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Abstract: In early 1980s, researchers discovered-seting calcium orthophosphate
cements, which are bioactive and biodegradable grafting bioceramics in the form of a
powder and a liquid. After mixing, both phases form pastes, which set and harden forming
either a nonstoichiometric calcium deficient hydroxyapatite or brushite. Since both of
them are remarkably biocompartible, bioresorbable and osteoconductisettialj
calcium orthophosphate formulations appear to be promising bioceramics for bone
grafting. Rurthermore, such formulations possess excellent molding capabilities, easy
manipulation and nearly perfect adaptation to the complex shapes of bone defects,
followed by gradual bioresorption and new bone formation. In addition, reinforced
formulations havébeen introduced, which might be described as calcium orthophosphate
concretes. The discovery of ssHtting properties opened up a new era in the medical
application of calcium orthophosphates and many commercial trademarks have been
introduced as a reku Currently such formulations are widely used as synthetic bone
grafts, with several advantages, such as pourability and injectability. Moreover, their
low-temperature setting reactions and intrinsic porosity allow loading by drugs,
biomolecules and ewecells for tissue engineering purposes. In this review, an insight into
the selfsetting calcium orthophosphate formulations, as excellent bioceramics suitable for
both dental and bone grafting applications, has been provided.

Keywords: calcium orthophodpates; hydroxyapatite; sedktting; selhardening;
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1. Introduction

According to the statistics, approximately half of the population sustains at least one bone fracture
during teir lifetime [1] and, as a result, surgery might be necessary. Luckily, among the surgical
procedures available, minimally invasive techniques are able to offer special benefits for patients such
as fewer associated injuries, quicker recovery and less paiaddition, shorter hospital stays are
needed, often allowing outpatient treatments that cheapen the exjnstsvever, these techniques
require biomaterials able to be implanted through small (the smélkebetter) incisionse.g., by
means of syringes with needles and/or laparoscopic devices. To fulfill such requirements, the potential
implants should be in a liquid or an injectable state, e.g., as pastes. On the other hand, since all types c
the calcified tissues are in tlsslid state, the bone repairing biomaterials should be solid as well.
Therefore, potential bone grafts applicable to the minimally invasive surgery must combine
injectability with hardness. Such formulations are known assgdfing (sekhardening, selturing)
formulations because, together with an initial softness and injectability, they possess an ability to
solidify in the appropriate period, giving strength to the implantation sites. Since the inorganic part of
the mammalian calcified tissues is qmused of calcium orthophosphates of biological oridh
self-setting formulations based on calcium orthophosphates appear to be excellent candidates for bon
repairing [4,5]. The list of all known calcium orthophosphates, including their chemical faenu
standard abbreviations and the major properties, is summarized in Téhle 1

Although the entire subject of calcium orthophosphates has been investigated sib&€§7 Bf,7
historically, Kingery appears to be the first, who contributed to theksséihg abilities. Namely, in
1950, he published a paper on the chemical interactions between oxides and/or hydroxides of various
metals (including CaO) with 420y, in which he mentioned that some of the reaction products were
set[9]. However, the calam orthophosphate formulations were just a very small section of that study.
Afterwards, seHsetting abilities of some calcium orthophosphates formulations were described in the
early 19Ds by Driskell et al. [10]. However, that study was not noticed. mhen early 198s
scientists from the American Dental Association LeGeetsal [11], as well as Brown and
Chow [12i 15] published results of their studies. Since that, this subject became known as calcium
phosphate cements (commonly referred to as RG], and, due to their suitability for repair,
augmentation and regeneration of bones, such formulations were also named as calcium phosphat
bone cements (occasionally referred to as CPBRC)20]. In order to stress the fact, that these
formulations conist either entirely or essentially from calcium orthophosphates, this review is limited
to consideration of calcium orthophosphbtesed compositions only. The readers interested in
selfsetting formulations based on other types of calcium phosphatesgakested to read the original
publicationg20,21]



J. Funct. Biomater2013 4 211

Table 1.Existing calcium orthophosphates and their major propdfjes

Ca/P Compounds and Chemical formula Solubility at Solubility at  pH stability range in aqueous
molar ratio their typical abbreviations 25 €, 1log(Ky) 25C, g/L solutions at 25 €
Monocalcium phosphate monohydrate y
0.5 (MCPM) Ca(HbPOy),-HO 1.14 18 0.0i2.0
Monocalcium phosphate anhydrous d
0.5 (MCPA or MCP) Ca(HPOy), 1.14 17
1.0 Dicalcium phosphate dihydrate (DCPD) CaHPQ-2H,0 6.59 ~0.088 20060
mineral brushite
Dicalcium phosphate anhydrous d
1.0 (DCPA or DCP), mineral monetite caHPQ 6.90 0.048
1.33 Octacalcium phosphate (OCP) Ca(HPOy)2(POy)4-5H,0 96.6 ~0.0081 5.57.0
1.5 UTrical ci umT@Phos UCa(POy), 25.5 ~0.0025 (el
1.5 bTrical ci umT@Phos b-Cas(PQy), 28.9 ~0.0005 (el
) . CaHy(PQy),nH,O,n = 3 4.5; )
\ y [b] [b] - [d
1.212.2 Amorphous calcium phosphates (ACP) 159 20% HO 5i12
. Calciumdeficient hydroxyapatite Cay o{HPO)x(POy)s «(OH)2 )
1.51.67 (CDHA or Cadef HA) (0 <x<1) 85 0.0094 6.51 9.5
1.67 Hydroxyapatite (HA, HAp or OHAp) Cayo(POr)s(OH), 116.8 ~0.0003 9.512
1.67 Fluorapatite (FA or FAp) Cao(POy)sF 120.0 ~0.0002 712
1.67 Oxyapatite (OA, OAp or OXAY Cayo(POy)sO ~69 ~0.087 (el
20 Tetracalcium phosphate (TTCP or TetCF Ca(P0),0 38i 44 ~0.0007 (o]

mineral hilgenstockite
el These compounds cannot be precipitated from aqueous sollfi@ennot be measured precisely. However, the following values were found: 25.7 +0.1 (pH = 7.40),
29.9 +0.1 (pH = 6.00), 32.7 +0.1 (pH = 5.28). The comparative extent of dissolutiondit miffer is: ACP>>UT CP  STEP >bCDHA >> HA > FA!® Stable at
temperatures above 100 &! Always metastablé® Occasionally,itis al | ed fipr ec i prid? Existende offOA re(ma&nd gupstionable.
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Due to a good bioresorbability, all ssktting calcium orthophosphate formulations belong to the
second generation of bone substituting biomatejzds These formulations are blends of aptwus
and/or crystalline calcium orthophosphate powder(s) with an aqueous solution, which might be
distilled water [11i 15], phosphate buffer solution (PBY)L6], aqueous solutions of sodium
orthophosphatef23i 30], ammonium orthophosphatgl], HsPO, [32 37], citric acid[24,38] and its
salts[39], sodium silicatd40i 42], soluble magnesium orthophosphdi3], chitosan lactate in lactic
acid [44], etc. Due to the presence of other ions in a number of solutions, some of such formulations
are set with formation of ieaubstituted calcium orthophosphates. After the calcium orthophosphate
powder(s) and the solution have been mixed together, a viscousoéthbia paste is formed that sets
to a firm mass within a few minutes. When the paste becomes sufficiently stiff, it can be placed into a
defect as a substitute for the damaged part of bone, where it handsitg within the operating
theatre. The propton of solid to liquid or the powddp-liquid (P/L) ratio is a very important
characteristic because it determines both bioresorbability and rheological properties. As the paste is se
and hardened at room or body temperature, direct application imdgneélbone defects became a new
and innovative treatment modality by the end of X¥-th century. Moreover, seletting calcium
orthophosphate formulations can be injected directly into the fractures and bone defects, where they
intimately adapt to thedme cavity regardless its shape. More to the point, they were found to promote
development of osteoconductive pathways, possess sufficient compressive strengthsybetaan,
create chemical bonds to the host bones, restore contour and have bb#mntieaiccomposition and
X-ray diffraction patterns similar to those of bgd®]. Finally, but yet importantly, the seffetting
calcium orthophosphate formulations are osteotransdudtiee, after implantation, the hardened
formulations are replaced laynew bone tissud6i 48].

Since the hardened calcium orthophosphates reproduce the compaosition, structure, morphology ant
crystallinity of bone crystals, the initial sedétting formulations might be considered as biomimetic
ones[49,50] The aim of sucHormulations is to disturb bone functions and properties as little as
possible and, until a new bone has been grown, to behave temporary in a manner similar to that of
bone. Therefore, they provide surgeons with a unique ability of manufacturing, saagimgplanting
the bioactive bone substitute biomaterials on a pasipetific base in real time in the surgery room.
Implanted bone tissues also take benefits from thessétihg formulations that give, in an acceptable
clinical time, a suitable mech@al strength for a shorter tissue functional recovery. Thus, the major
advantages of the sedktting calcium orthophosphate formulations include a fast setting time, an
excellent moldability, an outstanding biocompatibility and an easy manipulatioefdtesrthey are
more versatile in handling characteristics than prefabricated granules or blocks. Besides, like any othet
type of calcium orthophosphate bioceramics, thesating formulations provide an opportunity for
bone grafting using alloplastic aterials, which are unlimited in quantity and provide no risk of
infectious diseasd$1i 53].

Since seksetting calcium orthophosphate formulations have been developed for using as implanted
biomaterials for parenteral application, for their chemical amsitipn one might employ all ionic
compounds of oligoelements occurring naturally in a human body. The list of possible additives
includes (but is not limited to) the following cations: 'NK*, Mg?*, C&*, SF*, Zr?*, H" and anions:

PO T HPQ? | HPQS, PO CO? T HCOy', SQ? ' HSQ/, CI', OH , F, silicates[46]. Therefore,
mixedtype selfsetting formulations consisting of calcium orthophosphates and other calcium salts,
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such as calcium sulfatd4i 63], calcium pyrophosphatfs4i 66], calcium polyphosphate$7,68]
calcium carbonate$16,26,28,30,50,6971], calcium oxide[72i 77], calcium hydroxide[78i 80],
calcium aluminateqg43,81,82] calcium silicates[83i 89], etc, are available. In addition, other
chemicals such as -$8pntaining compounds[19,90 93], Mg-containing compoundg93i 100],
Zn-containing compound$101,102] etc, might be added to calcium orthophosphates as well.
Furthermore, the seHetting formulations might be prepared from various types of ion substituted
calcium orthophosphates such &aKNa(PQy),, NaCaPQ®@, NaCa(POy)s ( s o call ed i
al kal i ne or {1030p7h magnesivantsubstibitepdicium-deficient hydroxyapatit€CDHA),
strontium substituted CDHAetc [1081 113]. More to the point, seletting formulations might be
prepared in the reactiesetting mixture of Ca(OH)KH,PO, system[114], as well as by treatment of
calcium carbonate or calcium hydroxide with orthophosphate solufiblfs]. In addition, if a
selfsetting formulation consisting of calcium orthophosphates only is set in a chemically reactive
environment (e.g., in presence of g§0on-substituted calcium orthophosphates, such as carbonate
apatite, are formefiLl16]. Finally, selfsetting calciumorthophosphatéased formulations possessing
special properties, such as magnetic ones due to incorporation of iron [Xidekl8] have been
developed as well. However, with a few important exceptions, theubstituted formulations have
not been condered in this review, while the interested readers are suggested to study the
aforementioned publications.

The purpose of this review is to evaluate the chemistry, physical, mechanical and biomedical
properties of the available sedétting calcium orthogisphate formulations with the specific reference
to their applications in surgery and dentistry.

2. General Information and Knowledge

According to Wi kipedia, the free enccgnehivg edi ;
binder, a substance that sets and hardens independently and can bind other materials oether
name fAcement o goes back tapustcdementRiuima ros dwelsa ru e
which resembled concrete and was made from crushed rock with burnt lime as binder. The volcanic
ash and pulverized brick additives, which were added to the burnt lime to obtain a hydraulic binder,
were later referred to as cementum,i me nt u m, c @ me i19]. dhug] calciemme nt
orthophosphate cement appears to be a generic term to describe chemical formulations in the ternar
system Ca(OH) HzPO4i H,O which can experience a transformation from a liquid or a pasty state to a
solid date and in which the eraroduct of the chemical reactions is a calcium orthophosphate.

