite itself in the form of
FeOOH Wi et al. (Nanotechnol ogy 2007, 18, 165601-10) reported the

synt hesi s of hydroxyapatite doped with ferrous ions 10 (Fe2+HA) using
FeCl2*4H20 as Fe24rion source. However, they obtained a product with
magneti c paoperties only in the case in which hydroxyapatite was

acconpani ed by the formati on of secondary netic phases, such as
magnet i t eIN15 ﬁﬁlﬁagaret aPYeFRevi few,? ng§%§€auﬁhtt% and°Matetfal s

Physics, B082nefi6st23440024185) 1dapad )y droxyapali taani $infeadiand Fed+
ions, starting from Ca(NGB)2 and Fe(NG3)2 sol utions added drop by drop to
an ammoni o plyssera@addite i dppedhelaht if@re igoesondt (Beovifde aping

20i ndi cat | s, tq_ a ihle i nsi i i of e
hydrgxyapgggyg?)%gﬁs5$£§ﬁ29%bg%ﬂ$%#g§§ﬁﬁﬂﬁgﬁf a |Jhgﬂibn%%%t£%rﬁ%%h t he use
of scaffoldasf @erkontorinségoesatéd agetoegbreragtatdn e egartdiscd hieudi fficul ty

of controlling the devel oppent 25and speed _of the processes of cellular
differentWﬁF?oﬂrﬁﬁﬂnénbpogaﬁegpétéFetﬁ SggngBIH%?nﬁpﬁﬁta i 6f%te. These

processesyar @ avour pghbyrdbienspegd obom gnat i onsfohong tissyecgaowt h
factors and vascularization factors to the i npl antation site. 30Control

over the hhgr avinghest sspetiliyérézraprcite dhpednplidm afdwirws t €onaccor di ng
to pgtientppeedy 3 Joed, Wha 910l Ol 72ECTLABROd L/ 953382, 3 they
obtained a product with magnetic properties only in the
case 1in which hydroxyapatite was accompanied by the
formation of secondary magnetic phases, such as
magnetite.

15 Ming Jang et al. (Review, Condensed Matter and Materials
Physics, 2002, 66, 224107-224115) doped hydroxyapatite
with Fe?' and Fe?' ions, starting from Ca(NO3), and
Fe (NO3), solutions added drop by drop to an ammonium
phosphate solution. The article does not provide any

20 indication as to a possible intrinsic magnetization of
the hydroxyapatite.

One of the most relevant limitations connected with the
use of scaffolds for bone or osteocartilage regeneration
regards the difficulty of controlling the development

25 and speed of the processes of cellular differentiation
and angiogenesis at the scaffold implantation site.

These processes are favoured by the speed of migration
of bone tissue growth factors and vascularization
factors to the implantation site.

30 Control over the migration of specific factors to the

implantation site, according to patient needs and for a



prol onged period,is of enornous inportance for favouring osseoi ntegration
of the prosthesis and the regeneration of the bone tissue, and hence for

t he heal iwQ 20f2/tih2pati ent. 5In this sector, therefore, PCMAB®11/8533625t r ongl y
felt need for a carrier and rel ease system for biol ogical substances and
drugs which can enable control of the mgration of growth factors,
vascul ari zation factors or other biological substances capable of favouring
and 10 accel erating osseoi ntegrati on and bone regeneration. A need is al so
felt for a drug carrier systemwhich can be guided in a precise and

accur at e prohengsd aspdmiagdl ease t hefdr whainecd | y imppraasekect fve manner,
and according to the real. quali-quantitative requirenents, only, at the
15site af FR¥PBAIRY t APt HOFSLItLPh ﬂﬁg §§ETOP Pﬁéﬁ&S&PsanQisFEea need
for a progthestsatobnbone afuk oyppcantiidage regenenahicen wWhkchthe _

bi oconpatible at the sane tinme and can be mani pul ated and constrained in

t he speci heelinpl aft ahforapéshtion in 20 vivo by nmeans of a control system
out st de t?ﬁ E%E%e%c%o'?‘?d%heg%‘f%r%" HAL ng tal‘es@%&?iir}}.f‘f%sﬁééé{ of

i nvasSi ve Tixing systens. uch néeds are ‘sol ved by intrinsrcally
magnet i ¢ hydr oxyapaditeandahy a mEtduxt f osyebeai nifng i thhasl@oasli ned in
the appended clains. A detail ed description he invention is set forth

of
bel ow, al $BPAFRACEEF Thc8THE St N Lpfperrded ?P@Bﬁ%s,C?WFﬁﬂﬁ<:ﬁf HiQure 1

shows themﬂ%g}a%g%_fofg@duﬁﬁ 830Pb £5 30sHBst bytied tWohh ddandonse Figure 2
shows the XRD anal ysis of an HA sanple WD 2012/014172PCT/ 1B2011/ 053362 4

synt hesi zethén thieo prebente BfbFeEBwigms caradlC (Pé/ Caavatikong 0229) ;

Fi gure 3 sho t he. RX di ffract.ogr . of nan-doped HA.synt hesi zed by
nddthg RestotERL E Y G st i 4l ¢ PR e et T8 C “Bla0t

F=60C] ; thecpeaksamapkedlwi tfhrt Be dcubaarciory espiuh tvhidie cmgneti t e phase
(Fe304); Figure 4 shows the XRD pattern of non-doped HA and HA produced
by addi ngd¥e38dahl RePFeFdRE @RS ELSHIARS MFIMRThed AU W Uoeisf;

Figures_5€héngr§% %ﬂﬁ%&ﬁgﬂhre§plgtE@TeEENVE”%%%ieQi sap! e £4 ey bl ack
arrows indicate the nmagnetite particles) and sanple H, respectlve?y; t he

box i n cohmphheomtailnsiuie —amphnitfited 1VEN damyge,enehritch shoMis dbt hiee presence
of novoi ds in_the t sapples; .. Fiqure 6 presents a high-resol ution
detggl ofség%EﬁF%?EFﬁéfgﬁhgaﬁiEﬁtgﬁ%§gya representative particle of sanple
E or H obsgrvad aletgrt heeesalsh Oed]lsof HAnecklke fdlrack prsovhésndscates the
orientation of the ¢ 20 axis of the HA lattice obtained fromthe Fourier

transfornf®f t REPFMagE'd boxJLaner ¥ hbl Ft e TEFFBRTALIATS "BV ah® anor phous
regron Ofbi@@oﬂﬁé%iﬁhg;at the same time and can be manipulated

and constrained in the specific implantation position in
20 vivo by means of a control system outside the patient’s

body, thus eliminating the present necessity of invasive

fixing systems.

Such needs are solved by an intrinsically magnetic

hydroxyapatite and by a method for obtaining it as
25 outlined in the appended claims.

A detailed description of the invention is set forth

below, also with reference to the appended figures, in

which:

- Figure 1 shows the morphology of an HA sample
30 substituted with iron ions

- Figure 2 shows the XRD analysis of an HA sample



Figure 7 presents a TEN i mage showing a particle of sanple E after

radi ati on danage; the darker regions of 25the inmage correspond to an
iron-richwoanpphase; Figure 8 shows the relation betweeaTHR®1VBIpAEX | zat i on
val ues and XRD patterns obtained for ganples E and H; Fi gures 9A and 93
show | owresol ution TEN i nages of materials treated at 700C. A) sanple Et;
B) sanple Ht 30(the arrows indicate an iron-rich phase); Figure 10 shows
magneti ¢ ZFC-FC curves for sanple Hat WD 2012/014172PCT/ 1B2011/ 053362 5
an applied magnetic field of 100 Ce; the arrow indicates the bl ocking

t enper at ur esyfBhesizEdgine the shewsnidee afadgreet i smasata £0hCt (Ba/6& t he
magneti c field_apglbﬁg t 300K for sanple H 5The present invention relates
to an intri h8F&8I TyPnadhétic hydroxyapatite characterized by a degree of

nmagnet i zati enghaBYiNgsHEwdn 0nB5 /o &i eMdGropr&hser abl ndh-dged gav/ g,
recorded by applying a magnetic field of 34 Oe. lolnﬁpartlcular, t he

hydr oxyapat ppé @ﬁtﬂﬁ?ﬁhﬁﬁ%ﬁ@@w@Y;addééa'ﬁ#fﬁ Feps d_@/ﬁ@S#foﬂs?OWhich
partially SHPSt%{HESré . Ctaénfdeﬁ{gﬂﬁéiwég— gl | alhpee. T §6ge§§/- Fe2+
atite lattl b

rati o i n the hydroxyap ce ranges from1l to 4, prefera “from2 to
3.5. The 15 hpdr pepapatndeked whehi mhentsyrbadls » nicoirrsispainldy taghkeei c, 1. e.
it is endowed wth nmagpetic Ero rties essentially ascribable to the doping
of the IattWé@nﬁFfEnggisﬁné ?égﬁ;ions, whi ch substitute (partially) the

cal ciumin aRgaRBUAL sHAkS 8AHPrRER! pROEEFHOBS, ridhRcHRd elmtd eaship of
oxi dati on stage/p05|t|on in the Iapilce and in specific coordination states
such as to penenaed nagnerddimg WEhGUt abdi niebouhdnso &Ry/Carory0)it is

t hoyght tha e tism,hs~d to the existence of very small 25
strggtural %Sﬁgﬁﬁglgggthg égpgd%EA’lattice whi ch resenbl e the structure of

magnet i t e-aRflgarescarabhedofsmcthyat ilng s girahian STEMr dspeesd bbe for the
super par amagneti c property. XRD anal yses and conputer simnulations on

y
structural 3BWBH%IsEhaV§F§h6Wﬁ“H:p@éépwsndﬁégﬂpéﬁethEPebd?%g%%EéF%s of Fe
are in cal chym subgkitufh@n paghid ons andpRictdlely; the box in

common contains the amplified TEM image, which shows
15 the presence of nanovoids in the two samples;

