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Abstract Supersaturation of body fluids, specifically of
plasma and urine, with respect to biological hydroxyapatite
was evaluated taking into account calcium complexation,
fraction of total phosphorus present as hydrogen phosphate
ions, solubility of carbonated hydroxyapatite and the size
dependency of equilibrium solubility. Plasma is always
supersaturated with respect to apatitic solid phase and thus
calcific deposits are formed unless a sufficient quantity of
potent inhibitors is present. When urinary pH is lower than
6.3 for normal urine hydroxyapatite cannot appear in renal
stones, at higher pH apatitic renal stones can be formed.
Predictions based on supersaturation calculated for differ-
ent conditions correspond well with clinical observations.

Keywords Urine - Plasma - Supersaturation -
Hydroxyapatite

Introduction

Biological hydroxyapatite of various composition (hereaf-
ter BHAP) is a principal constituent of bones, teeth, some
renal calculi and calcified tissue in all vertebrates.
Although a substantial amount of information about sto-
chiometric hydroxyapatite, Ca;o(OH),(PO4)s (hereafter
HAP) and BHAP is available from in vivo and in vitro
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studies, conditions under which calcification is formed in
living organisms is not well understood.

There is a controversy surrounding the question of
whether estimating the supersaturation of body fluids with
respect to the formed HAP is useful or meaningless and
even whether the supersaturation plays any significant role
in calcification [1-3]. Proponents of the negative viewpoint
argue that calcium is present as ions, ion pairs and a
number of complexes. Therefore not all of the total calcium
present is available for precipitation of substance com-
posed of ionic species. The same applies to phosphorus
because at physiological pH phosphorus is present as both
H,PO,~ and HPO,>~ ions and their ratio is a sensitive
function of pH. Also the solubility of the solid phase varies
with its composition, thus the correct solubility product
must be applied when estimating the driving force of the
process. Accordingly, it is claimed that unless the correct
solubility product and all species that exist in a solution are
taken into account no reasonable supersaturation can be
determined. Moreover, the entire concept that calcification
is a result of supersaturation has been questioned and
regarded as biologically flawed.

In this paper, we examine the conditions at which solid
phosphate calcifications from human body fluids, plasma
and urine, can be formed and the significance of super-
saturation characterizing such state.

Supersaturation estimation

All natural processes, including calcification of tissue,
kidney stone and bone formation, are natural and hence, in
the sense of thermodynamics, irreversible processes. As
physical chemistry documents, any process including those
that are irreversible can proceed only in the direction of
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decreasing Gibbs free energy. The formation of a solid
phase from a liquid medium, i.e. crystallization or precip-
itation, can proceed if, and only if, the chemical potential
of the precipitating substance in the liquid medium (e.g.
solution) exceeds that in the solid state (e.g. crystal). The
difference between these chemical potentials represents the
thermodynamic driving force of the process.

The dimensionless thermodynamic driving force, ®/RT,
of crystallization for an anhydrous compound crystallizing
from a solution having common ions with the crystallizing
compound is expressed as

®/RT = In{(c}" 9" ¢ 7"") /Kyp} (1)

where ¢ is the concentration, y activity coefficient, v
stoichiometric coefficient, K, is the thermodynamic
solubility product (expressed in activities) and the
subscripts “+” and “—” indicate cation and anion,
respectively [4]. The tendency towards crystallization is
routinely assessed in terms of the supersaturation solution
‘S’ with respect to the crystallizing compound

v y— y— y 1/v
S = {0 ey ) Ko} = {Kup/Kep ) 2)

where K, represents the activity product of the compound
in solution prior to precipitation.