The first selfsetting calcium orthophosphate formulation consisted of the equimolar mixture of
TTCP and dicalcium phosphate (DCPA or DCPD) which was mixed with \&ageP/L ratio of 4:1;
the paste hardened in about 30 min and formed CDHA. These highly viscous angatable pastes
could be molded and, therefore, were used mainly as a contouring material in craniofacial surgery.
Later studies revealed some diffieces between TTCP + DCPD and TTCP + DCPA formulations.
Namely, due to a higher solubility of DCPD (Table 1 andifeéd), TTCP + DCPD mixtures set faster
than TTCP + DCPA ones. Besides, injectability of TTCP + DCPD formulations is FE2@r122].

In 1990s it was established that there were about 15 different binary combinations of calcium
orthophosphates, which gave ssdftting pastes upon mixing with water or agueous solutions. The
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list of these combinations is available in literat{t23i 125]. Fromthese basic systems, secondary
selfsetting formulations could be derived containing additional or even -reawiive
compounds [17,46,74,123,126139]. Concerning their viscosity, both pastig$40i 145] and
putties[146] of a very high viscosity146i 149]are known.

Figure 1. (a): a 3D version of the classical solubility phase diagrams for the ternary system
Ca(OHYi HsPOyi H20O. Reprintedfrom [150] with permission (b,c): solubility phase
diagrams in twedimensional graphs, showing two logarithofsthe concentrations of (a)
calcium and (b) orthophosphate ions as a function of the pH in solutions saturated with
various salts. Reprinted frofd51] with permission
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According to the classical solubility data of calciemhophosphates (Fige 1), depending upon
the pH value of a seBetting paste, after hardening all formulations can form only two major
endproducts: a precipitated poorly crystalline HA or CDHA at pH > 4.2 and DCPD (also called
Abrushiteod) [152]t Herp ldne should .n@&ice, that in the vast majority cases, terms
fa precipitated poorly crystalline HAO0O and nClI
synonymg6], whil e the term fAbrushiteo waseogedamied t

Brush (18311912), who was a professor at Yale University, USA. However, in the readettifg
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formulations, the pHborder of 4.2 might be shifted to higher pH values. Namely, DCPD might be
crystallized at the solution pH up to ~6, while I@®normally is not formed at pH below 6.5 (Table 1).

In early 1990s, depending on the type of calcium orthophosphate formed after the setting,
five groups of the sel$etting formulations were thought to exist: DCPD, CDHA, HA, ACP and
OCPJ[125,153] while currently only two cement groups remain. Namely, the results of the only study
on an ACPforming formulation demonstrated that it was rapidly converted into C[IA]; thus, it
belongs to apatitéorming formulations. With the OGRrming formulationg154i 157] the situation
looks as this. Contrary to the reports of late 19864] and early 1990EL55], in recent papers either
simultaneous formation of OCP and CHDA has been det¢t& or no phase analysis has been
performed[156]. Strong experim@al evidences of the existence of a transient OCP phase during
setting were found in still another study; however, after a few hours, the OCP phase disappeared
giving rise to the final CDHA phagd1l]. Finally, according to the aforementioned, CDHA and &té&
synonyms. Thus, all existing sedétting calcium orthophosphate formulations are divided into two
major groups: apatitorming formulations and brush#ferming ones. This in fact is a predictable
situation since HA is the least soluble calcium optmosphate at pH > 4.2 and brushite is the least
soluble one at pH < 4.2 (Rige 1). The final hardened product of the formulations is of the paramount
importance because it determines the solubility and, thereforeivo bioresorbability. Since the
chenical composition of mammalian bones is similar to andohstituted CDHA, apatit&®rming
formulations have been more extensively investigated. Nevertheless, many research papers or
brushiteforming formulations have been published as well.

All self-setting calcium orthophosphate formulations are made of an aqgueous solution and fine
powders of one or several calcium orthophosphate(s). Here, dissolution of the initial calcium
orthophosphate(s) (quickly or slowly depending on the chemical caitiggoand solution pH) and
mass transport appear to be the primary functions of an aqueous environment, in which the dissolvec
reactants form a supersaturated (very far away from the equilibrium) microenvironment with regard to
precipitation of the finaproduct(s)[158,159] The relative stability and solubility of various calcium
orthophosphates (see Table 1) is the major driving force of the setting reactions occurred. Therefore,
mixing of a dry powder with an aqueous solution induces various chemaoafdrmations, in which
crystals of the initial calcium orthophosphate(s) rapidly dissolve(s) and precipitate(s) into crystals of
CDHA (precipitated HA) or DCPD with possible formation of intermediate precursor phases (e.g.,
ACP[30,137]and OCH41,154 157]). During precipitation, the newly formed crystals grow and form
a web of intermingling microneedles or microplatelets of CDHA or DCPD, thus provide a mechanical
rigidity to the hardened cements. In other words, entanglement of the newly formed dsyttals
major reason of setting (Rige 2). For the majority of apatit®rming formulations, water is not a
reactant in the setting reactions; it is just a medium for reactions to occur. Therefore, the quantity of
water, actually needed for setting of Blormulations, is very smaJ2,158,160] However, for the
brushiteforming formulations, water always participates in the chemical transformations because it is
necessary for DCPD formation. Due to this reason, the brusiniteng formulations are alwa
hydraulic, while usually this term is not associated with the agfatiteing ones.
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Figure 2. A typical microstructure of calcium orthophosphate formulation after hardening.
The mechanical stability is provided by the physical entanglewieatystals Reprinted
from [161] with permission.

Setting of calcium orthophosphate formulations is a continuous process that always starts with
dissolution of the initial compounds in an aqueous system. This supplies ions of calcium and
orthophosphate into the solution, where they chemically interacpieuipitate in the form of either
the final products or precursor phases, which causes the cement §ERDG2,163] This was
confirmed by Ishikawa and Asaoka, who showed that when TTCP and DCPA powders were mixed in
doubledistilled water, both powdsrwere dissolved. The dissolved calcium and orthophosphate ions
in the solution were then precipitated in the form of CDHA on the surface of unreacted pd8dérs
Since the physical state of the precipitates can be either a gel or a conglomeratdats, ¢hes
hardening mechanism is either a-gel transition of ACH30,137]or entanglement of the precipitated
crystals of CDHA or DCPD46]. Thus, all types of hardened formulations possess an intrinsic
porosity within the nano/submicron size rangegFeé 2). For example, for the classical Broviamow
cement formulation, after the initial setting, petal or nedéldée crystals enlarge epitaxially and are
responsible for the adherence and interlocking of the crystalline grains, which result in hardening.
After ~2 h, the newly formed crystals become-ligd, resulting from higher crystallinity with the
observation of more material at the inparticle spaces. During this period, the setting reactions
proceeded at a neaonstant rate, suggesting that tleaction rate was limited by factors that are
unrelated to the amounts of the starting materials and the reaction products present in the system. Suc
factors could be related to the surface area of DCPA or TTCP or to the diffusion distances over which
the calcium and orthophosphate ions should migrate to form CQE3& 167]. At ~24 h, the crystals
are completely formed, being very compacted in some areas of high density, and well separated in
areas with more porosifi30,135,136]

The chemical reactionsccurring during setting of calcium orthophosphate formulations depend on
their chemical composition. However, it can be stated that only two major chemical types of the setting
reaction are possible. The first type occurs according to the classicabfrtivesacidbase interaction,

i.e., a relatively acidic calcium orthophosphate reacts with a relatively basic one to produce a relatively
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neutral compound. The first cement by Brown and Chow is a typical example of this type because
TTCP (basic) reacts WitDCPA (slightly acidic) in an aqueous suspension to form a poorly crystalline
precipitated HA (slightly basid)L 3,14}

2Ca(POy).0 + 2CaHPQ= Cao(POs)s(OH), (D

Initially, it was believed that DCPA and TTCP reacted upon mixing with water to form the
stoichiometric HA[12i 15]. However, further investigations have shown that only the first nuclei
consist of a nearly stoichiometric HA, whereas further growth of thaskei occurs in the form of
CDHA [168]. Besides, there is a study demonstrating that the initially formed stoichiometric HA
further interacts with remaining DCPD to form CDH¥69].

According to Equation (1), formation of precipitated HA releases neitremidic nor basic
by-products. Thus, the liquid phase of the formulation remains at a near constant pH of ~7.5 for the
TTCP + DCPD and ~8.0 for the TTCP + DCPA mixtures, respect[\té$ 167]. Various deviations
from the stoichiometry of chemic&quation (1) were studied in details and various types of CDHA
with Ca/P ionic ratio within 1151.67 were found as the final prodyit70]. The effect of mixing ratio
and pH on the reaction between TTCP and DCPA is well described elsgihEe~urthermore, the
influence of Ca/P ionic ratio of TTCP on the properties of the TTCP + DCPD cement was studied as
well [172].

A blend proposed by Lemaitre et al,, [173,174]is another example of the adidse interaction in
wh i c¢TICP @lmost neutrpkeacts with MCPM (acidic) to form DCPD (slightly acidic):

b-Ca(PQy)2 + Ca(lhPOy)2-H20 + 7THO = 4CaHPQ@ 2H,0 2

In chemical Equation (2) MCPM might easily be substituted bysR0, [32136] or MCPA,
whi |I-leCPb mi ght b e -T€Pe[P75,E6] COHAHLY7,1T8] HA [179,180] or even
Ca(OH) [29,35]and CaO. For example:

Cay(HPQy)(PQy)s(OH) + 3HPO, + 17H,0 = 9CaHPQ@ 2H,0 (3

Furthermore, self et ti ng formul ati ons basedCPqI8l], mi xt
ACP + DCPD[182,183] D CP ACP{174]] OCP + TTCH184], O C RTCR[188186]and
unspecified dApartially crystall i zed[18c a8PJasithem p h
initial reagents, are also available. In addition, multiphase-seiihg compositions such as
UTCP + TTCP +DCPA[190]a n d D C PTAC P+ -FOP B CDHA[191] have been developed
as well.

The second type of the setting reaction might be defined as hydrolysis of metastable calcium
orthophosphates in aqueous media. As the result, both the initial componentsabpdftincts have
the same Ca/P ionic ratio. Due to the fact, that only one calcium orthophosphate is used; the solid par
of such formulations might be called as a sifgtase (or singkeomponent) cement powdgr92].
Selfsetting formulations made of AT+ an aqueous solutiof193,194] -TOP + an aqueous
solution [23,24,27,195203], -T@P + an aqueous solutiofl99,204] DCPA + an aqueous
solution[40], CDHA + an aqueous solutigal], OCP + an aqueous solutipt?], TTCP + an aqueous
solution[43,205206] o r -radiated TTCP + an aqueous solut[@37i 209] are the typical examples;
the majority of them are ferystallized to CDHA during setting:
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Ca<Hy(PO4)Z-n HO+HO Y 106(POy)x(POy)6-x(OH)2x + N H0O (4)
3 (- O r-)CaB(PQy), + H,0 = Ca(HPQy)(PQy)s(OH) (5)
3Cay(P0y)20 + 3H0 = Ca(HPO;)(POy)s(OH) + 3Ca(OH) (6)

As seen from the anrT€R istthe mdst pppuldr lcompaundi t@ preduce U
selfsetting singlephase calcium orthophosphate formulations.

An interesting study was perfoed on the microstructures, mechanical and setting properties of
calcium orthophosphate formulations with variable Ca/P ratio within 1.29 < Ca/P $210]7 The
results showed that: (a) only the react-BOPt Wi
which transformed during the setting into CDHA; (b) reactants with Ca/P < 1.50 were composed of
calcium pyr-D@m oasTC® bldnds, whilé thse with Ca/P > 1.50 were composed of
UTCP, HA and TTCP blends; (c) formulations with Ca/P ratio other than 1.50 had longer setting and
| ower hardening properties; (d) the formul at.i
the starting ractant; (e) depending on the Ca/P ratio of the starting reactant, the hardened formulations
developed different crystal microstructures with specific feat{?d®]. Similarly, a seHsetting
formulation might be prepared from the thermal decompositiotiyats of HA[211].