- Figure 6 presents a high-resolution detail of a TEM
micrograph which shows a representative particle of
sample E or H observed along the axes [2,0,1] of HA;
the black arrow indicates the orientation of the c

20 axis of the HA lattice obtained from the Fourier
transform of the image (box) and the white arrow
points toward an amorphous region of the particle;

- Figure 7 presents a TEM image showing a particle of
sample E after radiation damage; the darker regions of

25 the image correspond to an iron-rich nanophase;

- Figure 8 shows the relation between the magnetization
values and XRD patterns obtained for samples E and H;

- Figures 9A and 9B show low-resoclution TEM images of
materials treated at 700°C: A) sample E;; B) sample H:

30 (the arrows indicate an iron-rich phase);

- Figure 10 shows magnetic ZFC-FC curves for sample H at



WD 2012/ 014172PCT/ 1B2011/ 053362 6 interstitial sites in the HA lattice. The
Ca(2) position, with a coordinati on nunber of 6, and Ca(l) position with a
coor di natworrorzwther of 4, are occupied in a reciprocal reraB2oanessse i n such
a way as 5to inpart magnetic susceptibility to the powders. The TEM
investigations, as well as the magnetic nmeasurenments, confirned the
presence of a new magnetic phase of HA together with nanoclusters simlar
to magnetite. This new phase is a distorted/disordered 10hydroxyapatite
with Fe2+, in its nom nal divalent state, and Fe3+, which has a deviation
fromits noannabppiiedl enbgakatie, drigda zed onl(d suwdacetlamd dbutkwl evel and

coordi nated.tqQ.geperate neti.smin the itself. The hydroxyapatite of
t he inyentibﬂgﬁgﬁgﬁﬁn%P?gggaﬁLlfg tﬁﬂﬁﬁfagﬁrgeighhary magneti c phases (e.g.
nmagnetite_typgusecandasiopbasas) Rebawtabputa 3%abyryebuidn Brefenably, the

anount of secondary magnetic phases is -2% by volune. The |ow anount of
secondary phagestpeefenldapprdirdeathd00H0fRydpexpapati-te of the invention

i ndi gat es at j or.i . the | Lons . use or | NQ. itute
calc?un1i%ﬁghepgg%ﬁ£ii(ﬁﬁ%%] %é#y %ég%% pggt:%Jth%ﬁ?g%ﬁ %?%g?% to the
formati onmafnet ba oxydiesx yap&el tagneid ta)t enhi odd hawe wmgdetireeproperti es.
251 n virtue of the | ow anount of secondary nag etic/phases,ggfgblgagnetite,

the dopedAJAFbxyaparTt &89t e FFYBNLI-OR e nfaisie/t%e BHo

bi oconpat pbi | Ly scBanagt efrdesiired YR Gp18fi Py deRgek twdr pxyapaskte. In
fact, the higher the anmount of secondary nagnetic
30phases, BhePewer t hebi oconpati bi lityof hydroxyapatite. WO

2012/014172PCT/ 1B2011/ 053 7T yapatict e : [ ti
pre?érablgnhé?%§§%éﬁ¥%)/%ggagpgngggéﬁﬁﬁ 'gﬁn%f.Sug% }Eg?n%é%ﬁlvg ues cone
near the yapuse afithhed2a/ Bndatied*ionspnwiapad ddhct Nalluesswbst heut&Ee+Ca) / P
ratio ranging from1l.5to 1.9 5 indicate that doping wiwth iron ions as

substi t ut Beforle iR 4th haS ﬁBY?B?%uéﬁftéﬁﬁut large alterations in the
chem cal sfrueter g of Lhe;gatieriale H@HEBxygﬁgﬂi%EtQbﬁ%ﬁaéwkaﬁééé'”S the

chem cal -structural characteristics typical of non-doped hydroxyapatite.
from 1 to 4, preferably from 2 to 3.5. The
15 hydroxyapatite of the invention is intrinsically
magnetic, i.e. it is endowed with magnetic properties
essentially ascribable to the doping of the lattice with
Fe3* and Fe?" ions, which substitute (partially) the
calcium in an amount, 1in reciprocal positions, in a
20 relationship of oxidation state/position in the lattice
and in specific coordination states such as to generate
magnetism.
Without being bound to any theory, it is thought that
the magnetism is due to the existence of very small
25 structural domains in the doped HA lattice which
resemble the structure of magnetite and are capable of
activating the mechanisms responsible for the
superparamagnetic property.
XRD analyses and computer simulations on structural
30 models have shown a clear indication that both species

of Fe are in calcium substitution positions and not at



10The doped hydroxyapatite of the invention is preferably in the form of
particles (or nanoparticles) having dinmensions of 5-10 nmto 20-30 nmin
wi dt h andwopoimi802 150 nmin |length. The particl es maypconBaiinospéeri cal
voids of 2-5 nm 15The intrinsically gagnetic hydroxyapatite of the
invention is synthesized with a nethod conprising the steps of: a)adding a
solution conprising Fe(ll) and Fe(lll) ions to a suspension/sol ution
containing Ca(ll) ions; 20b)heating the suspension of step a) to a
tenperature in the range of 15C to 80C, <c¢) adding a solution of phosphate
ions to thetsuspénsednksokutiantbkt sRepaakiced) separating the precipitate

fromthe ther |iquors. 25Preferably, sa Fe(ll)and Fe(ll]l)iLons derive,
respectivgg§ Ced G BPOELS 18Rd FdElR2 ﬁQﬁﬁﬁiﬂﬁ % %'%ns 4B8rive from

cal ci um hydroxi dﬁ@sf@i@ﬁ U id T at ecoseagham@ﬁetﬁﬁr@@eﬁalda ug, cagpgnat e
and/ or other calciumsalts. 30The solution of phosphate ions is added to

t he suspensitbpiedl dini oh teAinraray callatdwnistri® avl Freh awway as

201201417PCT11B2OY 083362 1.1 005 115,3: BeL od il Llidehaurs, preferably by

heat i'ng an rein € ‘Suspensi Re phosphate i ons derive
fron1phospheriammcldlﬁm@éoigaoiubéﬁ sathxthIeoés STe amaaghedici ron ions
used is such as to obtain an Fe/Ca nolar ratio ranging from5 to, 30,

pr ef er abl Pe2BUEEMOBL fol %OTOT Iith| BER 0RTEFSIRISs 3t ep, NG1e @%%%%ﬁ%?on can be

phase of HA together with nanoclusters similar to
magnetite. This new phase 1s a distorted/disordered

10 hydroxyapatite with Fe?", in its nominal divalent state,
and Fe®', which has a deviation from its nominal
trivalent state, organized on a surface and bulk level
and coordinated to generate magnetism in the HA itself.
The hydroxyapatite of the invention can comprise an

15 amount of secondary magnetic phases (e.g. magnetite type
secondary phases) below about 3% by volume. Preferably,
the amount of secondary magnetic phases 1is <2% by
volume.

The low amount of secondary phases present alongside the

20 hydroxyapatite of the invention indicates that the
majority of the iron ions used for doping substitute
calcium in the HA lattice and only a small part of them
contribute to the formation of iron oxides (like
magnetite) which have magnetic properties.

25 In virtue of the low amount of secondary magnetic
phases, e.g. magnetite, the doped hydroxyapatite of the
invention maintains the good biocompatibility
characteristics typical of non-doped hydroxyapatite. In
fact, the higher the amount of secondary magnetic

30 phases, the lower the biocompatibility of
hydroxyapatite.



