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Abstract

Ascorbic Acid (AA) a very important biomolecule present in relatively high concentrations in blood
and other biological fluids, has been rarely investigated with reference to its effect on the biological
mineralization-demineralization processes. To our knowledge the present work is one of extremely
limited found in the literature, in which the effect of the presence of AA in mineralizing or
demineralizing electrolyte solutions is addressed in a quantitative way. We have used the constant
saturation method for the accurate measurement of the rates of crystal growth of hydroxyapatite
(HAP, Cas(POs4)s0OH) the model compound of the inorganic component of the hard tissues of higher
mammals. It was found that both crystal growth and dissolution were accelerated by 4 times (400%
of the rates) in the presence of 0.1mM of AA, pH 7.40, 37°C, 0.15M NaCl. It was concluded from the
detailed characterization of the solid, that the acceleration effect was due to the uptake of AA on the
HAP surface.

Keywords: Crystal growth; Dissolution; Constant saturation; kinetics of; mechanism of; ascorbic acid;
adsorption of

1. Introduction

The thermodynamically most stable calcium phosphate crystal phase, hydroxyapatite
[Cas(PO4)sOH, HAP], is the model compound of the phosphate biominerals of the hard tissues of
higher mammals. HAP is commonly encountered not only in osteogenesis but also in pathological
biomineralization, including heart valves calcification [1- 3], coronary calcification [4, 5], intraocular
lenses (IOL), especially hydrophilic [6-10], and in numerous other occasions [11]. In all cases, the
mineralizing tissues are in contact with body fluids, which are highly supersaturated with respect to
more than one calcium phosphate crystalline phases [12]. The mineralization/demineralization
processes take place in the presence of a variety of molecules, both of high and low molecular weight,
which influence both the kinetics of the respective processes but also the crystal characteristics
(morphology, surface charge, bonding etc.) [13-17].

Biomaterials based on HAP and other calcium phosphate mineral phases have been broadly
used because of their chemical and structural similarity with the mineral component of the hard
tissues of higher mammals [18, 19]. = Hard tissues and/or implanted biomaterials are in contact
with biological fluids the composition of which is quite complex due to the presence of a large variety
of substances form inorganic metal ions and anionic species to smaller and larger molecular weight
organic molecules. The investigation of mineralization and/or demineralization processes in
complex media like simulated body fluids although useful, they do not allow for the full
understanding of the role of specific compounds or molecules on the very important processes of
mineralization/ demineralization [20].
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Among the significant components of human plasma is ascorbic acid (AA), the normal
concentration levels are in the range of 8.8-17.6 mg/L (50-100 uM) [21,22] while in the aqueous humor
it reaches levels of the order of 1-2 mM [23]. As such, AA has attracted research interest because it
is a strong antioxidant. However very few studies are concerned with the role of the presence of AA
in the biological mineralization and demineralization processes. Investigations on the crystal
growth and/or dissolution of biominerals, mainly calcium phosphates are missing to our knowledge
from the related literature. It has been reported that variations of L-ascorbate (vitamin C)
concentrations can have a marked effect on mineralization in vitro [24] . Supplementation of diet with
AA has been reported to beneficially interfere with the process of arterial wall calcification [25]. On
the other hand, there are reports from experiments in animals that AA in combination with inorganic
orthophosphate increases Ca deposition [26]. Increased AA concentrations have been associated
with higher risk for stone formation [27]. Concerning therefore the formation of biominerals, in
particular calcium phosphates, reports are contradictory concerning the effect of the presence of AA
in the calcification process. Concerning, the opposite process, i.e. demineralization, which consists
in the process of dissolution of calcium phosphates and/or other biominerals, prolonged contact of
the mineral deposits with AA and other chemical compounds forming strong chelates with calcium,
favored their dissolution [28,29].

From the limited reports so far, it may be concluded that AA plays important role at the
solid/electrolyte interfaces and it is for this reason that it has been used for the preparation of
nanocomposites with HAP which are stabilized by hydrogen bonding between the carbonyl group
of ascorbic acid and HAP[30]. The incorporation of AA in HAP-based scaffolds the bioactivity of
the respective biomaterials was improved since they accelerated osteoblast proliferation and at the
same time, they eliminated the activity of free radicals released during inflammation [29,31].