The experimental details on TTCP hydrolysis under a-c@astant composition condition might be
found elsewher§212]. The deTCR liydraysisoare alsb available. The results indicated that
set t i-M@P wasfinitidlly contrdeéd by surface dissolution; therefore, it depended on the surface
area of the reactanf213i 216]. Hydrolysis of DCPD to CDHA was studied as wWell7]. Addition of
~2 wt% of a precipitated poorly crystalline HAe{ , CDHA) a sTCR powderepthaset o
might be useful to accelerate the kinetics of reactionfd53]. The aforementioned information is
summarized in Figre 3 [219].

Further, there is a singfghase formulation consisting of-kKand Na containing CDHA (with the
Ca/P ionic ratio of 1.64 £@2) that sets and hardens after mixing with an aqueous solution of sodium
citrate and sodium orthophosph§220]. After setting, this formulation gives rise to formation of a
weak cement (the compressive strength of 15 +3 MPa) consisting of treeildtituted CDHA again
(presumably, with smaller Ca/P ionic ratio), mimicking the bone mineral. Unfortunately, neither the
setting reaction nor the setting mechanism of this cement has been dif2kt§ed

The hydration process of calcium orthophosphate f@atioms is slightly exothermic and undergoes
five periods: initiating period, induction period, accelerating period, decelerating period and
terminating period221]. For the classical Brow@how formulation, the activation energy of the
hydration reactioms 176 kJ/mol[222]. The rate of heat liberation during the solidification of calcium
orthophosphate formulations is low. The results of adiabatic experiments showed that the temperature
rise arrived at the highest value of 37 € 3 h later, which wouldseano harm to surrounding
tissueqd221]. The results showed that the hardening process of that formulation was initially controlled
by dissolution of the reactants in a 4 h period and subsequently by diffusion through the product layer
of CDHA around the graingL36]. In general, setting of aaum orthophosphate formulations occurs
mostly within the initial ~6 h, yielding an ~80% conversion to the final products with the volume
almost constant during settinge(, shrinkage is small). However, after hardening, the formulations
always form britie bioceramics with the tensile strength of 5 to 20 times lower than the compression
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strength[223,224] Since this biomaterial is weak under tensile forces, such formulations can only
be used either in combination with metal implants or in-load beang (e.g., craniofacial)
applications[4,5,160,225] This is confirmed by the mechanical characterization of a bone defect
model filled with bioceramic cemenia26].

Figure 3. Add Classification of calcium orthophosphate formulations with examples of the
most common compositions. Scanning electron micrographs of set apatite and brushite
cements obtained by the hydrolysis Wfricalcium phosphatel)TCP) and by reaction of
b-Tricalcium phosphate B(TCP) with monocalcium phosphate monohydrattGPM),
respectively, aralso shown. Reprinted frof219] with permission.
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To conclude this part, one must stress, that cheriigahtions(1)i (6) for setting processes are
valid for thein vitro conditions only. There are evidences that samples of calcium orthophosphate
formulations retrieved 12 h after hardeniingvivo already contained carbonate apatite, even though
the initial mixtures did not contain carbonate as one of the solid compdB2ii{sThe mass fraction
of carbonate in the 12 h samples was about 1%. The results suggest that umdervtheonditions,
carbonate is readily available and this allows formation of carbonate apatite in favor of cafte@nate
CDHA [227].

By the end dthe previous millennium, the United States Food and Drug Administration (FDA)
approved several sedetting formulations (Table 2) for clinical ug22,228] The same formulations
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also received a Conformite Europene (CE) mark for certain maxillofacladaitions and for use as
bonevoid fillers in the specific notoad-bearing orthopedic indicatio$60]. The major properties of
these formulations are available in literat{®2]. An extended list of the available formulations is
presented in Table [349], while even more formulations are in experimental stages. Other lists of the
commercially available injectable bone cements with their chemical composition (when obtainable)
might be found elsewhe{B,167,229231]. A general appearance of two randomiyosen commercial
calcium orthophosphate cements is shown infed.

Table 2. Some seksetting calcium orthophosphate formulations having the 510(k)
clearance from th€ood and Drug AdministratiorFDA) [17,160,228] The technical data
on these cementright be found in literaturg22].

Product * Manufacturer Applications *
Striker Howmedica Osteonics
BoneSource” ** Craniofacial
(Rutherford, NJUSA)
U-Bone Substitute Material Etex Corporation Filling of bonedefects and voids
( BSM®) **+ (Cambridge, MAUSA) dental, craniofacial
Norian Corporation Skeletal distal radius fractures,

keletal Repai ; [ i
Skeletal Repair Systems (SRS (Cupertino, CA USA) craniofacial

* In Europe, other applications may apply, and the materials may be sold with a diterenércial name

= BoneSourcé is the original formulation of calcium orthophosphate cement developed by Brown and Chow
= |n Europe, it is distributed by Biomet Merck (Zwijndrecht, The Netherlands) as Bidh6a], while in

North America it is marked by Walter Lorenz Surgical (Jacksonville, EISA) as Embart [22].

Figure 4. A presentation of two randomly chosen commercial calcium orthophosphate cements.
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Table 3. A list of the commercial seletting calcium orthophosphate formulations with
the producer, product name, composition (when available) and maipreduact. The
endproduct of the reactions can be either an apatite (CDHA, carbonate apatjter

brushite (=DCPD]149].

Producer Commercial name Composition Product
aaplmplantate Powder: calcium orthophosphates .
OsteoCerfi . : apatite
(GER) (details unknown); Solution: unknown patt
. Powder: calcium orthophosphates .
CemOstetic" ) _ tit
Berkeley Advancec ermostet (details unknown); Solution: water apatite
Biomaterials (US. . . P r: calcium orthophosphat .
(LS) Tri-Ostetic™ owQe caicium orthopnosphates apatite
(details unknown); Solution: water
. Powder : -TnGaPi,n IA/CPJ BTCP); | .
B I FR MCP . .
lomatlante (FR) cpC Solution: phosphate buffered solution apatite
Bi S. . P TCP (61%)DCPA (26%), 10%), :
iomet (US)) Calciborf o wd eTCP (61%) C. (26%), CaCe(10%) apatite
Interpore (US.) CDHA (3%); Solution: HO, NgHPQ,
Walter Lorenz L TM Powd er : -TCH, @dddiumditrate; Solution: .
. Mimix - . . apatite
Surgical (GER) citric acid agueous solution
Quick Set Mimid™ Powdgr: Calcium orthgphosphate powdmispd'ium apatite
citrate; Solution: citric acid agueous solution
Calcitec (US) Osteofix Powder: calcium orthgphosphate and calcium oxi apatite
powders; Solution: phosphate buffer
UBSM®; Embarc; Powder: ACP (50%), DCPD (50%); .
. . ) . apatite
Biobon Solution: unbuffered aqueous saline solution
Composition: could not be found
b-BSM® (it has apparently a higher compressive strengtl apatite
and better i8%M)ctab
ETEX (U.S) 2-BSM® Composition: could not be found (putty consistenc apatite
. Composition: could not be found; the cement is .
OssiPro . . apatite
claimed to be macroporous after hardening
Composition: synthetic calcium orthophosphate
CarriGen sodium carboxymethylcellulose, apatite
sodium bicarbonate and sodium carbonate
P o wd eTCP (78%), DCPD (5%), MCPM (5%),
Graftys® HBS CDHA (10%), hydroxypropylmethylcellulose (2%) apatite
Solution: 5% NaHPQO, aqueous solution
Graftys (FR) — - §H Lt
Composition: calcium orthophosphate salts,
Grafty$® Quickset hydroxypropylmethylcellulose and apatite
orthophosphatdased aqueous solution
P o wd eTCP (9886), NgP,0O; (2%); .
Jectos Euroborfe . brushite
. ! Solution: HO, HsPO, (3.0M), H,SO; (0.1M) ush!
Kasios (FR) —
Composition: could not be found .
Jectos+ brushite

(likely to be close to that of Jectos)
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Table 3.Cont.
Producer Commercial name Composition Product
P o wd eTCP (77%6), Mg(POy). (14%),
Kyphon (US)) KyphOs™ MgHPO, (4.8%), SrCQ (3.6%): apatite
Solution: HO, (NH,),HPQ, (3.5M)
Merck (GER) Biocement D Powd er -TCB, 24% DGPA, 8.5% CaGQ apatite
Biomet (US.) 8.5% CDHA; Solution: 4 wt% N&PO, in water P
P o wd eTCP (75%), TTCP (2%i 18%),
. DCPD (5%), HA (061 2%) .
Biopex® . ) tit
. i 'ope Solution: HO, Na succinate (22i 13%), apatite
Mitsubishi " N
Materials (J) Na chondroitin sulfate (&I 5.4%)
P o wd eTCP, TTCP, DCPD, HA, MgPQ,).,
Biope@—R NaHSQ; Solution: HO, Na succinate, Apatite
Na chondroitin sulfate
Produits Dentaires Sol ut i-T€h (1.34g), NbgHZIPZO7 (0.0259),
SA (CH) Vitalos* H,0, salts (0.0% PBS solution, pH 7.4); Brushite
CalciphOs (CH) Solution 2: MCPM (0.78)), CaS@H ,0 (0.399),
P H,0, HsPO, (0.05M)
Shanghai Rebone
Biomaterials Co Rebone Powder: TTCP, DCPA; Solution: @ Apatite
(CN)
i-TICP Q MGPM; :
Callog™ Compo S -Tc @szQ GPM; Apatite
Solution: sodium silicate
Skeletal Kinetics Callos Inieci Co mp o s i-TICP and unkndvn compounds Apatite
U.S) ) (likely to be close to that of CaliB¥) P
OsteoVation Probably similar taCallos Inject" Apatite
EX Inject (Product produced by S.K. but sold by OsteoMe P
Stryker (US.)) Powder: TTCP (73%), DCPD (27%); Solutiors( .
L BoneSourcg’ . Apatit
Leibinger (GER) onesoure mixture of NaHPO, and NaHPQO, patite
Powder: TTCP, DCPLOyrisodium citrate; Solution: .
k : H M ; : ’ A
Stryker (US) ydroSet H,0, polyvynilpyrrolidone, Na orthophosphate patite
Noriar® SRS P o wd eTCP (83%), CaCe(12%), MCPM (3%); Apatite
Noriar® CRS Solution: HO, NaHPO, P
Noriar® SRS Fast L
SetIPutty Noriah Composition: could not be found Apatite
likely to be cl to that of Norian SRS/CRS
DePuy Synthes CRS Fast Set Putty (likely to be close to that of Norian )
u.s. ition: [
(U.S) Norian Drillable (.:omposmon c.;alcmm orthophosphate powdgr, Apatite
bioresorbable fibers and Na hyaluronate solutiol
Powder:b-TCP (73%), MCPM (21%),
ChronOS™ Inject  MgHPOBH ,0 (5%), MgSQ (< 1%), NaH,P,0;  Brushite
(< 1%); Solution: HO, Na hyaluronate (0.5%)
P TCP, TTCP, Na gl hosphate; :
CementeR owde C TGP, Na glycerophosphate; Apatite
Teknimed (FR) Solution: HO, Ca(OH), H:PO,
P TCP,TTOP, Na gl hosph :
CementeR LV o wd eTCP,TTQOP, Na glycerophosphate, Apatite

dimethylsiloxane; Solution: #D, Ca(OH}), Hz;PO,
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3. Two Major Types of the SelfSetting Calcium Orthophosphate Formulations
3.1. Apatite Forming Formulations

As indicated by its name, apatii@ming formulations have a poorly crystalline precipitated HA
and/or CDHA as the final product of setting reactifecteemicalEquations(1) and (4)i (6)], although
traces of urreacted starting compounds can be prefE3Q]. Seltsetting FAforming formulations
are also known; they can be prepared by the same way but in the presence of soluble
F -ions [37,232,233] Due to the initial presence of carbonates, such commercial formulations as
Norian SRS and Biocement B (Tabe 3) form a norstoichiometric carbonate apatite or dahllite
[Cas s(HPOy)o APOy)45(COs)o AOH)1.3) as the engbroduct[69,234] As both CDHA and carbonate
apatite are formed in an aqueous environment and have a low crystallinity, they appear to be rathel
similar to the biological apatite of bones and teeth. These properties are believed to be responsible fo
their excellentin vivo resorption characteristics. Conventional apdttening formulations contain
TCP and/or TTCP phases in their powder compon@&8], while a single component formulation
consisting of K and Na containing CDHA is also availabl20]. The reactivityof TCR-based
apatiteforming formulations was found to vary as a function of TCP crystal phase, crystallinity and
particle sizd235,236] Generally, a higher reactivity is observed with a thermodynamically less stable
phase -T€P o-fi@P@ahd furtheto ACP) and with a smaller particle sig@9]. Nominally, it
might be stated that formation of apatites through-ssting reactions is a sort of a biomimetic
process because it occurs in physiological environment and at body tempgafur®wever both
the crystallization kinetics and a driving force are very far away from the biomimeticity. A unique
feature of the hardened apatiteming formulations is that the force linking the newly formed crystals
(of both CDHA and carbonate apatite) is wethlerefore, the crystals can be easily detached from the
bulk of hardened formulations, especially after dissolution has partly occurred. When this happens,
osteoclasts and other cells can easily ingest the apatite cfg2Stéls