mai nt ai ned under constant stirring for 1-2 hours and 10then allowed to
rest, wwthout stirring or heating, for 12-36 hours. In this way a

pr eci pi t ave 20®/mabt7ai ned which is separated fromthe not lper/1B20quU053362
preferably by centrifugation. The separated precipitate i s subsequently
di spersed in 15distilled water and centrifuged at |east three tines.
Preferably, the precipitate is washed at |least three tines, freeze dried
and sieved. The subject matter of the invention also relates to an
intrinsically magnetic hydroxyapatite, preferably, in 20 the form of

i ntrinsi cahkty mpdmetyxpanaintoparctfi ckbes, obtannabh e pudfendid yrehlhed af

synt hesi s described above. The.intrinsically nmagnetjc droxyapatite of the
i nventi on(F§+gabrzper]?%ﬁl%ir€ﬁgr18€ai 53 ai'o%oﬁﬁaﬁb% i %‘ o%?@u_@ﬁnpar abl e
to that ofopenndapednbydrnoxyapatthe 2aandrganct husnbe-useddf an.different
purposes in the clinical and/or diagnostic sectors. In particular, the

i ntrinsi cérlyemagfet e hyldeokpagdt i ¥t tanrbagdsed Gem éabriter and rel ease
agent for . bl,ol gl cgh, fach or s é)rwgrcgg%.’ro > & lggn%rsasstuba%%nct tdk 39?%""9“05“ CS
b retd c s ?'or Bone Bnd ost

or el'se as a broactive na stitute steocartil age
regener at tabciuMOh2G1 4 &1 4b72REHE 1 B2l 053362 Q1lAsrrnedands it sthse in the
di agnostic_sector, the intrinsical Ig magneti ¢ hydroxyapatite of the

i nvent i onCRaR 8L usHd HE W ToRtr adt aﬁ‘@%@?lﬁ&r e‘&}éh“df(e Y SRaghet FE

resonancegbgREENg UMRlhs | Phé hicserasan -ANeR dhe aTRoBRL | £ B Y dF pXyapatite
has been suitably functionalized (for exanple with specific antibodies

capabl e otybbcali a§ nhendebedshiydrprgdpaéifiened regi ons of the body, e.g.
" 891 SOMEL, abbes SR Gl AR o, by amelum gt
the partichestaad tbus defecpambethes anyrpatimwbogrecatlas) erkavong are
Present of ; Mohs:oN9' DE" U8 Ok LReLYNAPA &Sl ANE AFvEDTLgD 1e as
150 nm in length. The particles may contain spherical
voids of 2-5 nm.
15 The intrinsically magnetic hydroxyapatite of the
invention is synthesized with a method comprising the
steps of:
a) adding a solution comprising Fe(II) and Fe(III)
ions to a suspension/solution containing Ca(II) ions;
20 b) heating the suspension of step a) to a temperature
in the range of 15°C to 80°C;
c) adding a solution of phosphate ions to the
suspension/solution of step a):;
d) separating the precipitate from the mother liquors.
25 Preferably, said Fe(II) and Fe(III) ions derive,
respectively, from FeCl, and FeCls.
Preferably, said Cal(II) ions derive from calcium
hydroxide, calcium nitrate, calcium acetate, calcium
carbonate and/or other calcium salts.

30 The solution of phosphate ions 1is added to the

suspension/solution containing calcium ions and iron



a carrier and rel ease agent for active substances, for 15 exanple
antitunour drugs and/or antibiotics for selective treatnent at the

pat hol ogiweal2ositiel72l n this case, once admi ni stered, thePCRGABLI/Q53362

hydr oxyapatite particles can be guided, by applying a suitable magnetic
field, toward the pathol ogical site, where they will 20rel ease the active
ingredient they are carrying. In this manner a systemis created for
carrying and releasing drugs in a controlled manner, in ternms of speed and
selectivity of rel ease. For the treatnment of tumours it is possible
to use theo25magnet perhpdr oxXydpdt iyl tod fessraddl f Hey | wenin@nand order to

| ocally increase the tenperature (magnetotherm a_or ertherma). In
practi cal SteFRhsR90hEE BT efﬁéa9§¥ieﬁp? ﬁﬂ%ﬁﬁ§ﬁgﬁiyhﬁéfite
partiC'esdé??VQidfQ%n@”y%ﬁgéﬁH8r§ébskﬁﬂﬁﬁ) £34,/be 3Qguigad bysappl ying a

magnetic field, toward the tunmour site. Once they have reached the site the
t enper at ukeer§@E 2012/ 014172PCT/ 1B2011/ 053362 10 can be i ncreased by

appl ¥ ng syLt aly g, RINPL LGl Bl Gfe LLBUCH, BBy a5, ! PaPlanaks, tufour cel
necrosi s. - Another use”of “the hy roxyapatl%e particles of the invention is
as a carrreycantsiolekeaseisystenihar frorbisoltagizgl mgefdsgbin partocul ar
proteins, genes, stemcells, growmh factors and vascul ari zati on factors;

t he syste cEAlbe gui ded, by applying an external magnetic field, towards

an inplanpged ppgpetioRongrsubsiit ukeeff orcgxanphe smgecnf the sgae
magnetic hydroxyapatite), 10or toward a non-magnetic inplanted scaffold. In
thi s manneainbaenedy unddwewonstthatspeedrofingst €or ntlegr abipomnsof ande

i npl ant ed,_bone d/ ar, ostegcartil age substitute, and tis eg ration,
by #ﬁcrea%ﬁﬁ% gqﬁgg sgﬁ?y?eEECoﬁﬁgﬁﬁqﬁ)??ﬁﬁ%&%%a?gpgﬁ%§¥5515§ﬁgeds, t he
anount of 1gedwt hoand. vascul ari zation factors at the site where difficulties

in the healing_process are detected., Increasing the ampunt of such factors
can be achiebBSpy2dppl PireG iR tékCerifalohtegid 1 El i s e eda®fes the

partiClesf?&m?bﬁeiﬂggﬂékoﬂi&QOPg,gHEQ?Qrably by centrifugation.
20t owar dst hesi t ewher eboneor 0st eocarti |l age regenerati on proves to be

particul afhy dieffeiratletd FThecspbfate nwt t enbo¢qudet Invehitspenseachetefore, is

an i ptrinsical neti c hydroxyapatite havin he, above-descri bed
oo nah e Bl Yo ace b pl NV ERRLLES AEVABYst EnRRAVESRERC] boC
sel ected Premaspng, M epiecigenese siemwadhsd grrowibakact ofisee

vascul ari zation factors, and active substances or drugs. Said
hydr oxyapbiPeei spreeas aBr ypat ABFof#BFSHnt ri nsi cal |y magnetic nanoparticl es.

The subject matter of the invention also relates to an
intrinsically magnetic hydroxyapatite, preferably, in
20 the form of intrinsically magnetic nanoparticles,
obtainable with the method of synthesis described above.
The intrinsically magnetic hydroxyapatite of the
invention is a material which retains a biocompatibility
wholly comparable to that of non-doped hydroxyapatite
25 and can thus be used for different purposes 1in the
clinical and/or diagnostic sectors.
In particular, the intrinsically magnetic hydroxyapatite
can be used as a carrier and release agent for
biological factors or drugs, as a contrast agent 1in
30 diagnostics or else as a bioactive magnetic substitute

for bone and osteocartilage regeneration.
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to control the internal WD 2012/014172PCT/ 1B2011/053362 11 di stri bution of
t he carriwoambisgbease systemfroma renote | ocation, pgTapmiybssgenan
external magnetic field. The intrinsigally magnetic hydroxyapatite
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ti h .. Th ' d I t, f .t [ tion th d
ot requi FECEGRFIKE EHe TRGHETC CAFF Y 2Rd 8l e3be Kyt BESRAORR in the

art, any tdpt Ber used fisCat i (85t0.addift Apidit CatdRm Of 1 gophngs) cai med
15at enhancing the bioconpatible properties thereof. In fact, the known
magneti c paFPRenes REGEIAINHYREYi-c Ieortdisy ctart edbse vialRe old9RBRdFayers of

i nert mater,i iLLic | t ti ani i b€ su nces can
ol S0obe uledorygedcaty! PRad  BLBA ! e ARl ORNEGLDL ObRAL ERL o RELEDODS
particl esekamplieh wiway dmwe=diofin a drvitodenjiss bloapabkdtel ngf locating

Exanpl esof or gani ¢/ bi ol ogi cal coati,ngsi ncl ude antibaqdi es and bi opol yners
(such as COPFAGARTS of MBRGRAFEFSTBR RGNS ol doth do0m ch-F entbr the 25
magneti ¢ partingd@s) bi 9eonpat Lblhenikuet-Ber nbs e thehep stbsh aneesy,t opbe
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| i nker wi 8BRPEEARYI vealyr ogps canagot hmegdstic dnee¥dincrifonafugk@bpeserves to

ConACt LR bHOKED .08, SO 368 oLt I B | g g g second
2012/ 01417RRET/ AB26d4/ GB3362 A2 any pathological alterations are
present or not.
Another use of the hydroxyapatite of the invention is as
a carrier and release agent for active substances, for
15 example antitumour drugs and/or antibiotics for
selective treatment at the pathological site. In this
case, once administered, the magnetic hydroxyapatite
particles can be guided, by applying a suitable magnetic
field, toward the pathological site, where they will
20 release the active ingredient they are carrying.
In this manner a system 1is created for carrying and
releasing drugs in a controlled manner, in terms of
speed and selectivity of release.

