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Abstract

The kinetics of calcium phosphate crystal growth at
the surfaces of proteins and phospholipids has been in-
vestigated using free drift and constant composition
methods in supersaturated calcium phosphate solutions
(relative supersaturations: with respect to hydroxyapatite,
HAP, ogap = 15.0, and with respect to octacalcium
phosphate, OCP, oocp = 1.9). Fibrinogen and collagen
molecules adsorbed at hydrophobic surfaces as well as
uncross-linked collagen fibrils induce ion binding and
subsequent nucleation of calcium phosphate. The forma-
tion of OCP on phosphatidylserine vesicles introduced to
highly supersaturated calcium phosphate solutions
probably involves the interaction of the calcium ions
with the ionized carboxylic groups of the phospholipid.
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Introduction

The crystal growth of biominerals such as the cal-
cium phosphates and carbonates is frequently used as a
model to explain biomineralization events at both inor-
ganic and organic interfaces. As the concentrations of
lattice ions in the contacting aqueous media are increased
above the saturation levels, a considerable degree of su-
persaturation may be required before the nucleation of
the new solid phase is initiated. The reason for the ap-
preciable nucleation threshold is associated with the
magnitude of the free energy of formation of the new
solid surface. This unfavorable, or positive, free energy
is balanced by the negative free energy reflecting the re-
lease of the supersaturation. It is therefore possible to
calculate a free energy corresponding to the formation of
the critical nucleus as well as the rate of nucleation.
The latter is very difficult to quantify, since it is mar-
kedly dependent on concentration, varying with (In S)2,
where S is the supersaturation ratio. The free energy of
nucleation is lowered when suitable surfaces are present
upon which nucleation of the biomineral can take place.
However, it is sometimes very difficult to distinguish be-
tween heterogeneous, or chance, nucleation at the sur-
face and the specific nucleation directed by the molec-
ular structure at the substrata.

In the case of calcium phosphate nucleation and
growth, although the final phase formed is usually re-
ferred to as "hydroxyapatite” (HAP, Cas(PO,4);0H), at
least three other, more soluble crystalline phases have
been postulated to be involved in biomineralization: di-
calcium phosphate dihydrate (DCPD, CaHPO,42H,0),
tricalcium phosphates (all biological tricalcium phos-
phates are magnesium substituted and are usually re-
ferred to as B-TCMP [34]), and octacalcium phosphate
(OCP, CaH(PQO,4);2.5H,0) [34]. When the calcium
phosphate solutions are sufficiently supersaturated, the
formation of an apatitic phase is usually preceded by the
precipitation of additional calcium phosphate phases,
such as amorphous calcium phosphate (ACP), in which
no long range order can be detected by X-ray diffraction
[3, 13].
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Figure 1. Calcium phosphate solubility isotherms (tem-
perature: 37°C; ionic strength: 0.1 M; Tg,: total cal-
cium concentration; Tp: total phosphate concentration).

The importance of considering all possible calcium
phosphates phases when elucidating the kinetic events
during biomineralization reactions is readily apparent by
examining a typical solubility isotherm diagram in Fig-
ure 1. It can be seen that as the acidity of the solution
is increased, OCP (pH < 6) or DCPD (pH < 4.5) may
be precursor phases to the formation of the thermody-
namically more stable TCP or HAP phases, respectively.
Moreover, since by the Ostwald Rule of Stages the least
stable salt with the highest solubility is most likely to
form first in a sequential precipitation, these more acidic
phases with different growth mechanisms may be inter-
mediately involved in the overall crystal growth reac-
tions. Elucidation of the reaction mechanisms is espe-
cially difficult during free drift precipitation processes in
which the concentrations of lattice ions, and, conse-
quently, thermodynamic driving forces, are allowed to
decrease. In order to provide a method for investigating
nucleation and growth processes at sustained thermody-
namic driving forces in which the concentrations of lat-
tice ions remain unchanged, the constant composition
(CC) procedure was developed [47]. This procedure en-
ables the growth or dissolution rates to be investigated
at known points on the solubility isotherms in Figure 1
with a precision impossible to achieve by conventional
free drift techniques. Thus, it has been possible to grow
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or dissolve not only specific calcium phosphate phases
such as DCPD, OCP and HAP, but also a series of
defect apatites with the general structure
Cag_H,(PO,)3(OH),_, in which u ranges from O (for
HAP) to 1 (for OCP) [23].