Plasma

The supersaturation of plasma with the composition Na™
142, K+ 5, Mngr 1.5, the total concentration of calcium
and phosphorus expressed as Ca”*" and HPO,*™ is 2.5 and
1 respectively, CI™ 103, HCO5;~ 27, and SO42_ 0.5 mmol/l,
pH 7.4 [5], with respect to stoichiometric HAP can be
calculated as follows: because the ionic strength I = 0.5
Sz of plasma with the given composition equals
0.1495 mol/l, ionic activity coefficients are calculated
using Davis equation [6]
logy; = —Az}{[y/I/(1 + V)] - 0.31} (3)
with A = 0.5242 for 37°C acquire the value y; = 0.323 for
both Ca>" and HPO,”". The calculated value of ¢, is
reasonably close to the measured value of 0.537 at similar
ionic strength, but at 25°C [7] if inverse proportionality of
activity coefficients to temperature was considered.
Rearrangement of the activity product K,, into a form
containing the ionic species HPO,>~ present in plasma
instead of PO, appearing in K, of HAP gives

Koy = [Ca][PO} ] [OH s}
~ KiKy[Ca? ]’ [HPOF ' [H') ) @
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where the third thermodynamic equilibrium constant of
H;PO, is K53 = 6.84x 1072 mol/1 [8] and the ionic product
of water K,, = 2.4x107"* mol*/I> [8], both at 37°C.

Calcium bound in stable complexes with organic mol-
ecules present in plasma does not participate in HAP for-
mation and hence correction for this effect must be
introduced. Moore reports [9] only 47% of total serum
calcium is present in ionized form and the rest is bound in
complexes with bicarbonate, citrate and proteins. Further,
only 62% of total phosphorus is present as HPO,*~ ions at
pH 7.4 which can be determined from the dissociation
equilibria of H3PO, using phosphoric acid as a equilibrium
constants reported previously [8]. Taking these values into
consideration K,, becomes 1.93x10™* mol®/1°. Plasma
supersaturation with respect to HAP of the thermodynamic
solubility product K, = (2.03 £ 0.71)x107>’ mol’/I° at
37°C [8], as defined by Eq. 2 is in the range

§={1.93 x 107%°/(2.03 £0.71) x 107°}'/*
—124-135 (5)

where 7y = 0.323 was used since the considered
decrease in Ca®" and HPO,>~ concentration has a negli-
gible effect on plasma ionic strength and hence on calcu-
lated value of activity coefficients.

The substance precipitating from body fluids has been
considered to be stoichiometric HAP. However, the
chemical composition of the phosphate solid-phase formed
under physiological conditions differs from that of stoi-
chiometric HAP.

The composition of BHAP in bones corresponds to the
non-stoichiometric ion-substituted and calcium-deficient
hydroxyl-carbonate apatite with the formula Cag3(POy4)4 3
(HPO,4,C0O3), 7(OH,CO3)3 [10]. BHAP from biological
tissues has been reported to contain 5-6% carbonate [11].
The molar ratio of Ca/P in such phosphate deviates from the
value of 1.67 for HAP and varies between 1.5 and 1.7
depending on the site and bone age [10]. Also the chemical
composition of calcific deposits on natural and bioprosthetic
heart valves expressed as the Ca/P molar ratio was reported
to vary from 1.62 to 2.13 (average 1.83) and 1.33 to 2.01
(average 1.52), respectively. The solid phase in both cases
was identified as hydroxyl-carbonate apatite that also con-
tained Mg and Na [12, 13].

The average composition of calcific deposits on natural
heart valves is Ca455Mgoo> (Na,K)g 5(PO4)2.9(CO3)o.1sOH
[14]. Tts ionic product rearranged so as to contain HCO5;™~
instead of CO5>~ gives

Kip = [Ca®*] " [Mg]"?[Na, K]** [HPO} |’ [HCO; "

—4.05
] RS K ) (©)
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where the second dissociation constant of H,CO; is
K> = 4.69x 107" mol/L.