For the treatment of tumours it is possible to use the

25 magnetic hydroxyapatite particles of the invention in
order to locally increase the temperature
(magnetothermia or hyperthermia). In practical terms,

once administered to the patient, the hydroxyapatite
particles (devoid of any active substance) can be
30 guided, by applying a magnetic field, toward the tumour

site. Once they have reached the site the temperature



The advantage of the hydroxyapatite particles of the invention is that they
are intrinsically magnetic and intrinsically bioconpatible w thout the
necessi t ywofospphyieng further |ayers of organic/inorganipcTmBiri/hsb6x 0
5enhance that property. Mreover, theggubstances to be carried can be
directly | oaded onto the hydroxyapatite w thout the necessity of enploying
a |inker substance. Another use of the magnetic hydroxyapatite of the
invention is for the preparation of three-dinensional 10 biom netic
constructs to be used as bone or osteocartil age substitutes in bone or

ost eocar t chagee egernesasednbgppprelatianssuThebeemagnpetdtc di diehes) ¢
scaffol ds,can be constrained in a given ggzit%g& in vivo by using suitable

e

magnetic 1B PBFEed HP¥l fFEdTPrBRPVARESOLEY B¥&EFCSSich scaffol ds can

be b'0|09Aﬁ§£h¥r”aG58U|@Eedth@ Shidrbyyapptyt8g gastitabke extegnal
magnetic field which makes it possible to guide other particles of magnetic

hydroxyapanV@eta@Doréﬁngaﬁo @heqaﬂnyﬂﬁ(nﬁnd(xﬁﬁ&ﬁ@@Qr1%mﬁtﬁ%mﬂﬁoractors
vascyl ari factar ste el o] y bi i ca
% aglgaf nég n%ﬁ é%tfgﬁﬁg% ro£€1§9é %%§E§B 9 8&

agents, t ovar eV|ce SO as t eas ove-nenti oned
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requi rements of the patient. 25Therefore, the subject natter of the

|nventlonSY§F?%eFaPeﬂ§%eguﬁge§ 3B5%i YW HEt e 88vi enn b pRPREEAF for use

in bone of;gsyeocasitage Sre0anp1alit@y &RURELSINILBALL | ghisseiprelerably
nanopartlcles of intrinsically magnetic hydroxyapatite according to

i nventi on{ fGOEﬁg@mpﬁenmmdqxﬁf Nagneeine aryrisitord neydeohyapakyapaiite (HA)
pogggrs wer e %0%2/014172PCT/18201}/0§3§6 % gﬁgpared usi ng FeCl2 and
as 2purR¥erdr 2Fast IRd" Es 3% aoﬁlng rong< ﬁree di fferent nethods of

synt hesi sThromntike afaiessi d sakt smagr e Dofpaseck thay arsatescrobed in
detail in exanples 1-3, 5The chem cal conp05|t|on structure and nagnetic
propertle@sB?o%ﬂEe§§ﬁPh@§|ze@fFe HDowders! #BF&ddet &Mhed MEACE he

follow ngoggégegmwg eChemaal anal yahs vx%:a%“z Og%q%etﬂatll@quctwel y
coupl ed plasnma optical em ssion spectrometry ( S; 10 Libérty 200,
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conpl exes with ortophenantroline determ nable at 510 nm The anmount of Fe3+
was deterﬁ¥ﬁe§eﬁﬁcéﬁﬁcmﬂﬂ9ﬁﬁfﬁqﬂ9 the amount of such factors can

be achieved by applying an external magnetic field which
enables the particles of the invention to be guided
20 towards the site where bone or osteocartilage
regeneration proves to be particularly difficult.
The subject matter of the invention, therefore, is an
intrinsically magnetic hydroxyapatite having the above-
described physicochemical characteristics, loaded with
25 biological substances selected from among: proteins,
genes, stem cells, growth factors, vascularization
factors, and active substances or drugs. Said
hydroxyapatite is preferably in the form of
intrinsically magnetic nanoparticles.
30 All of the above-described wuses are Dbased on the

principle of Dbeing able to control the internal
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(BSE) was 25 used to qualitatively visualize the Fe distribution in the
powders. EDS (energy dispersive spectroscopy, Link Oxford) was used for
sem -quantitative chem cal anal ysis. X-ray diffraction analysis (CuKa
radi ati on; Ri gaku 30Cei gerfl ex, Tokyo Japan) was enployed to determ ne the
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a maxi muntappl nadoragnetviantfdee d of Hebe ( hQU@ROx@apatlinet hicst casieea few
mlligrang of sanple in powder (20 were neasured from SK to 300K in an
appl i ed magheRFLe SrF?éfjﬁspfml—liL%@O @b@léﬁcwa&b‘tbdi tc3f'!_e J_(‘f'rthgh\_%ti sm vs.
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Ce) at T=BPOKoxP@Syhihesi sarXan@Fuwrelr {dr donpathgsdn) M ntaVdESMSt he

0EnSEaL SHIDES) BBt R 0L, BRRLANER BT UL Ul o BB, B ptyply et
parti al | yphedesedThe kediriconsarsd asléfsoObbgsnean o25Raidt/ Hhedantadbho equal
to about ghus does not require, unlike the magnetic carrier and
release systems known in the art, any further
modifications (e.g. the application of coatings) aimed
15 at enhancing the biocompatible properties thereof.
In fact, the known magnetic particles have a magnetic
core protected by various monolayers of inert material,
e.g. silica. Alternatively, organic/biological
substances can also be used; these can be adsorbed onto
20 the surface of the magnetic particles in such a way to
form a biocompatible coating.
Examples of organic/biological coatings include
antibodies and biopolymers (such as <collagen), or
monolayers of organic molecules which render the
25 magnetic particles biocompatible. Furthermore, the
substances to be delivered must be linked to the known
magnetic particles by means of a linker with reactive
groups at both ends.
One functional group serves to connect the linker to the

30 surface of the particles, whereas the second functional

group is used to bind the molecules to be carried.



The powders synt hesi zed by addi ng Fe3+ ions, adopting an initial Fe/Ca
nolar ratio of 0.20, and a tenperature of 40C, show a consi derable

di storti omoizoiher7blA | attice, as reveal ed by XRD diffraecenstoi/esasml ysis;
however, no 30secondary phases were detected (Figure 2). The synthesized
powder not subjected to a reduction WD 2012/014172PCT/ 1B2011/053362 15
process showed no sign of magnetization, as was expected given that iron is
present only in its highest oxidation state. The powder was then subjected
to a reduction process. 5 The reduction process was carried out in a closed
aut ocl aveThParadvataye 0246) thasi mgd H2x &89 tine 96% Ari@lsed hefr edbei ng gas
at different Eressur_es. Tabl e 1 sunmmari zes fhe, exlgfri nment al_.aut ocl ave

reduct i on*EBRAFLPBNs'F of "Bhie FERFHATSoWRTE 1AL Gabt ¥ 12985 % 2%ed [ C
Time [mninBtipkiBY1Py[ PBibchmpatible without the necessity of

applying further layers of organic/inorganic material to
5 enhance that property. Moreover, the substances to be
carried can be directly loaded onto the hydroxyapatite
without the necessity of employing a linker substance.
Another use o0f the magnetic hydroxyapatite of the
invention 1s for the preparation of three-dimensional

10 biomimetic constructs to be used as bone or
osteocartilage substitutes 1in bone or osteocartilage
regeneration applications.

These magnetic biomimetic scaffolds can be constrained
in a given position in vivo by using suitable magnetic

15 forces applied from the outside. Moreover, such
scaffolds can be biologically manipulated in situ by
applying a suitable external magnetic field which makes
it possible to guide other particles of magnetic
hydroxyapatite according to the invention, loaded with

20 growth factors, vascularization factors, stem cells,
drugs or, in any case, biological agents, towards the
magnetic device, so as to release the above-mentioned
substances in situ according to the quali-quantitative
and time requirements of the patient.

25 Therefore, the subject matter of the invention further
relates to a 3D biomimetic device, in particular for use
in bone or osteocartilage regeneration, comprising
particles, preferably nanoparticles, of intrinsically
magnetic hydroxyapatite according to invention.

30 Experimental part

Magnetic and biomimetic hydroxyapatite (HA) powders were
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prepared using FeCl, and FeCls as sources of Fe? and Fe®
doping ions. Three different methods of synthesis from
the aforesaid salts were compared; they are described in
detail in examples 1-3.

5 The chemical composition, structure and magnetic
properties of the synthesized Fe-HA powders were
determined with the following methods.

The chemical analysis was performed by inductively
coupled plasma optical emission spectrometry (ICP-OES;
10 Liberty 200, Varian, Clayton South, Australia): 20 mg of
powder was dissolved in 2 ml of HNO;3; and the volume of
solution was raised to 100 ml by adding deionized water.
The amount of Fe?" was confirmed by means of UV-Vis
spectrophotometric analysis, exploiting the ability of
15 Fe’* ions to form complexes with ortophenantroline
determinable at 510 nm.
The amount of Fe®" was determined by calculating the
difference between the total amount of iron (determined
with ICP) and the amount of Fe®" (determined with UV-
20 VIS).
Morphological evaluation of the powders was performed
with a scanning electron microscope (SEM; Stereoscan
360, Leica, Cambridge, UK).
Determination with backscattered electrons (BSE) was
25 used to qualitatively visualize the Fe distribution in

the powders. EDS (energy dispersive spectroscopy, Link

Oxford) was used for semi-quantitative chemical

analysis.

X-ray diffraction analysis (CuKa radiation; Rigaku
30 Geigerflex, Tokyo Japan) was employed to determine the

crystal phases present and estimate the degree of



The characteristics of the reduced powlers are given in 15 Table 2, which
shows the rel ati onship between nagneti sm and the Fe3+/ Fe2+ nolar ratio
cal cul at estof2or2/t1lp2r educed Fe3+HA sanpl e. Tabl e 2 ReducedtaBrmi/essse2+( HA)
[t Fe3+(HA) [wt%4 Fe3+/ Fe2+(Im Magnetization [emu/g] A 5.5 4.9 0.89
0.00122 B 7.3 3.1 0.42 0.00108

crystallinity of the powder.

A transmission electron microscope (JEOL TEM 3010-UHR,
Japan, 300kV) was used to observe the characteristics of
the material on a nanoscale level.

5 The magnetism of the powders was measured in a low field
(34 Oe) with a YSZ 01C/02C susceptometer (Sartorius
Mechatronics, Italy).