The purpose of the present investigation was to clarify the role of AA in the mineralization of
the thermodynamically most stable calcium phosphate, HAP, considered to be the main inorganic
component of the hard tissues of mammals, in the presence of various levels of concentrations of AA.
The crystal growth of HAP in the absence and in the presence of HA was investigated from
measurements of the kinetics of crystallization of HAP from supersaturated solutions, mimicking the
composition of body fluids. Using the constant composition approach [32], the measurements of the
rates of crystal growth allowed for the more accurate investigation of the interaction of AA with HAP.
Moreover, the opposite process, dissolution of HAP from undersaturated solutions with respect to
HAP, again at constant driving force, was investigated both in the absence and in the presence of
AA. ltisinteresting to note that despite the importance both of AA and HAP, very little information
is available concerning quantitative data and measurements of mineralization/demineralization
processes. Measurements of the electrokinetic charge of HAP particles in the absence and in the
presence of HA provided useful insight on the interaction of AA with HAP surface. These studies
are very important for the development of novel biomaterials based on calcium phosphates and also
for the possible decalcification of materials wherever possible. The present work is, to our
knowledge, the first time that a systematic study of HAP crystal growth and dissolution kinetics in
the presence of AA is reported in the literature.

2. Materials and Methods

2.1. Solutions

All solutions were prepared using doubly distilled RO treated water (TDW) (specific
conductivity 0.5x10-¢ uS-em™). Stock calcium chloride and sodium dihydrogen phosphate solutions
were prepared from crystalline calcium chloride dihydrate (CaCl2-2H20) and sodium dihydrogen
phosphate (NaH2PO4) (Merck, Puriss.) respectively. Calcium chloride solutions were standardized
with standard Ethylene Diamino Tetraacetic Acid (EDTA) solutions, prepared from the crystalline
disodium salt (Na2EDTA, Merck), using murexide indicator and by atomic absorption spectrometry
(air-acetylene flame, Perkin Elmer AAnalyst 300, Norwalk, CT, USA). The orthophosphate stock
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solutions were standardized with potentiometric titrations with standard sodium hydroxide
solutions (Merck, Titrisol) and by spectrophotometric analysis using the vanadomolybdate method
spectrophotometrically (Perkin Elmer lambda 35, Norwalk, CT., USA) [13]. Sodium chloride stock
solutions were prepared from the crystalline solid dried overnight at 105°C, without any further
purification. The standard sodium hydroxide solutions used for pH adjustment were checked
regularly with potentiometric titrations of carefully weighted quantities of potassium hydrogen
phthalate dried previously overnight at 105°C. Standard hydrochloric acid (HCl) solutions were
prepared form concentrated standards (Merck, Titrisol) and the solutions were re-checked by
potentiometric titrations with standard sodium hydroxide solutions.

2.2. Preparation of HAP seed crystals

For the crystal growth experiments, HAP seed crystals were prepared, by precipitation as
follows: equal volumes of CaCl2(0.5M) and KH2PO4(0.3M) solutions were equilibrated at 70 °C. Next,
the pH of the phosphate solution was adjusted to 10.0 and it was transferred in a water jacketed
reactor, thermostatted at 70 °C by circulating water, and was stirred by a motorized stirrer. The
calcium chloride solution was added dropwise at a constant rate of ca. 2.5 mL/min. The addition
was completed past 2 hours. During the calcium solution addition, the solution pH was measured
withdrawing aliquots and adjusted by the addition of potassium hydroxide solution to ca. pH 10.
The solution pH adjustments lasted until the end of calcium solution additions. The suspension was
allowed to age in the mother liquor for 5 days more at 40 °C. Next, the suspension was filtered from
0.22um membrane filters, washed with TDW and dried at 60°C for 48 hours. Past drying the solid
HAP powder was stored in a desiccator at room temperature. The solid was characterized by X-Ray
powder diffraction (Siemens D-5000, Gu Ka Radiation) and yielded the characteristic reflections of
stoichiometric HAP (ICCD Card 9-432). The specific surface area of the solid was measured by
nitrogen adsorption applying the BET isotherm (multiple point) (Micromeritics, Gemini, Model 2371)
and was found equal to 71 m?/g.