Immediately after impla@ation, any formulation becomes exposed to blood and other tissue fluids
that delay the setting time. Intrinsic setting time for apdtitening formulations has been extensively
studied and it appears to be rather long. For example, for the originaldtionlby Brown and Chow
it ranges from 15 to 22 mifi3,14] This may result in procedural complications. To remedy this, the
amount of liquid might be reduced to a possible minimum. In such cases, all -Gpatitey
formulations look like viscous and &y moldable pastes, which tend to be difficult to inject. Besides
playing with the P/L ratio, the setting time can also be reduced by using additives to the liquid phase
(which is distilled water in the Brow@how formulation[13,14]). The list of possile additives
includes HPQy, MCPM and other soluble orthophosphates. These additives promote dissolution of the
initial solids by lowering the solution pH. In such cases, a setting time in the rangelsf rhih can
be obtained193i 201,238] The influenceof soluble orthophosphates (e §a:HPO, or NaH,PQOy) on
the setting time is explained by the fact that dissolution of DCPA and formation of CDHA during
setting occur in a linear fashion, thus avoiding early formation of CDHA. This is important because
too early formation of CDHA might engulf ureacted DCPA, which slows down DCPA dissolution
and thus the setting kinetics becomes slower, while the presence of sodium orthophosphates preven
DCPA particles from being isolatef239]. Particle size[218,240,21], temperature and initial
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presence of HA powders as seeds in the solid phase are other factors that influence the setting
time [13,14,53,235,236]however,in vitro studies demonstrated that these parameters did not affect
significantly [130]. On the other hand, particle size reduction was found to result in a significant
decrease in both initial and final setting timgi8,240,241] an acceleration of the hardening

rate [218] and hydration kinetics of the hardening formulat[@41]. In gereral, smaller crystals or
particles result in a higher supersaturation degrees achieved in tsetsatj pastes, which favors
crystal nucleation and results in the precipitation of greater many and smaller-liieedkystals,

instead of the larger pkalike crystals formed when bigger particles are usedufEif) [219]. These
different microstructures give rise to different pore size distributions in the set formulations (bottom
part of Figire 5). Besides, the crystallite sizes of the final prodwae be strongly reduced by
increasing the specific surface of the starting powders, which allows developing formulations with
tailored structures at the micro and nawale level§218]. Unfortunately, an unclear correlation was
found between the particldimensions of the initial calcium orthophosphates and mechanical
properties of the hardened products: namely, a significant increase in compressive strength and storag
modulus was reported for some formulati¢240,241]but a minor effect on compressisgength was
discovered for other onel®18]. This inconsistence is not surprising because the manufacturing
methods used to produce test samples varied from one author to the other. Therefore, the only
remaining fact is that the hardened formulations lanitle and hence worthless for loaéaring
applicationd4,5].

Figure 5. A schematic drawing of the influence of the particle dimensions on the
properties of selfetting brmulations. Reprinted frof219] with permission.
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Setting process of the most types of apdtitening formulations occurs according to just one
chemical reactiorisee chemicaEquations(1) and (4)i (6)] and at near the physiological pH, which
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might additionally contribute to the high biocompatibilif$65i 167] Namely, for the classical
formulation by Brown and Chow, the transmission electron microscopy results suggested the process
for earlystage apatite formation as follows: when TTCP and DCPA powders were mixed in an
orthophosphateontaining solution TTCP powder quickly dissolved due to its higher solubility in
acidic media. Then the dissolved ions of calcium and orthophosphate, along with ions already existing
in the solution, were precipitated predominantly onto the surface of DCPA particles.paéte a
crystals were observed on the surface of TTCP powder. At a later stage of the reaction, an extensive
growth of apatite crystals or whiskers effectively linked DCPA particles together and bridged the
larger TTCP particles causing the setti242].

However, Norian SRSand Cementék (Table 3) were found to set according to two chemical
reactions: precipitation of DCPD, followed by precipitation of either CDHA or carbonate apatite:

U-Cas(PQy)2 + Ca(HPOy)2-H20 + 7H0 = 4CaHP@ 2H,0 (7)
5.2CaHPQ2H,0 + 3.6CaCQ@= Ca g(HPOx)oAPOs)45(COs)oAOH).3+ 2.9CQYy + A 2 (8)

The initial chemical reaction (7) was very fast and provoked DCPD formation and initial setting
within seconds. The second step was slower: DCPD reacted completely within $exesalvith
r e mai iC&(R®), abd CaC@forming carbonate apatite accordinggquation(8). The latter step
caused the hardening. A similar tgtep hardening mechanism was established for a formulation
consisting of MCPM and CaO: in the first stepyidg the mixing time, MCPM reacted with CaO
immediately to give DCPD, which, in the second step, reacted more slowly with the remaining CaO to
give CDHA[74].

In addition, the setting mechanism of an apdbtening formulation was investigated in detdis
athreec omponent mi X {TQP amd MCPM dryl'poviRders i convenient proportions and
with the overall atomic Ca/P ratio equal to 1.67. Two liquid phases in a raw were used to damp the
cement powder, initially it was water + ethanol (ethanol added to slow down the hardening) and
afterwards HPQO, and sodium glycerophosphate were added to water to prepare a reactivgl b§lid
At the very beginning, DCPD was found to form according to two chemical equations:

Ca(hPOy)2-H0  +CadPOy), + 7THO = 4CaHPQ2H,0 )
Ca(POy),0 + 2HPOs + 7TH,0 = 4CaHPQ2H,0 (10)

The formation reactions of DCPD were fast and corresponded to the initial setting. Afterwards,
TTCP reacted with the pr evTC® ucsdivg COHA racoading tb CP D
theequations:

2Ca(PQy);0 + 2CaHPQ@ 2H,0 = Cag x(HPO)(POy)e x(OH)ox + XCa(OHp + (41 X)H.0  (11)
2Cay(PGy).0  +-C&(BOy), + (2+ 2X)H20 = 2Caox(HPO)x(POy)si x(OH)zi x + 2xCa(OHy (12

The formation reactions of the CDHA phase were quite slow and corresponded to the hardening
stage. Although OCP was not detected in that study, its formation as an intermediate phase was
postulated for this formulatiofi58]. A similar suggestion on the intermediate formation of OCP was
made for the setting mechanism of Bre®@how classical formulatiofil25,130] however, reliable
evidences for its presence are still lackihg6,243] Strong experimental evidences of thestemce of
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a transient OCP phase during setting were found in still another study; however, that system containec
sodium silicateg41]. In all cases, OCP was suggested to appear as an intermediate because it was ¢
faster forming phase than CDHA. This hylpesis is based upon the claskstdies performed by
Brown et al [244i 246], about the precursor phase formation during chemical crystallization of apatites
in aqueous solutions

Solubility of the hardened apatiterming formulations in aqueous solut®ns expected to be
rather similar to that of bone mineral. This means that they are relatively insoluble at neutral pH and
increasingly soluble as pH drops down; this is an important characteristic of normal bone mineral that
facilitates controlled dissotion by osteoclas{234].

To conclude this part, one should mention, that in 2000 tBelddne substitute market for Norian
SRS’ accounted for ~15% of the total sales, followed by BoneSdliraet ~13%SM%3and U
~8.5%[160].

3.2 BrushiteForming Formulations

As indicated by its name, DCPD is the major product of the setting reaction for bifosimieg
formulations[chemicalEquations(2) and (3), although traces of the ueacted starting compounds
can be present. Mirtchi and Lemaij@73] andindependently Bajpagt al [32] introduced this type of
the cements in 1987. Up to now, several formulations have been already proposed, e.g.,
b-TCP + MCPM[173,174] -T@GP + BP0, [32i 34] and TTCP + MCPM + Ca(®247]. The full list of
brushiteforming formulations is available in a topical review on the suljj&48]. As seen from the
chemical composition, all types of the brustidgeming formulations are set by the addse
interaction only. As DCPD can only be pigtated at the solution pH < 6 (Table 1), the pastes of the
self-setting brushitdorming formulations are always acidic during harderi84,249] For example,
dur i ng s elCR+ MCHPM frimulaion fthe formulation pH varies from very acidic jpHigs
of ~2.5, to almost neutral pH values of ~3@]. Replacing MCPM by EPO, renders the paste very
acidic for the initial ~30 s but then the pH profile follows that obtained with MCPM. It is important to
not i c eTCP t HyPDffornfiulations have see r al a d v a-TiaP & YIEPM ones, aamelp
(i) easier and faster preparatofi) a better control of the chemical composition and reactivity
(i) improved physicechemical properties, such as longer setting times and larger tensile strengths
dueto a higher homogeneity. However, the use @P®, might impair the biocompatibility of the
formulations, due to low pH values during settjgd].

As the solubility of calcium orthophosphates generally decreases with increasing of their basicity
(Table 1and Figire 1), the setting time of brushiferming formulations much depends on the
solubility of a basic phase: the higher its solubility, the faster the setting time. Therefore, the setting
time of formulations made of MCPM + a basic calcium orthophatp increases in the order:

HA >T CBP -$CP [4,5]. For example, HA + MCPM mixtures have a setting time of several
mi n u t-EC® ,+ MEPM mixtured o f 30 to -BCP + MCPMnmuxturés of a few
secondq173,174] Furthermore, if brushiteorming fornmulations contain an excess of a basic phase,
the equilibrium pH will be given by the intersection of the solubility isotherms of the basic phase
with that of DCPD. For exampCPe MCRMhHA +eM@CRM dnd b r i
TTCP + MCPM mixtureswere found to be 5.9, 4.2 and 7.6, respectiJél$]. Follow-up of the
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chemical composition byP solid-statenuclear magnetic resonan@VR) techniqueenabled to show

t hat t he c¢hemi c allCPsMAPMiomglatipnreaahexr she enél after ~20 [RH0O].
Nevertheless, despite this initial high reactivity, the hardening reaction of briginiieg
formulations typically lasts one day until rapletion [235,236] Additives that inhibit the crystal
growth of DCPD have successfully been used i ncr ease t h-€CP seviCPM n g
mixtures[251]. Interestingly, contrary to apatiferming formulations, the brushitorming ones can be
initially liquid and still set within a short period of tin,5].