Not only is it important to consider the nucleation
and growth of biominerals such as the calcium phos-
phates on other mineral surfaces, but the interaction of
biological macromolecules with these calcium phosphate
phases may also be an essential aspect of biological min-
eralization. Thus, the dual role of proteins as crystal
growth inhibitors in solutions and as crystal nucleators
when immobilized on surfaces is now well established
[10, 11, 24, 25, 35, 54]. This has led to an increased
interest in the determination of these protein structures
in solution. Such considerations must influence their
abilities to bind to calcium phosphate surfaces and effec-
tively block growth sites or to present functional groups
to the supersaturated solution that are able to initiate
nucleation of the mineral phases.

Crystal growth: methods and mechanisms

The nature of the solid phase that forms during min-
eralization depends upon the relative supersaturation, o,
with respect to that particular phase:

o= {(IPI/V -+ KSOI/P) / Ksol/y} - (S _ 1) (1)

where v is the number of ions per formula unit of a
precipitating phase having a solubility product, Kgg.
The ionic product, IP, may be calculated from knowl-
edge on the stoichiometry of the growing phase. A typi-
cal example for OCP is shown in eq. (2):

Pocp = [Ca? I HYIPOS> Py; 24 ys® ()

in which brackets enclose molar ionic concentrations and
y, are the activity coefficients of x-charged species.
Kgg is the equilibrium value of IP. The latter can be
calculated using a suitable extended form of the Debye-
Hiickel equation such as that proposed by Davies [8].
In eq. (1), S, the supersaturation ratio, can also be used
to calculate the Gibbs free energy of transfer, AG, from
the supersaturated solution to an assumed saturated layer
at the crystal surfaces using the equation:

AG = -RTIn S 3)

In the CC method for calcium phosphate crystal
growth studies, the concentrations of lattice ions are
maintained constant by the addition of titrant solutions
containing calcium, phosphate and hydroxide ions as
well as background electrolyte in order to maintain con-
stant ionic strength and therefore constant activity coeffi-
cients. Adjustment of titrant solution stoichiometry to
match that of the precipitating phase enables the activi-
ties of all ionic species to remain unchanged, even for
extended reactions periods.
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Sparingly soluble electrolyte crystal growth mech-
anisms can be divided broadly into two categories: dislo-
cation and surface nucleation. Both may include volume
diffusion as a limiting case. For the former, two com-
prehensive models have been proposed depending on the
role of surface diffusion [7, 20, 51]. There is now evi-
dence that many sparingly soluble biominerals undergo
crystal growth by surface controlled processes with a
rate related to the number of kink sites at developing
steps. Such sites provide the most favorable locations
for final integration of lattice ions into the crystal lattice.
In the direct attachment model, the lattice ions enter ac-
tive kink sites at crystal surfaces directly from the solu-
tion phase. In the indirect attachment model, however,
lattice ions are first adsorbed on crystal terraces and an
additional surface diffusion process is involved in trans-
porting them to active kink sites. For a number of cal-
cium phosphate phases, the latter, indirect model appears
to be an important mechanism for crystal growth [59].

The rate of growth, J, can be expressed by:

= k F(m/m,) F'(0) )

in terms of an effective rate constant, k, and as func-
tions, F and F’, of surface properties and solution rela-
tive supersaturation, respectively. In eq. (4), m, and m,
are the crystal masses initially and at time t, respec-
tively. One of the principle features of the CC proce-
dure is that it maintains F’(0) constant and enables stud-
ies to be made of changes in the surface activity. The
characterization of virtually all biological mineralization
reactions as surface controlled processes usually enables
the rates to be expressed in terms of a simple empirical
rate using eq. (5) with rate constant, k, and effective
reaction order, n:

J=ko" 5)

A parabolic rate expression with n = 2 has been ob-
served for a number of sparingly soluble salts over ap-
preciable ranges of supersaturations. This suggests that
the concentration of active kink positions at the surfaces
is a function of supersaturation and crystal growth oc-
curs through the addition of ions, mainly at kink sites.
Using a non-equilibrium model to express the kink den-
sity and setting up equations to describe both kink for-
mation and annihilation, the empirical parabolic rate law
{n = 2 in eq. (5)} is consistent with this model [57].