The equilibrium solubility of the non-stoichiometric
BHAP is higher than that of stoichiometric HAP and
depends on BHAP composition and structure [2, 15], spe-
cifically, the solubility of carbonated hydroxyapatite
(hereafter CHAP) increases with increasing CO;>~ content
in solid-phase [16]. The equilibrium solubility of BHAP
containing also Mg and Na is not known. Therefore the
solubility of CHAP containing the same amount of car-
bonate as BHAP in composition reported in [16] is used for
further calculations as the best available estimate of BHAP
solubility. Solubility of CHAP containing the same amount
of carbonate as calcific deposits (1.32 wt% of carbonate
expressed as CO,) is calculated from the modified Eq. 2
reported in [16]

pK,, = 117.38 — 0.47316 x (CO, wt.%)>*'" )

where the equilibrium solubility of HAP is taken from [8].
Inserting the composition of plasma given above (corrected
for Ca complexation) and the fraction of phosphorus
present as HPO,*~ into Eq. 6 and using the solubility
product of CHAP K, = 5.96x 107> mol’/1° calculated
from Eq. 7 gives supersaturation of plasma with respect to
BHAP containing the same amount of carbonate as calcific
deposits as

S ={5.57x10%/5.96 x 102} = 12.8. (8)

The solid apatitic phase formed in biological systems
always appears as a very small nanometre-sized particles.
Thus its equilibrium solubility should be higher than that
inferred from the solubility product which pertains to large

crystals. The Gibbs—Thomson equation [4] relates
equilibrium solubility and crystal size
Ina(r)/a(c0) = 2ka0 Vi /3kyvRTr. 9)

In Eq. 9 a(r) and a(oo) represent the activity of the
compound in solution which is in equilibrium with the
crystals of characteristic size » and an indefinitely large
crystal, respectively, k, and k, are shape factors of area and
volume respectively, ¢ is the surface tension of the solid
compound, V,, is the molar volume of the compound, v the
number of ions, R the gas constant and T is the absolute
temperature. The solution concentration in equilibrium
with small and large crystals will not differ greatly and
therefore the respective activity coefficients will be very
similar. Their ratio will be very close to 1 allowing the
concentrations instead of activities to be used in Eq. 9.
Substituting the concentrations for activities, assuming
spherical particles for which 2k,/3k, equals 2 and inserting
v=29, ¢ =0.045J/m> [17], Vy, = 1.63x10~* m>/mol

(density 3,080 kg/m3 [18]), R=8.31J/K and T = 310 K
gives

Ina(r)/a(o0) = 6.33 x 10719/r. (10)

From Eq. 10 it transpires that for crystals with
characteristic size r=0.35 and 0.5 nm equilibrium
solubility is 6.1 and 3.5 times higher, respectively, than
for a large crystal. The solubility product of CHAP
containing 1.32 wt% of carbonate and consisting of
particles with diameter of 0.7 and 1 nm increases to
6.93x 107> and 4.67x10™>* mol”/1° and therefore plasma
supersaturation with respect to this CHAP decreases from
12.8 (see Eq. 8) to 2.1 and 3.7.

Thus supersaturation of plasma with respect to the initial
size of BHAP solid-phase originating from plasma is in the
range 2-4.

Urine

Unlike plasma composition, the composition of human
urine varies widely not only among individual people but
also within a given individual over the course of a day.
However, taking Nat 75, K* 30, Mg2+ 1.8, total calcium
and phosphorus expressed as Ca*" and HPO4*~, 2.5 and 5,
Cl~ 100, and NH," 7 mmol/l and pH 6 as a representative
average composition of urine, the ionic strength of urine is
0.1346 mol/l and the activity coefficients were calculated
using Eq. 3 9; = 0.332 for both Ca** and HPO,>~. Only
6.17% of the total phosphorus is present as HPO,*~ ions at
pH 6 as determined from the dissociation equilibria of
H;PO, using previously reported equilibrium constants [8].
The percentage of calcium in the ionic form is reported to
vary between 43 and 50 of total calcium present [19-21].
However, since various ionic species and ion pairs con-
taining Ca and Mg and phosphate are (1) intermediates of
calcium phosphate clusters formation in supersaturated
solution and (2) substantially less stable than the com-
plexes with citrate [22], only correction for Ca bound to
citrate will be taken into account. Since formation of strong
calcium complexes with citrate bound from 20 to 25% of
present calcium [23], 78% of total calcium present is
considered to participate in the stone forming processes.
Inserting urine composition accordingly corrected into
Eq. 4 gives K,, = 9.38x 107> m019/19, hence urine
supersaturation with respect to the stoichiometric HAP is