Magnetic measurements were also performed using a
Superconducting Quantum Interference Device (SQUID)
10 magnetometer (Quantic Design) capable of operating from
1.8K to 350K in a maximum applied magnetic field of H=5T
(50000 Oe).
In this case a few milligrams of sample in powder (20
mg) were measured from 5K to 300K in an applied magnetic
15 field of H=100 Oe so as to obtain the M (magnetism) vs.
T (temperature) curves, while the M vs. H curves
(magnetic field intensity) were measured in a single
magnetic field cycle from 2T to -2T (+/- 20000 Oe) at
T=300K.
20 Synthesis example 1 (for comparison)
Maintaining the general synthesis procedure described
previously, one method of synthesis consists in adding
solely FeCl; as a source of Fe’" ions, subsequently
partially reduced to Fe?* ions so as to obtain an
25 Fe**/Fe?" ratio equal to about 3.
The powders synthesized by adding Fe®' ions, adopting an
initial Fe/Ca molar ratio of 0.20, and a temperature of
40°C, show a considerable distortion in the HA lattice,
as revealed by XRD diffractometric analysis; however, no
30 secondary phases were detected (Figure 2).

The synthesized powder not subjected to a reduction
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magneti zation values were recorded for all synthesized powders. In fact,
one may hwypavtesiwe a preferential reduction of the Fe3PCrarmipnissent on

t he surface, acconpani ed by a non-homogeneous reduction of 5the bul k, which
| eads to the formation of an excessive + anount of Fe2 ions. The reduction
nmet hod applied seens to be characterized by reaction conditions that are
too extrene for obtaining a bal anced distribution of Fe3+/Fe2+ ions in the
HA |attice. 10In fact, the concentration of Fe2+ determ ned by UV-Vis

spect r ophptonetsi ehawaly sios s iexplodi tmayndthier ataipac, tys ofafe@rpeonsdto form a
conplex with ortophenantrqline, showed to be very high, thus excessively
dect casi NGLVRE EBSY RESP Nt iFGSCRI €Y F5yrt HRLP e SkafBraabLehor
conpari sogy sMai ntai ning the general synthesis procedure described
previously, an alternative nethod of synthesis envisages adding solely
FeCl2 as The pouflee wfisFehehoasbIThEcHatrer urdEcHo ospOrPaRcésus oxi dati on
to Fe3+ i u he 20 Lan di t.Lons, Po rs.were s i zed by
addi fg Fe2iSi ongaugtoge nBearer il ¢ Tar Fof CaZa0l ar teat ih of 020 Sand

di ver si f yaagotheveenpatrat urd lofy smdesiwsiRpC, 40G) GGC)96% Ar adhe
experinmental reaction conditions and _the properties 250of the powders

obt ai ned B8%a FESHCENSr e FVerdtn FabFETS FabPE 55845 -e CARfiti ohs
summarizes the experimental autoclave reduction
conditions for the Fe’'HA powder.
10
Table 1
Tred Time P
Sample Stirring
[°C] [min] [psi]
A 300 60 NO 270
B 300 60 YES 270
C 300 60 YES 400
The characteristics of the reduced powders are given in
15 Table 2, which shows the relationship between magnetism

and the Fe®'/Fe? molar ratio calculated for the reduced

Fe>*HA sample.

Table 2
Reduced Fe* (HA) | Fe’* (HA) Fe“/FeZHHM Magnetization
sample [Wwt%] [Wwt%] [emu/qg]
A 5.5 4.9 0.89 0.00122
B 7.3 3.1 0.42 0.00108
C 9.6 0.8 0.08 0.00128
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Very low magnetization values were recorded for all
synthesized powders. 1In fact, one may hypothesize a
preferential reduction of the Fe®* ions present on the
surface, accompanied by a non-homogeneous reduction of

5 the bulk, which leads to the formation of an excessive
amount of Fe?' ions. The reduction method applied seems
to be characterized by reaction conditions that are too
extreme for obtaining a balanced distribution of Fe*'/Fe?*
ions in the HA lattice.

10 In fact, the concentration of Fe?' determined by UV-Vis
spectrophotometric analysis, exploiting the capacity of
Fe?* ions to form a complex with ortophenantroline,
showed to be very high, thus excessively decreasing the
Fe’*/Fe® ratio (Table 2).

15 Synthesis example 2 (for comparison)
Maintaining the general synthesis procedure described
previously, an alternative method of synthesis envisages
adding solely FeCl, as the source of Fe?" ions. The latter
undergo spontaneous oxidation to Fe®** ions under the

20 reaction conditions.
Powders were synthesized by adding Fe?* ions, adopting an
initial Fe/Ca molar ratio of 0.20, and diversifying the
temperature of synthesis (25°C, 40°C, 60°C).

The experimental reaction conditions and the properties

25 of the powders obtained as a result are given in Table 3
Table 3
Sample [Conditions| Fe304 |Fe (cor)|Fe”" ua |Fe’/Fe®!| (Fe+Ca) /P| M
of [vols]|[wt%] |[wt%] (HA) (HR) [emu/g]
synthesis
D Fe® 0.00 | 9.10| 1.30 5.99 1.728 0.006
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T:25°C
Fe/Ca=0.20
E Fe? 3.00 | 8.81] 1.03 4.13 1.716 0.339

T:40°C
Fe/Ca=0.20
F Fe?* 5.50 [ 8.72 | 2.79 0 1.601 0.558

T:60°C
Fe/Ca=0.20

The XRD diagram in Figure 3 shows the magnetite peak at
26 ~ 36° in samples E and F, whereas the resolution
pattern in the spectrum of sample D decreases as
5 expected, since it was prepared at a lower temperature.
The characteristics of the powders are closely dependent
upon the process of synthesis, as shown in table 3.
The formation of magnetite 1is favoured at a higher
temperature (60° and 40°C) and under these conditions
10 the magnetic value increases thanks mainly to the
contribution of magnetite, which forms alongside the Fe-
substituted HA. At 25°C the formation of magnetite is
minimized and the iron ions enter the lattice in greater
number, as demonstrated by the distortion of the same
15 (Figure 3). The total amount of iron ions determined by
ICP (Table 3) corresponds to the nominal concentration
of FeCl, introduced in all samples. The Fe’'/Fe?' ratio is
calculated using the amount of Fe?" determined with UV
and the amount of Fe’" obtained by subtracting the amount
20 of Fe?' from the total iron content determined with ICP,
in both cases after subtracting the contribution of Fe?*
and Fe®" ions which form magnetite. As shown in table 3,
the Fe®'/Fe?' ratio is very high for samples D and E. As
the reaction temperature increases (sample F), the
25 amount of magnetite as a secondary phase likewise

increases, and the amount of Fe3* available to enter the
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magnetite.

10 Synthesis example 3 (of the invention)

FeCl, and FeCl; are added simultaneocusly to the calcium
hydroxide suspension in Fe’*:Fe®* ratios of 1:1.

A solution of phosphoric acid (Aldrich 85% wt) is added
to the suspension containing dispersed calcium hydroxide

15 (Aldrich 95% wt) and iron ions for a period of about 1-2
hours with constant heating and stirring. The synthesis
reaction is conducted at 40°C. The amounts of iron
chloride are such as to produce initial Fe/Ca molar
ratios = 0.10 and 0.20.

20 The reaction product 1is maintained 1in suspension by
constant stirring and heating for 1 hour and then left
for 24 hours without heating or stirring.

The precipitate obtained, which is brown in colour, 1is
separated from the mother liquors by centrifugation and

25 then washed and centrifuged three times.

The precipitate is subsequently freeze dried and sieved
at 150 pm.

The addition of both reagents (FeCl, and FeCli) makes Fe?t
and Fe®' simultaneously available during HA nucleation:

30 under these conditions the amount of magnetite that

forms i1s smaller compared to the comparative methods



HA | attice decreases. The magnetization value of sanple Dis very |ow
since: i) nmagnetite, as a secondary phase, is absent; ii) both species of
iron i onswenveroistie | attice but the Fe3+/ Fe2+ 5rati o i sPeenp2hi/gizsend t he
di stribution of Fe2+ and Fe3+ ions and their coordination states are not
appropriate. In sanples E and F the high magnetismvalue is

essenti al | yascri babl et ot heconcentrati onof magnetite. 10Synt hesis exanple 3
(of the invention) FeCl2 and FeC 3 are added sinultaneously to the cal ci um
hydr oxi de suspension in Fe3+: Fe2+ ratios of 1:1. A solution of phosphoric
acid (Al ddeshr8bédwaporvs. ad@edNRDtdpeqnmmmwmﬁcFiqmm&aﬂn$hgwaiSpetsed

| ci h i d h, 95% ad | 3 d of about
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initial Fe/Ca nolar ratios = 0.10 and 0. 20. 20The reaction product is
nalntalneﬁolﬁV§&§9éﬁstﬁ bptédAst RACABELFFFAg and heating for 1 hour and
then | ef t 24 t.hqut i [ StLLRI ec tate
obtalned Tmﬁﬂch ?s %ﬁ%k%ylég%ﬂﬂéﬁigtﬁ%§%§é ara%ééggpgnl?% ﬁgbhetg i quors by
centrlfugaéaOﬂlandcaﬁdhemomashad ahd chatractegedttibseeft Fré¥e’Tha.
precipitate is subsequently freeze dried and sieved at 150 pm The addition
of both reagents (FeCl2 and FeCl3) makes Fe2+ and Fe3+ simultaneously