Another important feature related to the mechanisms
of biomineralization is the sensitivity of the rates to lat-
tice ionic ratios in the supersaturated solutions while
maintaining overall thermodynamic driving forces. This
dependence can be quantified in terms of a kinetic ionic
ratio [58] which, for a simple 2-2 calcium phosphate
phase such as DCPD, can be defined by:

r = ([Ca?*] £c,2+) / ((HPOZ] $gpos2-)  (6)
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This introduces not only the ratio of lattice ion
concentrations but also the integration frequencies,
£ca2t | Epo42-, of the lattice ions at the kink sites.
Referring to the development of the kink sites, the
kinetic ionic ratio concept implies that a "calcium kink"
can only advance by the addition of a HPO42' ion while
a "HPO42' kink site" must receive a calcium ion in the
growth process. Although the concentrations of Ca2*
and HPO,* in the supersaturated solution will contribute
to the rates at which the ions can arrive at these kink
sites, the rate of reaction must also be governed by the
ion having the smaller integration frequency. For a
number of sparingly soluble salts, CC experiments at
sustained thermodynamic driving forces but with differ-
ent lattice ion ratios in the solutions revealed a striking
dependence of the crystal growth rates upon lattice ion
molar ratios. Although the interpretation of such effects
for more complex biominerals such as OCP and HAP
awaits satisfactory theoretical elucidation, there is little
doubt that the deposition of biominerals at surfaces must
be dependent upon these factors, closely related to zeta
potential, as well as conventional thermodynamic driving
forces. Unfortunately, most studies to date have been
concerned only with these conventional driving forces.

Mineralization on macromolecular substrata

One of the dominant theories for the location of the
first calcium phosphate mineral deposits involves the
collagen fibers for which it was proposed [15, 18] main-
ly from transmission electron microscopic studies, that
the very first crystals are nucleated in the "hole" zones
of collagen, nucleating independently at many such sites.
It was assumed that collagen in the "hole" zones offered
the necessary specific binding sites for calcium and
phosphate ions and that this led to the heterogeneous nu-
cleation of calcium phosphate crystals. The possibility
of the other proteins being chemically bound or adsorbed
in the "hole" zones and thus facilitating the binding of
calcium ions has also been strongly implied. Such an
example is that of phosphoproteins, which contain phos-
phoserine and phosphothreonine residues as well as ap-
proximately 40 % aspartic and glutamic acids. Phospho-
proteins are tissue specific and some are known to bind
calcium ions in vitro [18]. Both collagen types I and II
have been found to bind inorganic phosphate in in vitro
experiments [19, 31]. Collagen type I also strongly
binds phospholipid molecules [32] and proteins [17].
Modeling of kinetic results have suggested that for calci-
um phosphate nucleation by native collagen, the crystal
critical nucleus size was approximately 11-13 ions [30].
Comparison with the results of calcium phosphate homo-
geneous nucleation suggested that the presence of the
collagen matrix reduced by a factor of 2 the size of the
nucleus needed for mineralization [30]. Although other




studies have also suggested the potential role of collagen
in bone mineralization [21], there has been strong dis-
agreement with respect to the exact locus of the mineral
deposits [1, 16, 33]. It was suggested that the mineral
is not only deposited in the volume of the "hole" zone
but also in the "overlap" zone and between collagen fi-
brils [33, 53]. The shape of the crystals was plate-like
rather than needle-like, suggesting the possible participa-
tion of an OCP-like phase.

In addition to collagen, there is considerable interest
in the ability of other macromolecules, such as fibrino-
gen and phosphatidylserine (PS) vesicles, to nucleate cal-
cium phosphate crystals in supersaturated solutions. Fi-
brinogen is an asymmetric molecule composed of three
pairs of chains: Aa, B, and v, containing 610, 461 and
411 amino acids, respectively [22, 45]. The overall
structure, held by 29 disulfide bonds [61], can be de-
scribed as (Aa, BB, v),. During blood clotting, fibrino-
peptides A and B are released to form fibrin monomer
with the structure (o, B, v),. Fibrinogen readily ad-
sorbs to synthetic biomaterials implanted into the cardio-
vascular system. This adsorption process often results
in blood coagulation and thrombus formation that may
undergo pathological calcification involving the calcium
and phosphate ions present in the blood at relatively high
levels. Thus, both the adsorption of fibrinogen on sur-
faces as well as its ability to nucleate calcium phosphates
are of particular interest. The former has been widely
reported in literature [12, 36, 42, 43, 44, 52, 55]. In
the present study, the ability of fibrinogen molecules,
adsorbed to hydrophobic and hydrophilic surfaces, to
nucleate calcium phosphates has been examined.