S =1{9.38 x 107°°/(2.03 £ 0.71) x 107}/
=32-35. (11)

Further introducing a correction for size-dependent
equilibrium solubility (see section plasma), supersaturation
is reduced from 3.3 (supersaturation calculated using the
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HAP average K, value) to undersaturation 0.54 and 0.94 for
particle of 0.7 and 1 nm in diameter, respectively.

The urine of people suffering from hypercalciuria and
hyperphosphaturia exhibits an increased concentration of
total Ca®" up to 6.2 mmol/l and total PO, up to
21 mmol/l. Supersaturation of such urine with respect to
HAP (CHAP cannot be formed as carbonate in urine is not
present at pH 6) assuming that 78% of total calcium present
and only 6.17% of total phosphorus present in the form of
HPO,>" is active at stone forming process becomes 5.5 and
5.3 in the case of hypercalciuria and hyperphosphaturia,
respectively. Taking into account the size-dependency of
solubility, supersaturation decreases to 1.5 in both cases for
particles of 1 nm in diameter.

At a pH < 6.2 urine does not contain any hydrogen-
carbonate ions. However, in cases where pH exceeds 6.2
and metabolic alkalosis exists, then the concentration of
HCO;3;™ ions in urine reaches about 1 mmol/l and in an
extreme case when pH = 7.6 it may even reach up to
80 mmol/l [24]. The main component of phosphate calculi
studied in [25] was carbon, calculi contained on average
2.5 times more carbon than calcium in molar terms and
large variations in carbon content within the same sample
were observed. Major part of carbon was of organic origin
and the fraction representing an inorganic carbon (from
carbonate) was not reported and hence its precise compo-
sition is not known. Therefore, solid phase precipitating
from urine under these conditions is assumed to be fully
CHAP which contains 3 wt% of carbon expressed as CO,
of chemical formula CasOH(PO,>"),77(CO3% )o.345. The
ionic product of this compound is
2.77

[

]0.345[ }74.115

Ky = [Ca** ] [HPO2 *7 [HCO; | 1Y
K§77Kg345Kw,y18 . (12)

Supersaturation of urine with respect to CHAP at pH 7
using K,, calculated from Eq. 12 and assuming that only
78% of total calcium present is available for the solid-
phase formation, 46% of total phosphorus is in the form of
HPO427 and HCO;™ concentration is 1 mmol/l becomes

S={1.57x 10%/477 x 10} = 6.8 (13)

where K, = 4.77x 1075 mol®/1° was calculated from
Eq. 7. At the extreme case when pH is 7.6 (72% of total
phosphorus is present as HPO,*”) and HCO;~
concentration is 80 mmol/l, supersaturation becomes

S ={7.32x 107 /477 x 107°}/°= 17.5. (14)

BHAP appears in renal calculi as both small spheres up
to 10 pm in diameter and as so-called “aspidinic” layers.
The interior of spheres and the seemingly structureless
“aspidinic” layer appears to be composed of densely

@ Springer

packed nano-sized spherical particles [26]. When the size
dependency of equilibrium solubility of particles with 0.7
and 1 nm in diameter is taken into account, urine
supersaturation with respect to CHAP decreases from 6.8
to 1.1 and 1.9 and for the extreme case from 17.5 to 2.8 and
4.8.

Discussion

Supersaturation of any liquid with respect to a certain
substance (solute) is a critical factor for solute precipitating
from solution as a solid phase. However, supersaturation is
a requisite, but not sufficient, condition for the formation of
a solid phase in a liquid. Formation of solid phase is further
dependent on various factors, namely the degree of
supersaturation, which depends on actual composition
of solid phase, size of initial solid-phase nuclei, presence of
active heterogeneous nuclei or places facilitating nucle-
ation and, in particular, the presence or absence of efficient
crystal growth inhibitors.