avai | abl epdyibng HA nucl eation: 30under these conditions the anount of

magnetite that forms is smaller conpared to the conparative nethods WO
2012/ 0[14172PCEprna241i0n853362 1/, _desd ELbed é? pegtrum i n |Figure
4 showsanfpate |t he siemul tdﬁfg % % df°ﬂ n dm eiw?and étﬁgs amstrcng
di sturpance i|ng$,hen i 4 aEY?%‘E] [r‘f’d:lgi]r g[‘f"'t%l/ ry @ ffijcul tuo eva{leéfé’t/glt he
| att i ce—pararfetess—otable4—sheows—therelati-eonshi-p—existing-betweent he
Fe”" + Fe
G T:40°C 1.50 | 4.92 | 0.71 3.41 1.750 0.476
Fe/Ca=0.10
Fe’* + Fe’t
H T:40°C 2.00 |1 9.923| 1.82 3.15 1.678 0.679
Fe/Ca=0.20
10 The high magnetization value of sample H (Table 4)

cannot be justified by the sole contribution ascribable
to magnetite. The high magnetization can therefore be
attributed to the optimal ratio between iron ions
(Fe3*/Fe®t = 3.15) and the specific relative position and
15 coordination of the two oxidation states of iron.
These results suggest the existence of very small
structural domains in the HA lattice which simulate the
structure of magnetite and are capable of activating the
mechanisms responsible for the superparamagnetic
20 property.
The analysis showed an amorphous Ca-P phase which
contains iron oxide particles in a very low
concentration. The phase under the Dbeam 1is very

unstable, also due to the high degree of amorphism.



reaction conditions and the characteristics of Fe2+Fe3+HA. Table 4 Sanple

Condi tions of synthesis Fe304 [vol% Fe(tot) [w% Fe2+(1A) [w% Fe3+/ Fe2+

(HA) (FengaoR/or M (enmu/g] G Fe3+ + Fe2+ T:40C Fe/ Cap0TABR2011/683362 92 0. 71
20

The iron content determined with the EDS probe is 15-
20%, probably present in the HA lattice or in very small
clusters of less than 1-2 nm.
Micrographs typical of samples E and H are shown in
5 Figure 5. The particles mainly exhibit an elongated
morphology, fairly homogeneous in size, from 5-10 nm to
20-30 nm in width and up to 80-150 nm in length, and may
contain spherical voids of 2-5 nm.
In the case of sample E, the magnetite is in the form of
10 nanoparticles having dimensions of 10-30 nm.
HRTEM analysis (Figure 6) revealed that a part of the
material is made up of both amorphous domains and
crystal domains of HA, elongated in the direction of the
C axis, which can also coexist in the same particle (see
15 Figure 6 and corresponding detail). The total content of
iron, calcium and phosphorous in the calcium phosphate
phase was measured for both powders E and H wusing
EDS/TEM (carefully choosing, in the case of sample E,
the regions in which magnetite was not present). The
20 results in the form of molar ratios between the elements
present (table 5) are consistent with those obtained by
means of ICP, XRD and UV-vis as previously reported
(Table 4).
Table 5 shows the results of quantitative EDS/TEM
25 analysis of samples E and H and the same samples treated

at 700°C (Et and Ht).

Table 5
Sample Fe cap)/Ca (Ca+Fe) /P (cap)
E 9 £ 1.5 1.5 £ 0.1

E¢ 18 = 3 1.5 £ 0.1
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Since no evidence was found of the presence of an iron-
rich phase, not even in powder H (in which the initial
molar ratio of Fe to calcium is Feiot/Ca(HA)=0.20), it is
presumed that the iron ions are distributed
homogeneously and preponderantly in substitution of the
Ca’?* ions of the HA lattice or in the amorphous phase as
very small clusters (< 1 nm).

Indirect evidence of the homogeneous distribution of the
iron ions can be derived from the behaviour of the
samples exposed to relatively large doses of electrons.
Under these conditions, in fact, the materials are
highly wunstable: the voids collapse rapidly and the
particles undergo morphological changes accompanied by
structural rearrangements and part of the material is
transformed into CaO.

It is interesting to note that, after a few seconds, new
particles with a diameter of 1-1.5 nm are formed (see
Figure 7). The new phase which forms is an iron-rich
compound, probably originating from the coalescence of
iron ions or clusters during the process of damage that
occurs as a result of bombardment with electrons.

A heat treatment at 700°C for 1 hour in an Ar atmosphere
is subsequently applied to powders E and H. The
resulting XRD spectra are shown in Figure 8.

Sample E containing large quantities of magnetite showed
to be fairly stable and following the heat treatment
(Et) the amount of HA remained about 72%.

Since the secondary phase B-TCP Ca3(P04), 1is formed

rati o between iron

S

in a
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0



The iron content determned with the EDS probe is 15- 20% probably present
inthe HA lattice or in very small clusters of less than 1-2 nm

M cr ogr aplwe 20ypiteek of sanples E and H are shown in 5 FipgunB2081/0583&
particles mainly exhibit an el ongategororphol ogy, fairly honogeneous in
size, fromb5-10 nmto 20-30 nmin width and up to 80-150 nmin |ength, and
may contain spherical voids of 2-5 nm In the case of sanple E, the
magnetite is in the formof 10nanoparticles having di nensions of 10-30 nm
HRTEM anal ysis (Figure 6) revealed that a part of the material is nmade up
of both ar(rﬁﬁbhouswldbhai rtsh@ndnag'rmiaie demmioss oflidAppelgsgat éd i hst he
direction _of the ch., can al so coexi st . a rtlcle (see
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disturbance of the c¢rystal structure due he
simultaneous occupation by both iron ions (Ht).

10 TEM micrographs of samples (Et) and (Ht) are shown in
Figure 9. Sample (Et) shows particles with very
irregular spheroid shapes having a width of about 30-50
nm and variable length, obtained by sinterization of the
primary particles of the starting powders.

15 The sample 1is characterized by a uniform contrast,
indicative of a homogeneous dispersion of the iron.

HRTEM analysis confirmed that the calcium phosphate
phase 1s principally of the HA type, with some volume
fractions of R-TCP, and revealed that a narrow fraction

20 of the material consists of a pure phase which shows an
amorphous character, probably deriving from the
magnetite particles which lose their structure as a
result of the heat treatment.

In this case as well, even though the sample is more

25 resistant to damage by the beam, after the calcium
phosphate is exposed to large doses of electrons, new
small particles appear, indicating the presence of very
small clusters of iron species in the undamaged HA or in
the B-TCP lattice. It is interesting to observe that the

30 iron content measured (Feio:/Ca (HA)) 1in the calcium

phosphate is about 18 * 3% (see table 5), more than



WD 2012/ 014172PCT/1B2011/053362 21 H20 0.5 1.6 0.1 H 16 + 1 1.4 0.1

Since no evidence was found of the presence of an iron- rich phase, not
even in psoderzdi(7en which the initial nmolar ratio of FecraBmal/essasn i s
Fetot /Ca(HA)=0.20), it is 5 presuneg that the iron ions are distributed
honogeneously and preponderantly in substitution of the Ca2+ ions of the HA
| attice or in the anorphous phase as very small clusters (< 1 nn). Indirect
evi dence of the honpbgeneous distribution of the 10 iron ions can be
derived fromthe behavi our of the sanples exposed to relatively | arge doses
of el ectrdosbléntbatt béseheonsdiatritams;, pavdeact., Thies net@rdat os atleahi ghl y

or phol ogFE8I BRafged 2ae congan 6B PSst I urid £ et Phngement E%8nd part
of the matgetaksi sridmansher MREghBtotEaQol teres tRleR ARt i Plosphaete that,
after a few seconds, new
This, together with the amorphization of the magnetite,
5 explains the disappearance of magnetite peaks observed
in the RX diffractogram (Figure 8).
On the other hand, the particles of sample (Ht) are
larger and more spherical (without voids on the inside)
and exhibit evident contrast wvariations (Figure 9)
10 associated with the presence of an iron-rich phase,
which is not observed in the starting powders.
The HRTEM and EDS analyses together confirm that the
calcium phosphate is present for the most part in the
form of B-TCP substituted with iron, which encapsulates
15 oxide and amorphous iron particles.
The Fe/Ca ratio measured (in regions in which no pure
iron oxide is present) is about 16 * 1%, lower than in
the starting powders.
Physicochemical and magnetic characterization
20 The powders obtained were brown in colour and
characterized by agglomerates with dimensions of about
30-60 pm, as shown in the SEM image in Figure 1.
The XRD diffractogram patterns appear to be very broad;
this is indicative of a considerable distortion of the
25 HA lattice; 1in any case, no secondary phosphate phases
were detected alongside HA.
With the aid of computer simulations on structural
models, a clear indication was obtained that the Fe ions
are not at an interstitial site in the hydroxyapatite
30 lattice, but are rather substitutes for the Ca ions