The role of membrane lipids such as PS vesicles in
promoting cartilage and bone calcification has been re-
cently reviewed [4, 5, 6]. These vesicles are enriched
in calcium binding proteins and phosphoserine, as well
as calcium and inorganic phosphate ions. It appears that
these calcium-phosphate-phosphatidylserine complexes
can act as calcium phosphate nucleators [5] and some
CC kinetic studies are presented in this paper.

Materials and Methods

The ability of PS and immobilized proteins (fibrino-
gen or collagen) to induce the nucleation of calcium
phosphates was investigated using constant composition
and free drift methods, respectively. Both types of min-
eralization experiments were performed in highly super-
saturated solutions and prepared in a nitrogen atmo-
sphere by simultaneously mixing equal volumes of two
solutions: one containing sodium and calcium chlorides
and the other, potassium hydroxide and phosphate. This
procedure is very convenient for the preparation of high-
ly supersaturated solutions that are stable for extended
periods. NaCl was added to attain an ionic strength of
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either 0.05 M or 0.15 M, while potassium hydroxide
brought the pH of the solution to 7.40 + 0.005. The
total molar concentrations of calcium, Tg,, and phos-
phate, Tp, were, respectively, 1.60 x 10~ M and 1.20
x 103 M (OCP T,/Tp molar ratio) or 1.71 x 10> M
and 1.02 x 10 M (HAP T,/Tp molar ratio). These
solutions were supersaturated with respect to both HAP
(ogap = 15.0) and OCP (opcp = 1.9).

Calcium phosphate nucleation and subsequent
growth on PS vesicles (average size 120 + 10 nm), pre-
pared according to published procedures [41, 46], were
studied using the CC method. The reaction was initiated
by the introduction of 25 mg of the vesicles to the 200
ml nitrogen-purged supersaturated solution. The deple-
tion of lattice ions due to precipitation processes trig-
gered titrant addition which was controlled by a pH elec-
trode and was proportional to the rate of crystal nuclea-
tion or growth. The compositions of the two titrant so-
lutions (one containing calcium and sodium chlorides
and the other, potassium hydrogen phosphate with potas-
sium hydroxide) with concentrations given by egs. (7),
(8), (9) and (10) were calculated so as to compensate for
both dilution effects and the consumption of lattice ions
due to the precipitation of an anticipated OCP phase:

[CaCl,}, = 2 [CaCly],, + 4C,q 0
[NaCl], = 2[NaCl], - 8C,gr (8)
[KOH], = 2[KOH],, + 5C,4 ©)

[KH,PO,], = 2[KH,PO,],, + 3Cx  (10)

where C_¢ is the effective concentration of the titrants
with respect to the precipitating phase and rs and t re-
present reaction and titrant solutions, respectively.
Since the nucleation of calcium phosphates at the
other investigated surfaces was not as efficient as that at
PS and consequently did not induce significant changes
in the composition of the reaction supersaturated solu-
tion, free drift experiments were applied in these studies.
Fibrinogen (from human plasma, over 90% of clottable
protein) was adsorbed to clean germanium surfaces or to
octadecyltrichlorosilane (OTS)-coated germanium sur-
faces by immersion in 25 ml aliquots of 10 g/l protein
solution for 20 hours at room temperature. Surfaces re-
moved from the fibrinogen solution were washed for up
to 3 hours with triple distilled water (TDW). The ad-
sorption of fibrinogen molecules to the germanium sur-
faces was confirmed by attenuated total internal reflec-
tion infrared spectroscopy {(ATIR IR) model 1310, Per-
kin Elmer, Norwalk, CT} and ellipsometry (model
53702-200E, Rundolph Instrum., Fairfield, NJ) meas-
urements. The same procedure was repeated for the ad-
sorption of collagen (TEC-I® collagen solution composed
of Type I collagen derived from bovine extensor tendon
using a proprietary acid extraction process that maintains
the physical and biological properties of native collagen;
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Figure 2. Constant composition nucleation and growth
of calcium phosphate on phosphatidylserine vesicles.
Plot of titrant added as a function of time.

donated by Dr. Paul Kemp, Organogenesis, Cambridge,
MA) to OTS-coated germanium prisms. Collagen fibers
were obtained in two ways: using TEC-I® acidic type I
collagen solution and following the procedure described
previously [56], or processing purified bovine reticular
collagen type I according to references [28, 29].