Different values of supersatuation with respect to a solid
phosphate precipitating from body fluids can be acheived
when various corrections are considered. To approach the
real value of body fluids supersaturation, we have to take
into account as many corrections as possible, namely
activity coefficients, stable complexes formation, compo-
sition of species forming initial solid phase and size
dependency of solid phase solubility.

Activity coefficients of ions are just estimates that
follow from some of the suggested relations all of which
are based on the Debye—Hiickel theory. Therefore the
actual activities of ions in body fluids do not necessarily
coincide with the estimated values and the differ-
ence in the actual and estimated activity coeffi-
cients results in different absolute values of calculated
supersaturation.

Formation of weak complexes of Ca and Mg with car-
bonate and phosphate is not considered in supersaturation
calculations. Not only individual ions but also appropriate
inorganic complexes of Ca and Mg represent building units
of solid phase, at least at the initial stages of BHAP pre-
cipitation. However, our current knowledge of structure,
composition and dynamics of the initial solid phase for-
mation does not make it possible to determine the extent to
which these complexes participate at the initial solid phase
formation. Therefore, formation of only strong complexes
of Ca and Mg with organic molecules, such as citrate or
peptides, which cannot be incorporated into crystalline
lattice is considered. Since the association constants of
these complexes are not known with any certainty [27] we
have to accept the result reported in [9, 23] as the best
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available estimate of Ca®" ions complexation in plasma
and urine, respectively.

The composition and crystalline character of the pre-
cipitating solid phosphate plays a crucial role in supersat-
uration evaluation because apatitic solid-phases of the
different composition exhibit different equilibrium solu-
bility and hence the different solubility products [15].
Precise characterization of the initial phosphatic solid-
phase formed in plasma or urine in living organisms is a
weak link in this analysis as it is virtually impossible to
isolate such precipitate and prevent the changes that occur
during its aging in contact with body fluids and also sample
preparation. Hence we are left with estimations based on in
vitro experiments.

According to the Ostwald’s rule of stages [4] the forma-
tion of a thermodynamically stable phase is preceded by that
of less stable phase(s) i.e. metastable phase(s) having a
higher solubility than stable phase. In vitro studies [28, 29]
have demonstrated that formation of HAP is always pre-
ceded by the formation of a metastable modification such as
amorphous calcium phosphate Ca,Hy(PO4),-nH,O with
15-20% of water [30], octacalcium phosphate Ca,H
(POy4)3-2.5H,0 or CaHPO,4-2H,0 depending upon the pre-
vailing reaction conditions. The metastable modification is
later transformed via an appropriate mechanism (solution
mediated process or solid-state transformation) into the final
stable modification [e.g. 31-33]. Similarly, an initially pre-
cipitated solid-phase of calcium carbonate was amorphous
which transformed into a crystalline phase in later stages of
the process [34]. Thus amorphous calcium phosphate
(hereafter ACP) of variable composition is an initial phos-
phatic phase that precipitates from body fluids [35-37].

The dynamic light scattering method revealed the exis-
tence of amorphous clusters of solute ranging from 0.7 to
1 nm in diameter in a simulated body fluid supersaturated
and even slightly undersaturated with respect to HAP. The
fraction of particles aggregated into clusters increased with
increasing supersaturation and reached a maximum at
S =8 when about 50% of all present particles were
aggregated. This fraction remained unchanged with further
increase in S. Simulated body fluid with S ~ 14 remained
transparent with no sign of solid phase appearance for days
despite the presence of clusters. Based on indirect evidence
the composition of clusters was determined to be
Cag(POy)g [35]. The occurrence of clusters of 0.6—1.1 nm
in diameter also in a solution supersaturated with respect to
CaCOs5 was confirmed by direct observation [34]. Hence,
occurrence of solid phase in supersaturated solution is
preceded by the formation of solute clusters which are
present already in just saturated solution. Spontaneous
formation of apatitic solid-phase begins in the supersatu-
ration range of 17-23 as can be deduced from previously
reported data [36, 37].