(with small difference between the tetra- and



particles wwth a dianmeter of 1-1.5 nmare fornmed (see Figure 7). The new
phase which fornms is an iron-rich 20conpound, probably originating fromthe
coal escerwo 20f2/dai0n i ons or clusters during the processPoffi/IBzZTHEB36hat
occurs as a result of bonmbardment wi tdy el ectrons. A heat treatnent at 700C
for 1 hour in an Ar atnosphere is subsequently applied to powders E and H.
The 25resulting XRD spectra are shown in Figure 8. Sanple E contai ning

| arge quantities of nmagnetite showed to be fairly stable and follow ng the
heat treatnment (Et) the anmount of HA remai ned about 72% Since the
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15 Evidence of the presence of an intrinsically magnetic
phase in the hydroxyapatite lattice was found for sample
H. Figure 10 shows the dependency of magnetization on
temperature under zero-field-cooled (ZFC) and field-
cooled (FC) conditions from 5K to 300K, in an applied
20 magnetic field of 100 Oe. Both curves show the typical
behaviour of a system of interacting magnetic particles
with an average blocking temperature of TB=170K. TB 1is
significantly high, probably due to the presence of
aggregates of smaller magnetite nanoparticles (~10nm),
25 which act as a secondary phase (in accordance with other
characterization techniques, which confirm the presence
of 2% vol of magnetite as a secondary phase outside the
hydroxyapatite lattice) and separate the state blocked
by the superparamagnetic state. Below TB the free
30 movement of the magnetic moment of the particles 1is

blocked; above TB, the thermal energy induces rapid



30iron content neasured (Fetot /Ca (HA)) in the cal ci um phosphate i s about
18 3% (see table 5), nore than WD 2012/014172PCT/ 1B2011/ 053362 23 doubl e
t hat of twe 28txanti7ng powders. This indicates that the heatr/iBzraabssesnt
pronotes the diffusion of iron species fromthe magnetite to the cal ci um
phosphate. This, together with the anorphization of the magnetite,
5expl ai ns the di sappearance of nagnetite peaks observed in the RX
diffractogram (Figure 8). On the other hand, the particles of sanple (Ht)
are larger and nore spherical (w thout voids on the inside) and exhibit

evi dent cbhucasétyvansat ions thEi gmegn@t itDassoewrdt edd i tthe heeptésence of an

iron-rich phase, which iis . not observed .n th tarti ng. powders. The HRTEM
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encapsul ates 15o0xi de and anor phous iron particles. The Fe/Ca ratio neasured
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thancin t I po rs.. i hept cal j C eri zation
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aggl oner aiesewathidnaensi ons of about 30-60 pm as shown in the SEM i nmage

in Figure 1. The XRD diffractogram patterns appear to be very broad; this
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case, no sgeqndarycBhespbabe BRases oM idalest ethalangsidee Hhordth the
aid of computer simulations on structural
of the interparticle dipolar interactions, increases,
10 modifying the energy barrier for magnetic relaxation and
determining the overall magnetic behaviour of the
samples.
Figure 11 shows the magnetization curves as a function
of the magnetic field applied, from -2 to 2 Tesla, at
15 300K for sample H.
One may clearly observe the typical superparamagnetic
(SPM) behaviour of single-domain magnetic nanoparticles,
which indicates that the particle size is below the
magnetic multidomain range (25-30nm for magnetite). This
20 is consistent with the TEM micrographs shown in Figure
5B, where magnetite aggregates of about 5-10 nm can be
noted. On the other hand, the saturation magnetization
(Ms) of the sample is significantly low (about 4-5
emu/g) and the secondary phase identified in the form of
25 magnetite nanoparticles (which represents 2% vol) is not
sufficient to justify the value of magnetization
observed. Therefore, two different magnetic
contributions are responsible for the total
magnetization in the material: one obviously comes from
30 the magnetite nanoparticles and the other from the

hydroxyapatite particles substituted with Fe?" and Fe®*



nodel s, a clear indication was obtained that the Fe ions are not at an
interstitial site in the hydroxyapatite 30l attice, but are rather

substi t utwe 20mwo1tive Ca ions WO 2012/ 014172PCT/ 1B2011/ 098368202 4/053362
hexacoordi nate lattice positions 4f am 6h). |1CP analysis confirned the
presence of iron in the powder, in an anount equal to the nom nal anount

i ntroduced;the Ca/P ratio was | ower than the 5theoretical one due to the
depletion of calcium It is supposed that correspondi ng anounts of iron as
Fe3+, Fe2+ and (Fe3+ + Fe2+) substitute Ca, since the (FetCa)/P ratio

appr oachesohbe theoretical value. BSE anal ysis confirmed a honbgeneous

distribution _of 10 iron_in the powder; .m croprobe | ysis was,al so able to
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it was possible to determine the magnetization
associated with iron-substituted HA alone. In any case,
this calculated Ms is greater than foreseen, also where
15 the total Fe mass in the material (6-7% by weight) is
present as magnetite.
Therefore, the magnetic data found support the
assumption that the Ms value is caused by the presence
of structural magnetic domains (similar to magnetite
20 and/or other iron oxides) in the hydroxyapatite lattice.
In vitro tests
Preliminary cell adhesion and biocompatibility tests
were conducted on granulated HA and magnetic HA powders
using mesenchymal stem cells (MSC), which, after
25 characterization, were cultured in a controlled
atmosphere (5% CO,; T=37°C) in DMEM (Sigma, Milan, Italy)
supplemented with 10% foetal bovine serum (FBS), 1% non-
essential amino acids and antibiotics. The cells were
divided 1:2 at one-week intervals and used between the

30 third and fourth passage. Cells from confluent cultures

of MSC were detached using 0.25% trypsin in 1 ml MEDTA



fluctuations in the magnetic nonent of the entire particle in relation to
the tinme of observation, such as to make the system appear

super par avegoetd1¢172TB i s closely correl ated w th interpactiiBlea1/0izpel ar

5i nteractions and increases with increasing dipolar interactions. As a
consequence of the formation of aggregates, the |ocal concentration of
nanoparticles, and thus the force of the interparticle dipolar
interactions, increases, 10 nodifying the energy barrier for nagnetic
rel axation and determ ning the overall magnetic behavi our of the sanples.
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V- 00 spectrophotometrically quantified at 570 nm.

15 With respect to stoichiometric HA, the magnetic HA
powders represent a suitable substrate in terms of cell
adhesion and proliferation for osteoblast precursors
(MSC) .

The MTT value is 80% for magnetic HA whereas for HA it

20 is 82%. The SEM morphological analyses conducted on
cultured cells showed a good biocompatibility of the MSC
with all the ©powders tested. Similarly to their
behaviour on HA, on magnetic HA the cells showed a
diffuse “stretched out” morphology, with a number of

25 cytoplasmic extensions in contact with the powder.

In conclusion, the simultaneous addition of FeCl, and
FeCl; as sources of ions for partially substituting the
calcium in the HA lattice and the wuse of optimized
synthesis parameters made it possible to obtain Fe’*/Fe?*

30 substituted HA having an Fe*'/Fe?* ratio equal to about 3

and an (Fe+Ca)/P ratio very close to the theoretical



10 80emu/g) was subtracted fromthe total normalized saturation

magneti zation (Ms-4-5emu/g). In this manner it was possible to determ ne
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this calculated Ms is greater than fargeseen, al so where 15the total Fe nass
in the material (6-7%Dby weight) is present as nmagnetite. Therefore,the
magneti ¢ data found support the assunption that the Ms value is caused by
the presence of structural magnetic domains (simlar to magnetite 20and/ or
other iron oxides) in the hydroxyapatite lattice. In vitro tests
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phase of HA together with nanoclusters similar to
magnetite.

15 This new phase is a distorted/disordered hydroxyapatite
with Fe?', in its nominal divalent state, and Fe3*, which
has a deviation from its nominal trivalent state,
organized on a surface and bulk level and coordinated to
generate magnetism in the HA itself.

20 These results, together with the biocompatibility of the
magnetic HA, provide regenerative medicine with a new
family of biocompatible biomimetic materials that can be
controlled and manipulated through suitable external
magnetic fields; these materials can in fact be employed

25 for the purpose of producing 1) nanoparticles for
carrying and releasing biocactive factors and/or drugs,
2) nanoparticles usable for diagnostic (imaging) and
treatment {(hyperthermia) purposes, 3) bone or
osteocartilage substitutes which can be biologically

30 manipulated in situ (i.e. ‘reloaded’ or in any case

stimulated after implantation in vivo, with specific
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ost eobl aswoppedussers (MSC). The NTT value is 80% for negmaB2oa1/byi3ether eas
for HA it 20 is 82% The SEM nor pholxagi cal anal yses conducted on cul tured
cells showed a good bioconpatibility of the MSC with all the powders
tested. Simlarly to their behaviour on HA, on nagnetic HA the cells showed
a diffuse "stretched out"” norphology, with a nunber of 25cytoplasmc
extensions in contact with the powder. In conclusion, the sinultaneous
addi ti on 6fcEFe€s?2 amdoféfn@ asnsdﬂmcegu@ﬂikqmsntdmamamh abhy stbseituting
the calciumin_the EA gt ce an use of opti g nthesms araneters
Bbt%

made it pbSSFBFETED AP RS0k iR T BhVEB34/ Fo2s
rati o equgbst@ighouin 3vaRd apel Eeikarifgr aﬁéﬂé&%é/ @hoseré@ltb@ngmeor etical
WO 2012/ 014172PCT/ 1B2011/ 053362 28 one. Using XRD and conputer sinulations
on struct Gt &ingod¥EFEeMg) el ear indication is obtained that both species of
Fe are in calciumsubstitution positions and not at 5interstitial sites in
the KA lattice. The Ca(2) position, with a coordi nation nunmber of 6, and
Ca(1l) position, with a coordination nunber of 4, are occupied in a

reci procal relationship in such a way as to inpart magnetic susceptibility
to the powders, thanks 10to strictly defined synthesis paraneters. The TEM
i nvestigations, as well as the nmagnetic neasurenents, confirmthe presence
of a new magnetic phase of HA together with nanoclusters simlar to
magnetite. 15This new phase is a distorted/di sordered hydroxyapatite with
Fe2+, in its nom nal divalent state, and Fe3+, which has a deviation from
its nomnal trivalent state, organized on a surface and bul k | evel and
coordinated to generate magnetismin the HA itself. 20These results,
together with the bioconpatibility of the magnetic HA provide regenerative
medicine with a new fam |y of bioconpatible biomnetic naterials that can
be controlled and mani pul ated t hrough suitable external magnetic fields;
these materials can in fact be enployed 25 for the purpose of producing 1)
nanoparticles for carrying and rel easing bioactive factors and/or drugs, 2)
nanoparticl es usable for diagnostic (imging) and treatnent (hypertherm a)
pur poses, 3) bone or osteocartilage substitutes which can be biologically
30mani pul ated in situ (i.e. 'reloaded or in any case



stinmulated after inplantation in vivo, with specific WO

2012/ 014172PCT/ 1B2011/ 053362 29 factors according to the quali-quantitative
and tinme wequiyaments of the patient) and even fixed i npeTgBManoi3e& ti on in
vivo (elimnating reliance on traditiygnal fixing systens). WO