The possible onset of calcium phosphate nucleation
was investigated in a series of free drift experiments at
germanium surfaces: OTS-coated germanium surfaces,
fibrinogen adsorbed to untreated germanium surfaces, fi-
brinogen adsorbed to OTS-coated germanium surfaces,
collagen adsorbed to OTS-coated germanium surfaces
and at collagen fibers prepared from cross-linked or un-
cross-linked collagen. Cross-linking was accomplished
by severe dehydration (110°C, 3 days, in vacuum) of
the fibers. Lysine, arginine, aspartic acid, glutamic
acid, threonine and serine amino acid residues are
thought to participate in inter-chain cross-linking through
esterification or amide formation since they contain ac-
cessible side hydroxyl, amino and carboxyl groups.

Following immersion of the germanium surfaces
with the adsorbed fibrinogen or collagen molecules or
collagen fibers into the nitrogen-purged calcium phos-
phate supersaturated solutions, the pH was continuously
monitored using an Orion (Orion Research, Boston,
MA) pH electrode. During the mineralization experi-
ments (either constant composition or free drift), sam-
ples of the solution were withdrawn periodically, ana-
lyzed for calcium and phosphate ions and examined by
an Olympus BH-2 (Olympus America, Inc., Melville,
NY) optical microscope in order to test for possible
spontaneous precipitation. At the end of each experi-
ment (25-72 hours for free drift experiments, about 9
hours for constant composition experiments), the sub-
strata (PS vesicles, germanium prisms or collagen fibers)
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Figure 3. Scanning electron micrograph of the OCP-
like crystals nucleated on phosphatidylserine; photo
width (P.W.) = 15 um.

were removed from the solution, washed several times
with small amounts of TDW and dried at room tempera-
ture. Then, they were examined in a S-550 Hitachi
(NSA Hitachi Instrum., Mt. View, CA) scanning elec-
tron microscope (SEM) and a Hitachi S-900 field-emis-
sion SEM fitted for energy dispersive X-ray analysis
(EDX) with PGT (Princeton Gamma-Tech., Princeton,
NJ) IMIX X-ray micro-analyzer.

Results and Discussion

The results of typical CC experiments using PS ves-
icles to induce calcium phosphate nucleation and growth
are shown in Figure 2 as a plot of added titrant as a
function of time. It can be seen that, following an in-
duction period of about 7.5 + 0.5 hours, a relatively
rapid calcium phosphate precipitation curve was ob-
tained. Such a sharply rising titrant addition was also
reported in CC studies of OCP nucleation and growth at
foreign surfaces such as DCPD [14].

Scanning electron micrographs of the PS vesicles
following the mineralization experiments clearly showed
crystal aggregates associated with the organic matrix
(Fig. 3). Both the morphology of the crystals and EDX
analysis (the Ca/P ionic ratio was 1.30 + 0.05, close to
that of OCP, 1.33) indicated the formation of an OCP-
like phase. However, X-ray diffraction results {Siemens
Nicolet/NIC Stoe diffractometer (Stoe Application Lab-
oratory, Darmstadt, Germany), CuK radiation}, showed
peaks characteristic of OCP (20 = 4.71, 31.78, and
25.85) and HAP (26 = 31.78, 25.85 and 10.59). Itis
interesting to note that PS vesicles have been shown ca-
pable of inducing calcium phosphate precipitation, possi-
bly via interaction with calcium ions, but the nature of
the mineral phase remained uncertain [48].
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Figure 4. Variable morphologies of the calcium phos-
phate crystals nucleated on uncross-linked collagen
fibers. P.W. = 31 um (a); 67 um (b); and 290 um (c).

The results of the free drift nucleation experiments
indicated that only fibrinogen, when adsorbed on the
OTS-coated germanium, and collagen, prepared either in
the form of fibers or as a film on the OTS-coated ger-
manium, were able to induce calcium phosphate nucle-
ation. None of the other surfaces examined, i.e., OTS-
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Figure 5. Scanning electron micrographs of OCP-like
crystals nucleated on fibrinogen adsorbed to OTS-coated
germanium prism. P.W. = 47 um (a); and 17 um (b).

coated and uncoated germanium and fibrinogen adsorbed
to bare germanium surfaces, appeared to be effective nu-
cleators. Additionally, no evidence for calcium phos-
phate nucleation in the highly supersaturated reaction so-
lutions was found during any of the extended (25-72
hours) free drift nucleation experiments.