The solubility product of the initially precipitating solid-
phase should be taken into account in calculating the
supersaturation of body fluids at which precipitation starts,
that is at the onset of calcification formation. However, the
solubility product of initially formed ACP is difficult to
establish with any certainty due to its instability in contact
with a liquid medium. A value of 107>>7 has been quoted
[30] but without any specification of solid-phase compo-
sition and therefore is of little use. Moreover, this value is
definitely too high, since body fluids including urine would
be immensely undersaturated and thus no calcific deposit
could ever be formed.

The size dependency of crystal equilibrium solubility as
transpired from thermodynamics has to be taken into
account. Confirmation that this effect applies also to HAP
was demonstrated experimentally. The solubility product
determined for 5 nm HAP particles was Ky, = 1.8x 107%
mol®/1° [38]. This rather high solubility product highlights
the fact that the method employed to prepare small parti-
cles generated heavily carbonated CHAP. The experi-
mentally determined value of the nano particle solubility
increase is within the range of the equilibrium solubility
change attributable to a particle size effect predicted by
Eq. 10. Thus the size-dependent supersaturation should be
applied in cases where solid particles smaller than, say,
5 nm in diameter are under consideration, which is the case
especially at commencement of calcific deposit formation.

Supersaturation of plasma, no matter how it is calcu-
lated, is in the range where tiny clusters (around 1 nm) of
ions or molecules are already present in liquid medium but
spontaneous (homogeneous) precipitation does not take
place for a certain time period, in our case days [35, 36].
However, deposits are always formed in tissue of heart
valve, where stagnant hydrodynamic conditions prevail and
composition of surrounding fluid changes only slowly by
diffusion of ions from plasma flowing around the valve.
Thus, there is enough time (years) for clusters to aggregate
and form an amorphous solid which subsequently may
transform into a crystalline deposit. Deposits can also
develop when an organic matter in contact with plasma
provides sites promoting nucleation (serving as active
heteronuclei) and/or inhibitors of crystallization which are
not present in a sufficient quantity. Taking into account that
bioprosthetic valves are more prone to calcific deposits
formation than natural human valves [39], the existence of
sites supporting nucleation seems to play a significant role
in calcification. On the other hand, the absence of severe
calcification in majority of population despite plasma
supersaturation with respect to CHAP suggests a decisive
role of potent crystal growth inhibitors on deposits for-
mation. A different situation arises once such a calcific
deposit is formed. These deposits may begin to grow
through attachment of building units, ions, ion pairs and
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clusters, depending on prevailing concentration of inhibi-
tors in plasma and also on supersaturation magnitude
which increases from about 3 to approximately 13 with
increasing calcific deposit size due to diminishing size-
dependency correction. Increase in supersaturation results
in increasing calcific deposit growth rate.

Although we are somewhat uncertain about the absolute
supersaturation value of real body fluids, the trends in
supersaturation changes with changing composition and pH
remain similar irrespective of the absolute value of super-
saturation. These trends clearly indicate which conditions
are more favourable for commencement of formation and/
or further development of calcific deposits.

The concentration of calcium and phosphate in the
plasma of individuals can differ significantly from values
used for the above calculations and can reach for calcium
10 mmol/l in case of hypercalcemia and phosphorus
3 mmol/l in case of hyperphosphatemia. The supersatu-
ation of plasma with respect to CHAP of 1 nm in size
calculated from Egs. 6 and 10 is in the case of hypercal-
cemia 7.4 and hyperphosphatemia 5.2, instead of about 3
calculated for “normal” plasma composition. Hence,
individuals suffering from both hypercalcemia or hyper-
phosphatemia are subject to increased risk of calcification
development, although the risk is more pronounced in the
case of hypercalcemia. However, a more rapid progression
of previously formed deposits can be expected in both
cases since the growth rate of the solid-phase is propor-
tional to supersaturation [40]. This conclusion is corrobo-
rated by data reported in [1]. Plotting data in Fig. 1 of this
study reporting the extent of calcification extent of rat
aortas at varying concentrations of calcium and phosphate
as a function of ionic product [Caz+]5 [PO43_]3 which in
turn is directly proportional to supersaturation (through a
constant incorporating K, and other constants, activity
coefficients and pH) results in a steeply rising curve.