By itself, brushite is remarkably biocompatible and bioresorbf8]. Due to both a better
solubility of DCPD if compared to that of CDHA (Table 1 andufel) and metastability of DCPD
under physiological conditionf252], after implantation brushifrming formulations are faster
degradable than apatiferming oneg253i 255]. They are quickly resorbed vivoand suffered from a
rapid decrease in strengghlthough the mechanical properties of the healing bone increase as bone
ingrowth occurg51]). Short setting times, low mechanical strength and limited injectability seem to
prevent brushitédorming formulations from a broader clinical application. Hoem\the major reason
why they are not more widespread is probably not related to the mechanical issues but just to a late
arrival on the market. Use of sodium citrate or citric acid as setting retardants is an option to get more
workable and less viscogmstes of brushiteorming formulationg38,256 259]. Similar effect might
be achieved by addition of chondroitirsdlfate[260] and glycolic acid261]. For the formulations
with H3PQy as the initial reactarjthemicalEquation(3)], acid deficient formlations were also found
to improve the workability. In this case, the setting reaction might be described by the following
chemical equatiof259]:

3 . TH(POY, + HePOy + 27.8H0 = 3CaHPQ@2H,0 +2 . TH(POY), + 21HO  (13)

Although several studies revealed that too much of DCPD in a given volume was not detrimental to
the biological properties of brushiferming formulations[51,234,247] occasionally, when large
guantities of them were used, a certain degree of tissaenimfation during the first weeks iof vivo
implantation were reportg@55,259,262] Further investigations indicated that the inflammatory could
be due to a partial transformation of DCPD into CDHA with release of orthophosphorj2é®jd

(10T x)CaHPQ2H 20 = Cag x(HPO)X(PQs)ei (OH)zi x + (4T X)HsP Oy + (187 X)H0  (14)

Transformation of DCPD into CDHA occurs via two successive processes: dissolution and
precipitation[264] and can be retarded by adding magnesium ions to the formulations, thus reducing
the possibility of inflammation[4,5]. The aforementioned case of acid deficient formulations
[chemicalEquation(13)] is the second option, because it reduces the amoumntrefcted acid259]
with an option to consume liberating in chemi@&duation(14) PO, by t he e-XGPe s s
Implantation of previously set brushiterming formulations might be the third option, because a solid
bioceramics was found to be better tolerated than paste implants. Besides, more bone was formed ¢
the solid implant contact dnthe solid material degraded not so rapiftg5]. For the hardened
brushite formulations, a linear degradation rate of 0.25 mm/week was rep@8&ld This rapid
degradation rate might |l ead t o ATOPrgraaules tonthe o f
selftsetting pastes could solve this problem because the granules might act as bone anchors an
encourage formation of a mature b¢2é6,267]
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To finalize this topic, one should briefly mention on a possibility to precipitate DCPA (monetite)
instead of CPD. It is well known, that DCPA might be crystallized under the same conditions as
DCPD but either from aqueous solutions at elevated (>~90 €) temperatures or at ambient conditions
but in waterdeficient environmentd249,268] Therefore, monetitborming selfsetting calcium
orthophosphate formulations could exist. Indeed, there are several publications, in which formation of
monetite instead of brushite has been detected as the final p{@8.8%5,269272] In addition,
monetite might be formed duriregprolonged storage of dry powders of brusfotening formulations
in normal laboratory atmosphere (~60% relative humidy)3]. Therefore, one might claim on an
incipient topic of seklsetting monetitdorming calcium orthophosphate formulations, whiths a
potential to be developed in a league of its own.

Additional details on the seffetting brushitdorming formulations might be found in a recent
review on the subje¢248].

4. Various Properties
4.1.Setting and Hardening

Generally, selsetting @alcium orthophosphate formulations must set slowly enough to provide
sufficient time to a surgeon to perform implantation but fast enough to prevent delaying the operation.
Ideally, good mechanical properties should be reached within minutes afterseiting. Two main
experimental approaches are used to study the setting process: a batch approach and a continuo
approach. In the batch approach, the setting reaction is stopped at various times and the resulting
samples are analyzed to determireg., the composition and compressive strength of the
samples[235,236] There are currently two standardized methods to apply this approach, namely,
Gillmore needles method (ASTM C2@®) [274] and Vicat needle method (ASTM C192) [275].

The idea of bth methods is to examine visually the sample surfaces to decide whether the formulation
has already setge., if no mark can be seen on the surface after indentation. Besides, the setting process
might be monitored in real time by nalestructive method&he continuous approach), e.g., using
pulseecho ultrasound techniq{#76,277] isothermal differential scanning calorimeitt8,199,278284]
andalternating curren(AC) impedance spectroscof®85]. For example, calorimetry measurements
suggested than Equation( 2) t he endot hermic MCPM di s-3GPI ut i
dissolution occurred simultaneously, followed by the exothermic crystallization of DCBZ).

Thus, brushitdorming formulations usually warm upon final settifig78]. Moreover, aciebase
reactions (1)(3) can be and have been analyzed by measuring the pH evolution of diluted3&igtes

In addition, nondestructive methods of Fourigansform infrared spectroscof®0,41,43,283,286]

solid state NMR [250], X-ray diffraction [40,43,66,175,287]and energy dispersive -Ky
diffraction [40i 43,288 290] might be applied as well. The latter techniques proved to be powerful
even though they have limitations such as the time required for each measurement (260)6rfy
diffraction scan is a problem for fast setting reactions). In addition, the analysis is often located at the
sample surfaces where evaporation and thermal effects can modify the reaction rates if compared t
those in the bulk. Furthermore, thentinuous approaches are indirect, which markedly complicates an
interpretation of the collected data, particularly in complex formulaf@31s).
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A way to assess the hardening kinetics is to measure its setting time, which means the time requirec
to reacha certain compressive strength, generally close to 1 MPa. The most straightforward approach
is to prepare selfetting samples with a weatbntrolled geometry (e.ggylinders), incubating those
samples for various times in the right environment (temperathumidity) and assessing the
composition and mechanical properties of the samples as a function ¢28&)eOne should stress,
that setting time for calcium orthophosphate formulations often corresponds to an earlier stage in the
overall setting rection, typically 361 15% of the overall reaction, while the end of the hardening
process is typically reached after several dgyg0,196] Gillmore needles have been used with
success to measure the initigl 4nd final F) setting times of calcium orthbpsphate cemen{$23].

Namely, a light and thick needle is used to measure the initial settind,tinkele a heavy and thin
needle for the final setting timeé [153]. The clinical meaning is that the cement paste should be
implanted before timeand that the wound can be closed after tim@-igure6).

The implanted formulations should not be deformed between timedF because in that stage of
the setting any deformation could induce crgd&. The following handling requirements have been
formulated for calcium orthophosphate cements, as a [&53[291]

3 mil&a8nin
ITCTO 1 min
FO 15 min

These parameters are represented schematicallyunefeigThe second requirement means that the
cohesion time@T) must be at least 1 min befdreso that a clinician has at least 1 min to apply and to
mold the materialCT is the time from which a formulation no longer disintegrates when immersed in
Ri n g solutidn[153]. As the mixing in a mortar is about 1 min, the shor@&Bthat can be allowed
is about 2 min, so that a clinician has at least 1 min to collect the paste from the mortar and put it on a
pallet knife or into a syringe with which it is te ransferred to the wound aftel and beford [153].

For dental applications, timemust be close to 3 min, whereas for orthopedic applications it must be
close to 8 min. However, in no case it will be tolerable for the clinicians ifRilmecomes greater than
15 min[46,153]

Figure 6. A diagram of the setting parameters relevant for a-ssdtfng calcium
orthophosphate formulatiolf€Td cohesion timejd initial setting time;Fd final setting
time. Adapted fronj46] with permission.
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4.2 Phase Mixing

In the clinical situation, sefetting calcium orthophosphate formulations can be either applied by
the fingertips of a surgeon or injected from a syringe to the defect area of a bone. The first type of the
application requires formulation dfigh-viscous seHsetting pastes and putties, which can be applied
manually as dough, while the second type requires formulation e¥ikmesity compositions, which
can be applied by injection from a syrinfls3]. Currently, injection appears to be tpeeferred
method between these two major options. Thus, a compromise must be found between a high viscosit
leading to too high injection forces and a low viscosity increasing the risk of extravasations. Thus,
viscosity values in the range of 1I@DO0 Pasare generally considered to be adeq{2@2].

In any case, before using a surgeon needs to have a powder and a liquid be mixed properly anc
thoroughly (to avoid the powder/liquid encapsulation) within the prescribed time. This process must be
performed m a sterile environment. Therefore, a mixing procedure is very important because prior to
be injected, a seletting paste must be transferred from a mixing chamber into a syringe. Ideally,
this should be done without trapping air bubbles by the forimoulg293]. Earlier, most calcium
orthophosphate formulations were manually mixed with agueous solutions using a mortar and either a
pestle or a spatula. That time, some concerns were raised about an insufficient and inhomogeneou
mixing thus compromisinghte implant strength, as well as on inconsistencies between operators
causing unpredictable variations in graft performaf&@®]. Mechanical mixing (e.ghy either an
electrically powered mixing machine of Norian SRS/ERBigure 7) or Mini-malaX’ mixing system
for CementeR, produced by Teknimed S.ACity, Country is the modern approach. It allows mixing
the pastes within 680 s and enables a rapid and reliable filling of the application syfR®f¥.
Besides, a powder and a solution mighplaeed into a syringe and mixed inside a shaker to produce a
consistent seletting paste of the desired visco$93]. A mechanical mixing was found to decrease
both the mean viscosity of the curing pastes and variability in the viscosity at a gneef295].
However, it did not improve the mechanical strength of the hardened formuldtjsjs

Of the commercial formulations, listed in Table 2, Norian 8RS sold as a reactant pack
containing two component s: a -Tak x CaC®)eandaafliquid r vy
(aqueous solution of NEHPQO;). The components are mixed in the operating room. The paste that is
formed is malleable and injectable for ~5 min; it hardens within ~10 min after injg@@2oR34]
However, data are available that outdod mL Norian SRS cement paste ~3 Imis injectable only,
whereas up to 1.5 Imof the paste might remain uninjectable from the syrid@¢ This phenomenon
is prescribed to the formulation rheology and its interaction with the hydraulic forces of thgesyri
UBSM® (Table 2) is also a twoomponent system:; it is prepared from a mixture of ACP and DCPD
powders and a saline solutigh93]. BiopexX’ consists of four different calcium orthophosphates:

75 wiT@®R, 18 wt% TTCP, 5 wt% DCPD and 2 wt% HA (TaB)e The aqueous solution contains

12 wt% sodium succinate and 5 wt% sodium chondroitin sul#86]. Effects of liquid phase on

the basic properties of Biopéxwere investigated. When mixed with neutral sodium hydrogen
orthophosphate or succinic acid disodium salt solution, the initial setting times of the cement were
19.4 £0.55 and 11.8 £0.45 min, respectively. These setting times were much shorter thah that
distilled water, 88.4 +0.55 mifi297]. BiopeX is mixed with a spatula inside a syringe that can be
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opened from the front. After mixing, the front part is closed, a needle is inserted into this front part and
the cement paste can be manually inje¢des.

Figure 7. Mixing instructions for a Norian rotary mixer.

Demo Rotary Mixer Pack
Mixing Instructions

Open the mixer & by Remove the solution syringe Remove the protective cap
depressing the thumb latch from the foil pouch, Remove from the Injection post on the
located at the right comer of the tho protective cap from the tip of reactants pack. Connect the solu-
Iid. Position the reactants pack the syringe. tion syringe 10 the port and fully
on the Norlan® Rotary Mixer by dispense the solution.
aligning the asrows on the pack Once the solution Is injected,
and mixer. = complete steps 4~9 "nmcdsalev‘y.

Remove the pouch dlip and Cilose the lid and depress Depress the Start button to
unfold the reactants pack with the thumb latch 10 lock the Inigate mbdng. Mixing is
the delivery syringe 1o the right §d in place. The mimer is now complete afer 70 cycles. The
ready 10 mix “Compilete” indicator will flash and
the mixer wil beep undl the lid
is cpened

Open the mixer &i and ¥ tho Remove the reactants pack Open the cuter pouch %
pack from the mixer center by turning the knob clockwise doocess the delivery syringe.
post. Feed the reactants pack Disconnect the syringe from
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Several systematic studies on the influence of composition and concentration of the liquids used in
preparing of selbetting calcium orthophosphate formulations were performed as [8&R56]
Unfortunately, the results appeared to be rather unclear. For example, for several formulations, mixing
with sodium citrate or citric acid resulted in some effects on the initial setting3By257] while for
other ones the effect was insigoént [256]. Concentration increasing of sodium citrate solution
resulted in initial setting time increasifigd,256] although the injectability variations of the cement
pastes were inconsistg38,257]

4.3.Rheological Properties

In terms of the rheological properties, all types of-setting calcium orthophosphate formulations
belong to norNewtonian fluids. The latter means that the viscosity of such fluids is dependent on
shear rate or shear rate history. Nevertheless, ggectability, adequate viscosity and satisfactory
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cohesion are required for the successful biomedical applicd#08s299] Among them, injectability

is defined as an ability of a formulation to be extruded through a small hole of a long needle
(e.g.,2 mm diameter and.0 cm length)[300,301](other needles are also appli@&d2,303); and for

certain applications, injectability is even a prerequisite. It is measured by the weight percentage of the
formulation that could be injected without demixing frarstandard syringe by either a hand or a force

of 100 N maximum (Figre 8). The numerical values are calculated by the following equig®H:

|nj = (WFT WA)/(WFT WE) x100%

wherelnj is the percentage injectabilitWg is the weight of the empty syringé/k is the weight of the
full syringe and\, is the weight of the syringe after the injection.