Scanning electron microscopy showed that calcium
phosphate crystals nucleated on the uncross-linked col-
lagen fibers while no precipitate was found on the cross-
linked fibers. This may be due to the elimination of
most of the potentially active sites such as side chains of
glutamic and aspartic acid residues during dehydration.
The role of glutamic and aspartic acids residues in the
mineralization process was demonstrated by Davis and
Walker [9]; destruction of these groups diminished the
capability of collagen to mineralize in vitro. Glycine
residues, that constitute 1/3 of the collagen molecule (in
terms of the number of the amino acids), have also been
proposed as nucleation participants through coordination
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of calcium ions [50]. In contrast, it has been document-
ed that the destruction of polar side chains of residues
such as lysine, histidine, arginine, serine and tyrosine
does not influence nucleation [19].

Crystals, nucleated on uncross-linked collagen,
showed variable morphologies and Ca/P ionic ratios by
EDX. Both HAP-like crystal aggregates with Ca/P ionic
ratios as high as 1.9 and OCP-like phases with lower
Ca/P ionic ratios were observed by SEM (Fig. 4).
These crystals were randomly distributed on the collagen
surfaces, however, their specific location was unresolv-
able by SEM. Thus, although the process of collagen
mineralization has been confirmed, the nature of the in-
duced phase and its possible further transformation as
well as its loci with respect to collagen fibers must still
be elucidated. It should be added that OCP crystals
were grown in vitro on a cow tendon collagen disk (0.5
mm) with the c-axis of the OCP crystal parallel to col-
lagen fibril [26]. However, the authors did not exclude
that apatite coexisted with OCP crystals in small
amounts, undetectable by X-ray spectroscopy. Recently,
it has been suggested that collagen cultured with osteo-
blastic cells undergoes enhanced mineralization [39].

At OTS-coated germanium surfaces supporting ad-
sorbed fibrinogen, SEM showed that the nucleated OCP-
like crystals were specifically associated with the fibrino-
gen matrix (Fig. 5) [49]. EDX analysis of these crystals
(Fig. 6) also suggested the exclusive nucleation of OCP
crystals with Ca/P ionic ratio 1.33 + 0.10. The number
of the nucleated OCP-like crystal aggregates increased
as the reaction time was increased to 72 hours. De-
crease of the ionic strength from 0.15 M to 0.05 M also
appeared to enhance the nucleation of the OCP-like cal-
cium phosphate crystallites. As suggested previously
[60], this may be explained in terms of the inhibitory
influence of sodium ions on OCP nucleation due to their
relatively strong adsorption at calcium sites located at
the peripheries of the subcritical OCP nuclei.

Conformational differences between the fibrinogen
molecules adsorbed on hydrophobic, e.g., the OTS-
coated germanium surfaces, and on hydrophilic surfaces,
e.g., germanium surfaces, probably account for their
ability to induce the nucleation of calcium phosphate [2,
27, 40, 49]. On high energy surfaces such as untreated
germanium, fibrinogen molecules lie flat, inducing sig-
nificant strain in the central domain of the molecule
formed by the NH, termini of all six polypeptide chains.
Subsequent polymer formation involves two terminal
"D" regions, each comprising COOH termini of the BS
and v chains, and flexible COOH termini of the Aa
chains. These COOH termini of the Aa polypeptide
chains (from 400 to 610 amino acid residues) constitute
the specifically charged regions of the fibrinogen mole-
cules with clusters of positive and negative charges [52].
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Figure 6. EDX spectrum of OCP-like crystals nucleated
on fibrinogen adsorbed to OTS-coated germanium prism.
The Ca/P atomic ratio is 1.33 + 0.15. The calibration
curve for EDX was prepared using synthetic calcium
phosphate phases.