Clinical observations [1] have clearly demonstrated that
the simple product [Ca].[P] has no connection to the
appearance of calcification and that plasma is supersatu-
rated with respect to HAP even at physiological calcium

250 -
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Ca depositions

50

500 700 900 1100
S

Fig. 1 Calcification of rat aortas as a function of serum ionic product
[Ca*"1°[PO4>"]* Ca depositions expressed in Ca** nmol/mg
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and phosphate levels. For formation of calcification spe-
cific conditions, such as a deficiency of inhibitors, must
exist. These observations are consistent with the conclu-
sions arrived at above based on evaluation of plasma
supersaturation.

As “normal” urine is undersaturated with respect to
HAP it cannot originate by neither spontaneous nor het-
erogeneous nucleation and therefore cannot appear in cal-
culi formed under these conditions. The urine of people
suffering from hypercalciuria and hyperphosphaturia is
slightly supersaturatated with respect to HAP and thus
appearance of HAP in renal calculi cannot be excluded
despite a short time for solid occurrence (several hours)
namely under specific conditions, such as presence of
active heteronuclei and/or decreased amount of efficient
inhibitors. This is corroborated by clinical observations that
HAP in renal calculi is virtually not present when urinary
pH is 6.3 or less [41]. However, uroliths formed at urinary
pH exceeding 6.8 consisted mainly of HAP [26]. Super-
saturation of “normal” urine at pH 7 with respect to HAP
calculated from Eq. 4 becomes 15.4 which corresponds to
the onset of HAP spontaneous nucleation in the supersat-
uration range of 17-23 as can deduced from previously
reported data [37, 42] (both values of supersaturation are
not corrected for size-dependency of solubility and hence
are comparable). Similarly, in cases where pH of urine
approaches 7 and metabolic alkalosis exists, uroliths con-
sisting of BHAP can be formed.

The satisfactory correspondence between clinical
observations and expectations predicted based on calcu-
lated supersaturation both for plasma and urine indicates
that the calculated values represent a good approximation
of the actual supersaturation in urine when appropriate
corrections are taken into account.

Conclusions

Supersaturation of body fluids is a requisite condition for
the occurrence of calcification but other factors, such as the
level of inhibitors present and the existence of places which
can be suitable templates to play an important role in the
process of calcific deposits formation.

Plasma is supersaturated with respect to stoichiometric
hydroxyapatite, HAP and to a lesser extent with respect to
BHAP, namely non-stoichiometric CHAP, which is the
main constituent of the calcific deposits that develop in
plasma of living organisms. Due to stagnant hydrodynamic
conditions in the heart valve and long development time
deposits tend to develop unless efficient inhibitors of
crystallization are present.

HAP represents a major constituent of uroliths only if
urinary pH exceeds about 7, when metabolic alkalosis
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exits, then uroliths consists of BHAP. However, when
urinary pH is lower than 6.2 apatitic calculi do not appear.

To obtain calculation results that most closely approxi-

mate the actual supersaturation of body fluids associated
with the formation of calcium organic complexes, the
actual concentration of monohydrogenphosphate ions and
size-dependent solubility when dealing with nanoparticles
of less than 5 nm in diameter must also be taken into
account. Given that clinical observation of calcification and
uroliths are in line with the expectations inferred from
supersaturation magnitudes determined under different
conditions, calculated body fluids supersaturation values
appear to represent a good approximation of reality.
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