Usually, injectability of calcium orthophosphate formulations are varied inversely with their
viscosity, the P/L ratio, as Weas the time after starting the mixing of liquid and pow|d&;301,305]
In addition, powder reactivity was shown to influence the injectability. Namely, significant differences
were observed between the injection behaviors of thehnarr d e TCPnpgste® and sdifardening
UTCP pa3CPsbelng | es sTCP anfl equirira higher injedtian noadb. What is
more, the parameters affecting powder reactivity were shown also to affect injectability. Thus, whereas
powder calcination resulted in increased injectability, an addition of setting accelerants tended to
reduce the injectability304]. Furthermore, injectability is improved with smaller particle sizes, with
shorter and larger diameter cannula, as well as at smaller flow3@@sMoreover, particle shape of
the powder is also expected to have effectshennjectability. Namely, powders with spherical shape
or round particles are easy to roll and thus good handling properties and injectability are found when
pastes are prepared from such materials. Besides, it should be noted that the paste coulducome f
with less amount of liquid phase since no captured liquid exists in the case of spherical[po@jder

Figure 8. A schematic representation of the experimental setup used to quantify the
injectability of the calcium orthophosphateormulations. Repnted from [305]
with permission.
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Unfortunately, when a seffetting formulation, which is a biphasic mixture of a finely divided
ceramic (powder, granules) and a liquid, is submitted to a pressure gradient, the liquid may flow faster
than the solid, resting in local changes of the paste composition. Specifically, the paste present in the
region of the highest pressure (e.g., close to the plunger of a syringe) may become so depleted in liquic
that the biphasic mixture in this zone is not longer a gagta wet powdef300,302] Contrarily, the
paste in the zone of the lowest pressure (e.g., at the cannula tip) is enriched in liquid. Since these
effects are dynamic, the size of the zone depleted in liquid (wet powder) increases during injection,
eventudly reaching the tip of the injection device and plugging it. The phenomenon, in which the
pressure applied to the paste provokes a phase separation after a certain injection time, is generall
referred as filter pressing, phase separation or phase migr40] (see the aforementioned example
for Norian SRS [46], in which a thick mass remained inside a syringe).

Possible mechanisms underlying the limited injectability of-setfing calcium orthophosphate
formulations have been discussed in literat{863,307] In the case of demixing, the exact
composition of the extruded part of the paste becomes unknown. Moreover, due to a deviation from
the initial P/L ratio, it becomes unclear whether the setting behavior and the mechanical and
histological propéres of the extruded part are still clinically acceptable. Therefore, a good cohesion of
the paste is necessary in order to avoid these prolf&8k

Cohesion(rohesi ve-desayojinos the ability of a pas
an aqueous solutidi49]. It is evaluated by measuring the amount of solid particles released from the
formulation prior to its final setting. For sedetting formiations, a bad cohesion may prevent setting
and may lead to negativa vivo reactions due to the release of microparti¢839]. Since a high
cohesion is the result of strong attractive forces among the particles, factors enhancing van der Waal:
forces @ttractive) and decreasing electrostatic forces (repulsive) can be used to improve ¢bh8§ion
For example, an appropriate cohesion was achieved when no disintegration of the paste was observe
in the fluid[153,308] This can be accomplished by keapahigh viscosity for selfetting pastef22]
or using cohesion promoters (e.f% aqueous solution of sodium algin§?€0,310,311] as well as
other chemicalg200,312 314]). Some calcium orthophosphate formulations fulfill both criteria,
e.g., Norim SRS, but others fulfill only one or even none of these requirements. For example,
BoneSourcE” [127] and Cementék(Table 3) are not injectable and blood must be kept away from
the implanting site until setting},5]. A poor cohesion has been associdted poor biocompatibility
that might lead to inflammatory reactiof8)9]. Further details on the cohesion properties of various
calcium orthophosphate pastes are available in literf2063.

Viscosity is a measure of the resistance of a fluid, which is being deformed by either shear stress or
tensile stress. Generally, the viscosity in the range of @ Pas appears to be idef15] and,
if possible, a seilsetting formulation should hava constant viscosity in the indicated range.
Unfortunately, viscosity of seletting formulations is not a constant value, which, after a decrease in
the first seconds after mixing, increases considerably during curing, eventually leading to hardening.
Furthermore, viscosity should be high enough to prevent extravasation; therefore, it is very important
to define an adequate injection wind{®t5].
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4.4. Properties Improving

As written above, the properties of the existing-selting calcium orthophpbate formulations are
not ideal. Several ways can be adopted to improve them. The first approach consists of injectability
improvement. There are several options for this. Firstly, the injection device can be modified. For
example, shorter cannulas withlaxger diameter, as well as smaller injection rates favor a good
injectability. The last option is not so straightforward: for example, Hab#l have shown that large
injection rates are not detrimental to injectability because of the-#ieamg kehavior of many
calcium orthophosphate cemeif393]; Secondly, an external energy might be applied. For example,
injectability was improved by ultrasonication, which was believed to result from a reduction in the
injection forceversusthe filtration fore as a result of a lesser reduction in the particle interaction and
the paste flowability{316]; Thirdly, the formulation composition can also be adapted. Namely, a
decrease of the particle size, the P/L ratio and the plastic limit was found to contoilauteetter
injectability [300,305] For example, injectability was found to be unaffected by P/L ratio within the
range of 3.864.50 g/nL but drops by nearly 100% between P/L ratio of 4.50 and 5.0Q {28.
However, a decrease in P/L ratio leads to a decrease in the mechanical properties ckdtngelf
formulations and cohesion might be destroyed. Furthermore, both the initial and final setting times
decreased markedly with the P/L ratio increadi®s6,317] Therefore, variations in the P/L ratio
appear to be valid to a certain extent only. That is why the manufacturer of Byggests using a
P/L ratio of 2.8 or 3.3 g/in

Particle size decreasing of calcium orthophosphate crystals is the secawaéchpfor the
injectability i mpr-8SM nsewelt injectéble rbecamise at nepnbists, of sthall
crystals. Even though small particles require a larger amount of mixing liquid to obtain a paste,
injectability and cohesion of such formulatiorre generally very goof#t,5]. An indirect approach is
to add calcium orthophosphate crystals those act as spacers between other particles. For exampl
DCPA is added to the formulation of Biocemerft @ improve injectability{4,5]. Similarly, there is
anapatiteforming formulation containing spherical particles of TTCP to improve injectaflitg].

Using various chemical additives is the second way to improve the properties of thettawif
formulations[319]. For example, water demand of can be ceduby ionically modifying the liquid
component,eghy addi ng nont oxhydooxyslioadd tri anids§320/321F A listfof U
additives, that have been already studied, includes fluidificantenf@ining agents, porogens,
workability-improvement agents, setting time controllers and reinforcing addifil@2,231,322]
Besides, various radiopacifiers might be used to simplify amwasivein vivo monitoring of the
implanted cement$323/327]. The main role of fluidificants is to reduce maixing time of the
formulations. Citric acid is an example of this reagent; it retards the dissetugoipitation reactions,
decreases the compressive strength during initial setting but increases its strength in the final stages c
hardening[257]. Futhermore, data are available, that citric acid decreases the setting time and
improves the mechanical properties of the hardened formulafd28. Adding of surfactants to
the selfsetting formulations was found to have two different meanings: theytnaigghas both
air-entraining agents by lowering the surface ten$8#9,330]and interaction modifiers by shifting
the isoelectric poinit331].
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In addition, studies are available, in which sfting calcium orthophosphate formulations were
modified byvarious bioorganic compounds in attempts to influence the bone healing j832885]

For example, there is a study, in which a -selting formulation was set in the presence of
cocarboxyl ase, g | u c ugluooseil-ghosphaté) érginine, a-aspattic acid and ¢ i d
L-lysine, respectively, with the aim to influence formation and growth of CDHA crystals through the
functional groups of these biomolecu[885]. Except for glucuronic acid, all these modifications were
found to result in e formation of smaller and more agglomerated CDHA patrticles, which had a
positive impact on the biological performance indicated by first experiments with the human osteoblast
cell line hFOB 1.19. Moreover, initial adhesion of human bone madenved meenchymal stem

cells was improved on the formulations containing cocarboxylase, arginine and aspartic acid.
Furthermore, cell proliferation was enhanced on the formulations modified with cocarboxylase and
arginine whereas osteogenic differentiation rendhinmaffected. Besides, the formulations with
arginine and aspartic acid, but not with cocarboxylase, led to a higher2BMteling[335].

Since a good adhesion to bones and other structures allows better transmission of forces at the
formulationbone intefaces, a proper adhesion between the set formulations and bones is very
important for many surgical procedures. Chemical additives might also improve adhesive properties of
selfsetting calcium orthophosphate formulations. For example, it was observémiusiateforming
formulations set with pyrophosphoric acid in the liquid phase had an increased adherence to various
surfaces such as bone, alumina, sintered HA and stainlesg33tel

Porosity is a very important property to provide gowod vivo bioresorption of implanted
biomaterials. Thus, various antraining agents and porogens are commonly used to induce
macroporosity of seletting calcium orthophosphate formulations, ideally, without affecting their
normal setting. For example, crystals of miol, CH,OH(CHOH)CH,OH, were tested as an
air-entraining agent; however, both loss of workability during mixing and severe depreciation of
mechanical properties were discovered simultaned@8¥i 342]. Other porogenic agents were also
tested to creatporosity. The examples includaydrogen peroxide in the liquid phag33] and/or
iced [344], crystals of NaHC@ and NaHPO, [345], calcium sulfate[58], calcite [247] and
NaCl [346,347] poly(,L-lactic-co-glycolic acid) microparticles[348i 355], microespheres of
pectin [356], and gelatin[357,358] vesicants[359], cetyltrimethyl ammonium bromid¢360],
polytrimethylene carbonat§361], sucrose granules, as well as some immiscible liquids. These
additives could be applied on pset formulations onlywhile the solubility degree of the solid
porogens during setting influences both the content and dimensions of the macroporosity. After
hardening, dissolution of the remaining soluble porogens in either water or body fluids produces
macropores with the diemsions and shapes of the dissolved crystals. One important limitation that can
be envisaged from this route is the need to add a large amount of porogenic agents to guarantee pol
interconnectivity, thus compromising not only the excellent biocompaibditd bioactivity of
self-setting calcium orthophosphate formulations but also their injectability. Another shortcoming is a
lack of strength of the resulting bioceramics, especially if particulates dissolve quickly, greatly limiting
its applications. Annnovative approach that aims at overcoming the lack of interconnectivity and
initial strength consists in using resorbable fid@&2 370]. These fibers have the function of initial
reinforcing, providing the needed shtetm strength and toughness, agchdually dissolving
afterwards, leaving behind macropores suitable for bone ingrowth. One interesting advantage of long
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fibers over particulates and short fibers is the fact that once resorbed they can form interconnectec
pores inside the solid structueilitating bone tissue regeneratif3v1].

One more approach to create porosity consists in adding solid Natd@ke starting powder and
using two different liquids: first, a basic liquid to form the paste, and later an acid liquid to obtain
CO, bubbles to create porosifd72]. Besides, pore forming Gbubbles appear at hardening of
apatiteforming formulations, consisting of an acidic calcium orthophosphate, such as MCPM or
DCPD, and either CaCG0O[30,50,6971] or NaHCQ [373/375]. Furthermore,addition of an
effervescent porogen formulation comprised from NakH@&%#.52%) and citric acid monohydrate
(45.48%) has been sugges{@d6]. More to the point, the liquid phase of a formulation might be
initially foamed and subsequently mixed with thdf-setting powders. In this case, the setting
reactions transform the liquid foam into a solid, which ideally maintains the geometry, size and shape
of the bubbles (Figre 9). Thus, the liquid foam acts as a template for the macroporosity of the solid
foam [343,3771 379]. In addition, several other porosity creation techniques forsséihg calcium
orthophosphate formulations are known and, for further details on the subject, the interested reader:
are referred to an excellent revigdv1i].