They have been suggested as potential calcium binding
sites [38]. On low energy surfaces such as hydrophobic-
ized germanium, the less tenaciously adsorbed fibrinogen
can be distributed as single molecules and small aggre-
gates [27]. Scanning force microscopy observations
have confirmed that the fibrinogen molecule adsorbed to
hydrophobicized surfaces retains its native structure
[42], probably exposing active COOH termini of Ac
chains. C-termini of the A chains might be hidden in
more flat structures such as those assumed by fibrinogen
molecules adsorbed on hydrophilic surfaces. It should
also be added that fibrinogen molecules, adsorbed to hy-
drophobicized surfaces, form non-uniform layers con-
taining localized pockets and grooves. These disrup-
tions, especially if highly charged, can accumulate ions
and stabilize the bulk interactions that result in nuclea-
tion [37]. Thus, although many questions remain, it ap-
pears that specific fibrinogen conformations contribute
differently to calcium binding and subsequent nucleation.
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Discussion with Reviewers

C. Rey: In vivo, soluble abundant proteins such as
albumin are strong inhibitors of crystal growth and
would prevent crystal formation on the surface of the
materials but not inside due to their poor diffusity in a
dense organic matrix. Were the calcium phosphate crys-
tals observed also inside the protein fibers and/or layers?
If yes, were they different from those on the surface?
Was the mineral formed in the hole zone of collagen at
the very beginning of nucleation stage? Were the crys-
tals all over the material’s surface or randomly distrib-
uted at certain spots?

Authors: As noted in Results and Discussion, the spe-
cific location of the nucleated calcium phosphate crystals
with respect to collagen fibers was unresolvable by
SEM. The micrographs presented in Figures 4a, 4b and
4c characterize the morphological features of the crystals
formed, probably, on the surface of the collagen fibers.
These features were uniformly consistent in all collagen
samples examined. Preliminary transmission electron
micrographs of calcium phosphate crystals nucleated on
the collagen fibers were also unable to provide additional
information on the specific location of the mineral crys-
tals.

C. Rey: It has been mentioned that cross-linked colla-
gen was a poor nucleator of calcium phosphate crystals.
In vivo, however, cross-linked collagen, e.g., pig heart
valves cross-linked with glutaraldehyde, have been
shown to calcify heavily inside the material not on its
surface. How can this discrepancy between the pre-
sented in vitro studies and the in vivo observations be
explained?

Authors: We would not regard this as a discrepancy
since in vivo other factors, such as the presence of pro-
teins and other macromolecules, might be involved in
calcium phosphate precipitation.

J.P. Kavanagh: For how long were the solutions used
in free drift experiments stable and what were the
induction times for the test systems which showed
nucleation?

Authors: No evidence for spontaneous calcium phos-
phate precipitation in the highly supersaturated reaction
solutions was found during any of the nucleation experi-
ments. It is possible that traces of protein desorbed
from the germanium prisms (partial desorption of pro-
teins from germanium prisms was confirmed by ATIR
IR studies) or from the core of the collagen fibers pre-
vented calcium phosphate nucleation in the reaction solu-
tion. It should be added that fibrinogen is a relatively
good inhibitor of calcium phosphate mineralization when
present in the supersaturated solutions.
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The very first crystals nucleated on fibrinogen or
collagen molecules adsorbed to hydrophobic surfaces as
well as on uncross-linked collagen fibrils were observed
after a period of 24 hours.

D. Christiansen: The refined capacity of the constant
composition method in measuring the kinetics and ther-
modynamics of mineral nucleation is clearly defined in
Materials and Methods. Why was this method not
used in nucleation experiments employing collagen and
fibrinogen immobilized on surfaces?

Authors: Nucleation of calcium phosphates on collagen
and fibrinogen immobilized on surfaces appeared to be
relatively slow as compared with precipitation on PS.
As noted in Materials and Methods, following immer-
sion of surfaces carrying the immobilized proteins into
the reaction solution, the pH was continuously monitored
and the concentrations of calcium and phosphate were
periodically measured. The pH of the reaction solution
as well as the calcium and phosphate concentrations re-
mained virtually unchanged even during extended reac-
tion times. The CC method that can be used to quantify
the kinetics of reactions involving more extensive crystal
nucleation and growth could not be applied in the limited
deposition at fibrinogen and collagen surfaces. It was
therefore necessary to use SEM methods. Although in-
creasing the supersaturation level of the reaction solu-
tions would have increased the extent of nucleation, it
also reduced the stability of the solutions.

Reviewer VI: Is it not possible that the loss of water
inside the fibrils and the thinning of the fibrils during se-
vere dehydration were sufficient to inactivate the collage
template?

Authors: Yes, it is quite possible that the dehydration
inactivated the collagen.
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