2012/ 014172PCT/ 1B2011/ 053362 30 CLAIMS 1. A hydroxyapatite conprising

cal ciumions and phosphate ions in a crystal lattice, characterized in that
it is doped with Fe2+ ions and Fe3+ ions, which 5 partially substitute
said calciumions in said crystal lattice in a quantitative ratio Fe3+/ Fe2+
of 1 to 4, has magnetismof 0.05 to 8 enu/g, neasured by applying a
magnetic field of 34 Qe, due to theCHAB2nce of nmgnetic nano-domains in
the lattice of 10hydroxyapatite, and conprises an amount of secondary

nmagneti ¢ phases bel o# abdtf OByt 96t e 2COTRE LAY AP 0PI et AT o?rBFNg t 0
claim1l1, wherein said magnetismis of 0.1 to .5 emu/ recorded by applying
a magnetic PNOSENGS34 BB ﬁ%3?Tﬁéyﬁ§&3oif§§£ﬁet'e qg‘%:lbq%ﬁ‘?ﬁ;l%%d c%/%i m 1 or
2, wherein id ratio Fe3+/ Fe2+, | fo2 to 3.5 A The hydroxyapatite
accor di ng tg&?%y Jg%elgf Qr‘loeedgl“éﬁr@ %eto %?ngor?ﬁlrdﬁsg%g an arfout l%jf]

cecondary THRIELL L AR MY SR T S ety o ecaidhgen Lo oy
hydr oxyapat ijt.¢ taceor i ng tQ, Wi one ¥ ratio Fe’/Fe®* of 1 to 4,
has magnetism of 0.05 to 8 emu/g, measured by applying
a magnetic field of 34 Oe, due to the presence of
magnetic nano-domains in the lattice of
10 hydroxyapatite, and comprises an amount of secondary
magnetic phases below about 3 vol%.

2. The hydroxyapatite according to claim 1,
wherein said magnetism is of 0.1 to 5 emu/g, recorded
by applying a magnetic field of 34 Oe.

15 3. The hydroxyapatite according to claim 1 or 2,
wherein said ratio Fe**/Fe®* is of 2 to 3.5.

4, The hydroxyapatite according to any one of
the claims 1 to 3, comprising an amount of secondary
magnetic phases < 2 vol%.

20 5. The hydroxyapatite according to any one of
the claims 1 to 4, having a ratio (Fe+Ca)/P of 1.5 to
1.9.

6. The hydroxyapatite according to any one of

the claims 1 to 5, in the form of nanoparticles having
25 a width of 5-10 nm to 20-30 nm and a length up to 80-

150 nm, or in the form of aggregates/granules of said



the clains 1 to 5, in the formof nanoparticles having 25a width of 5-10 nm
to 20-30 nmand a length up to 80- 150 nm or in the form of

aggr egat esOgoeubes of said WD 2012/ 014172PCT/ 1B2011/ 0983682031/053362
nanoparticles. 7.The hydroxyapatite agcording to claim®6, wherein said
nanoparticles conprise spherical voids of 2-5 nm 58. The hydroxyapatite
according to any one of the clains 1 to 7, |oaded with biol ogical
substances selected in the group consisting of proteins, genes, stemcells,
grow h factors and vascul ari zation factors; or |oaded with active
substances or drugs. 10 9. A biom netic bone or osteocartilage substitute
conpri si ng aampwpedtyap&si-te according to any one of the clains 1 to 8. 10.
The hydroxyapatite according to any one of the clains 1 to 8, or the

bi omi meti ¢/ bone or 158t edRAMGAEFR SISt AR HDr dihig TR ERai 1 9, for

nmedi cal or diagnqstic use. 11. The hydroxyapatite according to claim10 for
use as a caWh@gFlgnéaﬁ SELOPAFEC T B ﬁiﬁ?ﬁﬂpgﬁﬁ%ﬁ ¢g%l§§ ﬂfugs.

2012. The hy%rgx%%gatite according to claim10 for use as a contrast agent

i n di agnost i“c: Thebi om neti cboneor ost eocartil age substitute accordi ng

to ckaim 10 for bonegf, OE%SQSQQBEEQgEer%ﬂﬁﬂf%&ﬂﬂ N 02504, ABRENgE T or
preparing the hydroxyapatite . according to any ohe of the claims 1 to 7,
comprising the claims 1 to 7, loaded with biological substances
selected in the group consisting of proteins, genes,
stem cells, growth factors and vascularization
factors; or loaded with active substances or drugs.
10 9. A biomimetic bone or osteocartilage
substitute comprising a hydroxyapatite according to
any one of the claims 1 to 8.

10. The hydroxyapatite according to any one of

the «claims 1 to 8§, or the Dbiomimetic bone or
15 osteocartilage substitute according to claim 9, for
medical or diagnostic use.

11. The hydroxyapatite according to claim 10 for
use as a carrier and release agent for biological
substances or drugs.

20 12. The hydroxyapatite according to claim 10 for
use as a contrast agent in diagnostics.

13. The biomimetic bone or osteocartilage
substitute according to claim 10 for bone or
osteocartilage regeneration.

25 14. A method for preparing the hydroxyapatite

according to any one of the claims 1 to 7, comprising



WO 2012/ 014172PCT/ 1B2011/ 053362 32 the foll owi ng steps: a)adding a solution
conprising Fe(ll) and Fe(lll) ions to a suspension/sol ution containing
Ca(ll) iomepolmnactdi ng a sol uti on of phosphate ions to toe/1B2011/053362
suspensi on/ sol ution of step a); c)heat ng the suspension/solution of step
b) to a tenperature of 15 to 80C, preferably of 25C to 60C; 10d)separating
the precipitate fromnother liquors. 15. A nethod according to claim 14,
wherein said solution of phosphate ions is added to the suspensi on/sol ution
containing Ca(ll) ions and iron 15ions in a period of 1-3 hours, preferably
by heating and stirring the suspension. 16. A method according to claim 14
or 15, wher &hg dltéovwiddi wFepFdsphat e i ons the amount of iron ions with
respect to calciumions is adjusted by further 20addi ng solution of iron
ions so ast o obtain3&d%r ¥ at FOLEEIER of OBPEG SIBI prict €rlabl y2BE 10 to 20

mol % 17. Method according to any one o | ai,ms 14 to 16, wherejn said
Fo(11) and BE(11) L7 0hs “Hari P SRS FECES B Feor L+ eoebt o vot
ions;
5 b) adding a solution of phosphate ions to the

suspension/solution of step a);

c) heating the suspension/solution of step b) to

a temperature of 15° to 80°C, preferably of 25°C to

60°C;

10 d) separating the precipitate from mother
liquors.
15. A method according to claim 14, wherein said

solution of phosphate ions is added to the
suspension/solution containing Ca(II) ions and iron

15 ions in a period of 1-3 hours, preferably by heating
and stirring the suspension.

16. A method according to claim 14 or 15, wherein
after adding phosphate ions the amount of iron ions
with respect to calcium ions is adjusted by further

20 adding solution of iron ions so as to obtain a molar
ratio Fe/Ca of 5 to 30, preferably of 10 to 20 mol%.

17. Method according to any one of claims 14 to
16, wherein said Fe(II) and Fe(III) ions derive from

FeCl, and FeCl;, respectively.



WO 2012/ 014172PCT/ 1B2011/ 053362 33 18. Met hod according to any one of clains
14 to 17, wherein said Ca(ll) ions derive fromcal ci um hydroxi de, cal cium
nitrate, welwixmmeeet ate, cal ci um carbonate and/ or ot hercraBmiiynsssel ts.

519. Met hod according to any one of clznms 14 to 18, wherein said phosphate
ions derive from phosphoric acid and/or its soluble salts.

18. Method according to any one of claims 14 to

17, wherein said Ca(II) ions derive from calcium

hydroxide, calcium nitrate, calcium acetate, calcium
carbonate and/or other calcium salts.

5 19. Method according to any one of claims 14 to

18, wherein said phosphate ions derive from phosphoric

acid and/or its scluble salts.