Figure 9. A schematic drawing ofcalciumdeficient hydroxyapatitg CDHA) foams
preparation. Initially a liquid was formed by mechanical agitation of an aqueous solution of

a soluble surfactant. TTICe powdert proglucihgoadommed a s  mi
paste, which was either cast or directly injected into the moulds.sé&tieg reaction
produced hyTCP ol OPHA, whiclo fesulted in foa hardening. Reprinted

from [378] with permission.
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The major examples of workabildiynprovement agents, which are added to the-ssdting
formulations, include watesoluble mlymers. Specifically, polysaccharidgd20,132,380383],
gelatin[317,384 390] and polyacrylic acid391i 393] are of an interest due to their biocompatibility
and good rheological properties. Only small amounts (a few wétghére needed to dramatically
increase the viscosity of the pastes. Besides, the pastes become more cohesive and highly resistant
washout immediately after mixing. For example, a 5 wt% sodium chondroitin sulfate solution is used
as mixing liquid in BiopeX [4,5]. In the case of gefim, more than a 50% improvement of the
compressive strength was detedi886]. The gelatincontaining formulations after setting were found
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to exhibit reduced crystallinity, much smaller CDHA crystals and a more compact microstructure; all
these phenomenmight be accounted for the improved mechanical propg88¥. In addition, the
presence of gelatin improved mechanical properties of the formulations; in particular, the formulations
containing 2 wt% gelatiwere found to harden in an acceptable time and were recommended for
clinical applications[390]. In some cases addition of a gelling agent might cause an increase in
hardening timg394] but this was remedied by the use of a sodium orthophosphate sastite

liquid phasq166,167] Most polysaccharide solutions are thixotropie, the viscosity of the solution
decreases as the shear rate increases. Certain polysaccharides, such as sodium alginate, pectize
contact with calcium ions. This propextgn be used to make puttige cement pastg®2]. However,

only few polysaccharides are accepted for parenterdiSe Nevertheless, the use of gelling agents
widened a possible application of the ssdfting calcium orthophosphate formulations beeasuch
formulations can be used even when complete homeostasis is difficult.

Of two families of the selgetting formulations, brushii®rming ones react generally much
faster than apatite ones. As a result, to satisfy the clinical requirementse(6)g setting time of
brushiteforming formulations has to be prolonged, whereas that of affatiteng ones has to be
shortened[4,5]. According to the aforementioned, setting reactions of anyse#lhg calcium
orthophosphate formulation consists ofetlisuccessive stages: (1) dissolution of reactants to saturate
the mixing liquids by calcium and orthophosphate ions; (2) nucleation of crystals from the
supersaturated solutions; (3) growth of crystals. Therefore, experimental approaches to modify the
seting kinetics are to be targeted to these three stages. The available approaches have bee
summarized in Table 4#235]. Furthermore, seven strategies have been describedcteasehe
setting time of calcium orthophosphate formulatif26]. They are: i} mean particle size decreasing
of the initial powders; (ii) the P/L ratio increasing; (iii) pH drop of the mixing liquid to increase
calcium orthophosphate solubility and hence accelerate the chemical transformations; (iv) a nucleating
phase addition, sin as a nansized HA powder; (v) adding orthophosphate and/or calcium ions into
the mixing liquid to accelerate the setting reaction according to the conomaffect; (vi) solubility
reducing of the reaction ermtoduct, for example, by adding fluoridens into the mixing liquid,;

(vii) solubility increasing of the starting material by amorphization, é&yg.prolonged milling. For
further details on these strategies and approaches, as well as for application examples, the intereste
readers are refemleo the original publication235,236]

Various setting time controllers (accelerators and retardants) are used to influence the setting time.
They include sodium hydrogen pyrophosphatekiNB,0O7) and magnesium sulfate (according to other
studies, ionsof citrate, sulfate and pyrophosphate are neces&&y,395), which are added in
amounts <1 wt%4396]. Appl i cat i on -hydroxyatedorganio@meds {glpcblie, latdic,
malic, tartaric and citric acids) and their calcium and sodium saltsddification of both rheological
and setting properties of calcium orthophosphate formulations is well described elsE38[e368]

Besides, aqueous solutions of sodium orthophosphaf€5239,273,353,39901] and gelatinized
starch[402] are also known as setting time accelerators. An extensive list of the compounds, which
might be suitable as accelerators, retarders, additives or reactants in calcium orthophosphate cemel
formulations, might be found in literatuf@23]. Interestingly tht in some cases a simple thermal
treatment of the initialTCP powde® at +500C (cauld exteriddhe p a
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initial part of the setting reaction from a few minutes to a few hours hence providing a potential
approach to better otrol the setting proce$403,404]

Table 4. List of strategies and approaches to modify reactivity of thessétihg calcium
orthophosphate formulatiofiz35].

Strategy Approach Sub-approaches
1.1. Change contact area betweesmgent 1.1.1. Change milling duration
and mixing liquid 1.1.2. Use nanor micronsized powders

1.2.1. Use more/less soluble phase

1.2. Ch lubility in the mixing liquid i
ange solbiity In the mxing iquid 4 5 5 change of reaction pH

1. Dissolution

cate 1.3. Change saturation of the mixilguid

1.4. Use dissolution inhibitors in the
mixing liquid
1.5.1. Chemical change (preaction)

1.5. Modify reagent surface . . . .
fy reag 1.5.2. Physical change (dissolution pits)

2.1. Use crystallization nuclei
2. Nucleation 2.2. Change thsaturation of the reaction  2.2.1. Change of saturation
rate product in the mixing liquid 2.2.2. Change of ergroduct solubility
2.3. Use nucleation inhibitors
3.1. Change the saturation of the reaction 3.1.1.Change of saturation
product in the mixing liquid 3.1.2. Change of engroduct solubility
3.2. Use crystal growth inhibitors

3. Growth
rate

The subject of the reinforcing additives is discussed in details belSaction 7

Concerning storage stability and shelf life, the factors, significantly influencing those properties for
the initial dry powders of calcium orthophosphate formulations, were found to be temperature,
humidity and a mixing regime of the powders. Variousagerconditions appeared to be effective in
prolonging the stability of dry brushiferming formulations. In the order of effectiveness, they were
ranged: adding solid citric acid retardant > ¢
energyinput) >> low temperatur273]. Finally, the selsetting formulations must be sterilized before
a clinical use. A detailed description of the sterilization techniques might be found elsgiiaére

5. Bioresorption and Replacement of the Selbetting Famulations by Bones

Due to the excellent bioresorbability of DCPD and CDHA, a newly forming woven bone might
substitute the hardened calcium orthophosphate formulations. Namely, the implants made of hardenec
BoneSourcE' (an apatiteforming formulation) wee found to be partly resorbed and replaced by
natural bone, depending upon the size of the cranial d@f2¢}l Replacement of BoneSoufteby
bone with a minimal invasion of connective tissue was detected in another study, while CKronOS
Inject (a brukite-forming formulation) samples exhibited a higher rate of connective tissue formation
and an insufficient osseointegrati#96]. -BBM® was evaluated in a canine femoral slot model. New
bone was found to form in 3 weeks via an osteoconductive patiiitay.4 weeks, only ~1.7% of the
implanted material was observed. The hybrid bone possessed the strength of normal, unoperated bor
after 12 weeks. In 26 weeks, the boundary between old and new bones was virtually indistinguishable,
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with only ~0.36% of themplant recognizabl&l93]. Neither influence on general health, limb specific
function and pain, nor -BSM°sappticatiart were found pagt R yearsiin i o
another study407]. Norian SRS was evaluated in canine tibial and femoral metaphyseal defects. The
hardened formulation appeared to be gradually remodeled over time, with blood vessels penetrating
through it. However, some amounts of Norian $R&re detected in the medullary area @l as

78 weeks after being implanted in dog femj48]. An interesting study on thia vitro resorption of

three apatitdorming formulations (conventional, fasetting and amwashout) by osteoclasts if
compared with a similar resorption of sinterdd and a cortical bone revealed an intermediate
behavior of the formulations: they were resorbed slower than bone but faster thd408lA
Furthermore, bone ndormation was seen 7 seven days after implantation of ssselt t-TaPg U
formulation [409]. The biodegradation rate of the formulations might be influenced by ionic
substitutions in calcium orthophosphat0]. Evidences of the direct contact of bone and a
hardened calcium orthophosphate formulation without soft tissue interposition migbute ih
literature[411,412]

Different studies reported on both bioresorption and the progress of bone formation around
hardened calcium orthophosphate formulations which in certain cases demonstrated both
osteoconductive and osteoinductive propertié$3]. However, there are studies in which the
osteoinductive properties of saktting calcium orthophosphate formulations were not confifdibg].

Besides, inflammatory reactions were noticed when the formulation did n¢8G&t Since the
solubility ofa nonst oi chi ometric CDHA iis higheandTCBn tt
(Table 1), while the particle dimensions of a precipitated CDHA is smaller than that of sintered
calcium orthophosphatethe biodegradability of apati®rming formulationsis always better than

that of dense bioceramics made of sintered stoichiometric calcium orthophosphates. For example,
histologically, at 2 weeks, spicules of living bone with normal bone marrow and osteocytes in lacunae
could be seen in implanted formutats. At 8 weeks, the formulation was almost totally surrounded by
mature bone. At this stage, no resorption was obsdAdds]. Only ~30% decrease of the implanted
amount of Norian SRSwas reported after 24 months in a rabbit ferfiir6]. Moreover,several
differences could be expected depending on the formulation type. For example, as the product of
BoneSourcE” and Cementékis a crystalline CDHA, both commercial formulations are expected to
resorb slower than other apatfteming formulations. Ideed no resorption of BoneSouttewas
observed after several years implantation; though some resorption of Biobas detected.
However, porosity appears to be the main biodegradability factor at play: the more porous (for cells)
hardened formulation deades faster than the less porous BH&]. For example, as Biobofids

more porous than BoneSout¥e the discovered diversity could be due to the differences in
porosity[4,5]. The latter conclusion is confirmed by the results of other studies: tivpasiluence of

the porosity on resorption rates was foyill]. The interested readers are referred to a study on the
suitability of hardened and porous calcium orthophosphate formulations as scaffolds for bone
regeneration, using a rabbit mo{418].

The bioresorption properties of bioceramics are generally believed to relate to the solubility of their
constitutive phases. The implanted calcium orthophosphates might be bioresorbed by two possible
mechanisms, namely: an active resorption, mediated hiey cellular activity of macrophages,
osteoclasts and other types of | i wiang|[4ge&d2)l] s (
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and a passive resorption due to either dissolufgnor chemical hydrolysis (brushi#ferming
formulations only [180,259]in the body fluids. Dissolution might be both chemical and physical. The
former occurs with calcium orthophosphates of a low solubility (those with Ca/P ratio > ~1.3) in acidic
environments, while the latter occurs with calcium orthophosplwdtashigh solubility (those with
Ca/P ratio < ~1.3). For example, for MCPM, MCPA, DCPD and DCPA the solubility product are
several times higher than the corresponding ion concentrations in the surrounding body fluids;
therefore, they might be physicallysdolvedin vivob whi ch i s RAToQP-KECRYe&CDHAa s e 1
HA, FA, OA and TTCP since the surrounding body fluids are already supersaturated with regard to
these compounds. Therefore, biodegradation of the latter materials is only possible by asteoclast
bone remodeling and is limited to surface degradation since cells cannot penetrate the microporous
ceramic structure. Osteoclastic cells resorb calcium orthophosphates with Ca/P ratio > ~1.3 by
providing a local acidic environment which results in chehdissolution. In order to investigate two
bioresorption mechanisms separately, experiments should be performed by incubating the samples in .
cell culture medium without cells to study the passive resorption, whereas the active resorption should
be detemined during cell culturing on the sample surfdd@]. Unfortunately, the factors concerning
the biodegradation of calcium orthophosphate biomaterials have not been completely elucidated yet.
The chemical composition, physical characteristics andatrgstuctures certainly play an important
role in their biological behavior. In addition, biodegradation may be influenced by the investigational
conditions, such as experimental models, implantation sites and animal $p2@]es

The data are availabldat macrophages and giant cells decompose quickly resorbed calcium
orthophosphates (e.gorushiteforming formulations)[255], while slowly (from months to years)
resorbed apatiteorming formulations are decomposed by osteodlgst cells[47,237,423] Clearly,
a fast resorption of brushiferming formulations can only be achieved if the resorption occurs before
conversion DCPD to CDHA according Emuation(14) [64]. Both types of the resorption mechanisms
(active + passive) might occur almost simukously, if a hardened formulation consists of two
different calcium orthophosphates, e.§.,r om D CP BICPa rat exémple, the biphasic
brushiteforming ChronO%$" Inject was found to resorb by dissolution with cement disintegration and
particle formabn followed by the phagocytosis of the cement particles through macropd2dés
Similar formulation was found to be degraded through a dissolution process associated with a cellular
process. The observations suggested that cell activities could benicgd by a small particle size,
without close correlation between the particle size and the cell activities but with a correlation between
particle concentration and the cell activit{d20]. To get further details on this topic, the interested
readers e referred to an interesting review on the cellular degradation mechanisms of calcium
orthophosphate bioceramigi5].

The summary of studies on brusHiteming formulations implantation in various animal models
and defect locations is available in taeure[259]. Generally, in the same animal model, a degradation
rate decreases with a sample size increases, as does DCPD to CDHA conversion time. Data ar
available that hardened brushkitgming formulations experience an initial linear degradation ote
~0.25 mm/weeK266], which slightly overwhelms the bone regeneration capacity, resulting in small
bonematerial gaps and a reduction in mechanical propefiigs The compositional changes of
brushiteforming formulations after implantation in shespaiell described elsewhel@96,426]
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The kinetics of passive resorption depends on porosity of the samples, ionic substitutions in calcium
orthophosphates (when applicable), crystallinity and pH at the tissue interfaces. The active resorption
is due to ckular activity; however, it is also related to the passive one. Namely, the solution pH near
macrophages and osteoclasts can drop to ~5 by excretion of lactic acid, which increases the solubility
(Figure 1), whereas near osteoblasts (bone forming cedlsitisn pH can become as high as 8.5 by
excretion of ammoni§6]. Dissolution chemistry of CDHA (therefore, of hardened apétit@ing
formulations) in acidic medigcalcium orthophosphates are almost insoluble in alkaline solutions
(Figure 1)] might be described as a slightly modified sequence of four successive chemical
equationg427,428]

Caug x(HPQu)(PQs)er x(OH)arx + (2 X)H" = Cagr o HPO)x(POs)er x(H20)r * ¥ (15)
Cawg x(HPO)(POe x(H20)a X2 X" = 3Ca(PQy), + (11 X)C&* + (271 X)H0 (16)
Ca(PQy), + 2H" = C&* + 2CaHPQ (17)

CaHPQ + H" = C&" + H,PQO, (18)

Obviously, the dissolution chemistry of DCPD (therefore, of hardened bristmtang formulations)
in acidic media is described IBgquation(18). One should stress, thatiquation(18) water is omitted
for simplicity. Therefore, dissolution of DCPA is written instead.

Nevertheless, the situation with biodegradation mechanisms appears to be more difficult than it
was expected before. Nameiy, a special study brushifteor mi ng MCPM/ HATCR nd |
formulations were compared to test the hypothesis that DCPD chemistry affected both degradation
properties and cytocompatibility of the se#tting formulation§429]. Using simplein vitro modebk
the authors found that brushiteo r mi n g -TE@E Hdvhulations degraded primarily by
DCPD dissolution, which was associated with a slight pH drop and relatively low mass loss.
Cytocompatibility testing revealed no significant change in cell viabikative to the negative
contr ol for a {TCP forrhulatiorts.eln ddr@r&sivi thé bruskibeming MCPM/HA
formulations were prone to undergo rapid conversion of DCPD to CDHA, resulting in a sharp pH drop
and extensive mass loss. A stoichiometricess of HA in initial formulations was found to accelerate
the conversion process and significant cytotoxicity was observed. Presumably, the initial excess of HA
promoted DCPD Y CDHA transformati on. The auth
setting reaction was the same, brusHideming formulations produced from MCPM/HA and
M C P M{T®P differed significantly in their degradation properties and cytocompatilzizg).

The mechanism of bone healing caused bysting calcium orthophosphdtamulations is very
multifactorial because the surface of the formulations is rapidly colonized by cells. Several types of
these cells degrade calcium orthophosphates by either phagocytotic mechanisms (fibroblasts,
osteoblasts, monocytes/macrophagegmacidic mechanism with a proton pump to reduce the pH of
the microenvironment and resorb the hardened bioceramics (osteod®tsd30] Various
mesenchymal cells located at the implantation sites can induce solubilization of calcium
orthophosphates.pdn the cells arrival, various active enzymes, such as acid phosphatase, are secretec
that causes dissolution of the hardened cen{dBtk 433]. Much more biology, than chemistry and
material science altogether, is involved into this very complex procesmany specific details still
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remain unknown. Nevertheless, the entire process of bone defect healing -bgttsedf calcium
orthophosphate formulation might be schematically represented breEi@[434].

Figure 10. A schematic drawing of bone defa&generation by means of a ssdftting
calcium orthophosphate formulationa) (filling of a bone defect with a viscous
formulation; @) formulation setting with formation of a end product (CDHA or DCPD);
(c) colonization by cells;d) resorption of CDHA o DCPD by osteoclasts and bone
formation by osteoblastsg)(bone regeneration. Reprintedrfr¢434] with permission.
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It is well known that various polypeptides and growth factors present in bone matrix might be
adsorbed onto HA435i 437] and modulate the local milieu of cells. This is supported by many
purification protocols of growth factors and bone morphogenetic proteins/osteogenins involving HA
chromatography[438,439] However, osteoblasts are not found in direct contact with calcium
orthophosphates. A complex proteinaceous layer, usually osteoid, directly contacts the osteoblasts
After implantation of selsetting calcium orthophosphate formulations, mitogenic events could occur
either during the initial mesenchymal cell contact afier osteoid degradation by osteoblast
collagenase. In a dense, mineralized biomaterials such as hardened calcium orthophosphat:
formulations, which provide a barrier to the free diffusion of circulating hormones, growth factors, and
cytokines, it is qudsnable whether the local responses at the periphery of the material regulate
osteoconductiorfi22]. The tissue response to injectable calcium orthophosphate formulations is well
described in literaturg373,408,423,440,441]Recent histological and mechead evaluation in a
sheep vertebral bone void model is available elsewddi®. The interested readers are also advised
to get through a paper on threvitro biodegradation of hardened bruskibeming formulations by a
macrophage celine [152].

To conclude this part, one should note that-setfing calcium orthophosphate formulations are
able to provide shotterm biologically desirable properties and then be replaced by a new bone, which
is very importan{443]. In general, the growth rate afnewly forming bone depends on age, sex and
general metabolic health of the recipient as well as on the anatomic site, porosity, bulk site,
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crystallinity, chemical composition (brushite or apatite), particle sizes and P/L ratio of the mixture.
Consideringall these factors, it might take from 3 to 36 months for different formulations to be
completely resorbed and replaced by boi2238]. However, additional sound scientific data to
determine the exact degree of biodegradability are still needed, viz.|astidaes performed in a
critical-size defect model. One must stress that the resorption kinetics should be balanced with the rate
of new bone formation to avoid collapse at the fracture site, which might occur if the resorption is too
fast. Interestinglythat to advance seffetting calcium orthophosphate formulations as bioabsorbable
bone replaceable materials, it is essential to utilize the p@&tiemin blood in combination with the
formulations[444].

6. The Mechanical Properties
6.1.Nonporous Formulaons

As in most clinical applications sedktting calcium orthophosphate formulations are applied in
direct contact with human trabecular bones, it may be stated as a mechanical requirement that the
strength of the formulations must be at least as hgykhat of trabecular bones, which is close to
10 MPa[445]. Due to a combination of different forces that may include bending, torsion, tension
and compression, threkmensional (3D) complex load is normally applied to human bones.
Unfortunately, ordinary calcium orthophosphate cements are strong enough at compresgkBpnly
In theory, after setting, they can reach the mechanical propedreparable to those of calcium
orthophosphate blocks with the same porosity. However, in practice, their strength is lower than that of
bones, teeth or sintered calcium orthophosphate biocer§ibicls

Two types of mechanical assessments are usuallyrpertbwith the hardened sedétting calcium
orthophosphate formulations: compressive strength and tensile strength tests. Compressive strengt
measurements are performed on cylindrical samples with an aspect ratio of 2 until fracture occurs
(Figure 11) [446]. On the other hand, direct tensile strength is difficult to measure in such brittle
materials. Therefore, in many studies the alternative method of measuring the diametric tensile
strength has been used, despite the fact that this technique gives ttesulinderestimate the true
tensile strength by a factor of 85%a7].

Figure 11.Pictorial representation of specimens post critical loadingajathé control and
(b) the same formulation reinforced by 5 wt% of bovine agiin fibers. Reprinted
from [446] with permission.
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Having the ceramic origin, the set products of all calcium orthophosphate formulations are brittle,
have both a low impact resistance and a low tensile strength (witdi 8Pa), whereas the
compression strength varies within 10 to 100 MP6&4,223,224] The latter value exceeds the
maximum compression strength of human trabecular bones. Furthermore, at 12 weeks after
implantation the compressive strength of the hardeaeduiations was found to be still significantly
higher (60 70 MPa) than that of normal boffl]. In general, hardened brushiteming formulations
are slightly weaker than hardened apdtiening ones. Namely, a tensile strength~@D MPa and a
compresive strength of ~60 MPa were obtained for brusioitsing formulations [448]. In
comparison, apatitlrming ones can reach a tensile strength of ~16 MB8] and a compressive
strength of ~83 MP#50]. However, due to the inherent brittleness of cazanthose values are close
to be meaningless. Namely, the indication of a mean compressive strength of, say, 50 MPa measure
on wellprepared (e.g., under vibrations and pressure) and perfectly shaped samples does not inforn
the readers with which probdiby this formulation will failin situunder a cyclic load ¢k.g., 10 MPa.
Furthermore, a comparison of the compressive strength of hardened formulations witlcahaetdus
bone is not very helpful either because cancellous bone is much less brittle than dé#ghics

Moreover, the mechanical properties of hardened calcium orthophosphate formulations are not
narrowly distributed around a mean value (as for mgthlut widespread over a very large range of
values, which strongly reduces their clinical applicatiéfl]. In vivo, the difference between the
hardened apatiteand brushitdorming formulations boosts: namely, the mechanical properties of the
former were found to increaqd01], whereas those of the latter decreg&dq. This is attributed to a
higher solubility of DCPD when compared with that of CDHA (Table 1). However, the mechanical
properties of the hardened formulations may vary with implantdiioe. For example, animal
studies indicated that the mechanical properties of agatitging formulations tended to increase
continually [401], in contrast to those of brushiferming ones, which initially decreased and
again increased when bone wa®wgng [51]. Furthermore, shear and tensile forces play a very
important role. Thus, these parameters should also be considered, for example, using the Mohr circle
approacH447]. Besides, it is difficult to compare the mechanical properties of diffeoemuiations.

For example, the following numeric values of the compression strength and setting time were obtained:
() Norian SRS (~50% porosity): 33 +5 MPa and 8.5 +0.5 mifii) CementeR: 8 +2 MPa and

17 +1 min; (i) Biocement ¥ (~40% porosity)83 +4 MPa and 6.5 +0.5 min( i vBSM®~80%
porosity): 4 +1 MPa and 19 +1 min, respectivg§50]. Among them, Biocementbhas the highest
compressive strength but the lowest porosity and a high compressive strength does not necessaril
mean that Bcement I3 is the least breakable impladf. Additional details on the major properties

of Norian SRS are available elsewhef231,452] Besides, the interested readers are suggested to get
through the mechanical characterization of a bone defect model filled with ceramic c@aéjts

To improve the mechanical properties of the -selting calcium orthophosphate formulations,
addition of watersoluble polymers might be considered. For example, in early0s199
Miyazakiet al [453,454]used a number of polymers, including polyacrylic acid and polyvinyl alcohol
to improve the properties of a TTCP + DCPD formulation. They noted markedses (up to threefold)
in mechanical properties but with an unacceptable reduction of workability and setting time. Later, another
research group reported similar results using sodium alginate and sodium polygtsilatéfterwards,
other researcheradded several polyelectrolytes, polyethylene oxide and a protein bovine serum