2.3. Crystallization of HAP  from supersaturated solutions

2.3.1. . Crystal growth at constant solution supersaturation

Calcium phosphate solutions, supersaturated with respect to HAP in a double walled pyrex®
glass reactor using calcium chloride and sodium dihydrogen phosphate solutions, prepared fresh for
each experiment from respective stock solutions, as detailed elsewhere [9] . The temperature of the
supersaturated solutions was maintained at 37.0£0.1°C by circulating water from a thermostat and
the initial solution pH was 7.40. Continuous bubbling through the solutions of pure nitrogen
(99.999%, Linde Hellas) pre-saturated with water vapor ensured inert atmosphere to preclude
atmospheric carbonate intrusion. The ionic strength of the supersaturated solutions was adjusted to
0.15 M with NaCl from the respective stock solutions. The final concentrations of total calcium, Ca,
and total phosphorus, P, were at levels corresponding to a driving force for the crystal growth of
HAP in the same range as the corresponding to healthy humans [32,33]. In the experiments done in
the presence of AA, the study concentration in each experiment was attained by the addition of the
appropriate volume of AA stock solution prepared from crystalline AA ( L(+) Ascorbic Acid, Merck,
pro analysi). Following the verification of the stability of the supersaturated solutions, as shown by
the stability of the adjusted pH value for at least two hours, accurately weighted quantity of the
prepared HAP seed crystals equivalent to ca. 0.35 m? total surface area, was introduced in the
supersaturated solutions. The pH of the solutions was monitored. The electrode signal, through
the controller unit, was transferred to a computer via a data acquisition system. The addition of a
motorized stage system allowed the activation of two mechanically coupled, calibrated borosilicate
precision glass syringes for the correction of the solution pH, which became acid due to proton release
in the solution concomitant with HAP precipitation, as shown in the general Equation 1, which
accounts for solutions with pH between 4 -9, a range pertinent to most practical applications [34,35]:
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5Ca?(aq) + xHPO4>(aq) +yH2POs (aq)—>Cas(PO4)sOH(s) + zH*(aq) (1)

Drop of the solution pH of the order of the sensitivity limit of measurement of the GCE, i.e. ca.
0.005 pH units, triggered the addition of equal volumes from the two syringes. The two syringes
contained solutions, the composition of which was calculated on the basis of the stoichiometry of the
precipitating solid, i.e. Ca:P:OH=5:3:1. Specifically, the composition of the titrant solutions was:

Syringe 1: calcium chloride solution and sodium chloride, (2xCastm) + (2xCnacis -2m) where
subscript s denotes the corresponding concentration in the supersaturated solutions and m is an
arbitrary constant determined by preliminary experiments) Syringe 2: sodium
dihydrogen phosphate, sodium hydroxide, (2xCnatzrosstn)+(2xCnaotst2m-n) , where n is a constant
such that % = z

The composition of the titrant solutions 1 and 2 was selected appropriately to maintain the
activities of the ion species in the supersaturated solutions throughout the precipitation of HAP. In
all experiments, according to series of preliminary experiments, best results were obtained for
m=10xCas. Titrant solutions reagents replaced ions consumed for the formation the precipitating
solid phase. The rate of titrants addition (mL / s) is directly related with the # of HAP of moles
precipitated per unit time. It should be noted, that all experiments were done in stable
supersaturated solutions, to ensure that the only process taking place is the growth of the seed
crystals introduced. As a consequence the rates of addition of the titrant solutions were normalized
per unit surface area of the seed crystals which initiated the crystal growth process. The
experimental methodology adopted in the present work allows for the precise spotting and
measurement of induction time preceding the onset of precipitation. This is essential, especially in
cases in which materials other than crystallized material are used for the inoculation of the
supersaturated solutions or if solids are poisoned by additive compounds capable of adsorbing onto
the solids which results in the de-activation of the active sites for crystal growth. . The application
of the constant supersaturation method, is important for the improvement of the accuracy of the
measurement of the rates of crystal growth , because measurements are done at the same driving
force, allowing to work over narrow ranges of solution supersaturation and to extend studies at very
low levels of supersaturation, which simulate closer biological conditions, in which free ions are
sequestered through complex formation. More details on the experimental setup, in which the
methodology of crystal growth at constant supersaturation method was implemented, are provided
elsewhere [9]. Another significant advantage of the methodology is the possibility provided to
observe morphological or any phase changes taking place on the precipitated solid as a function of
the extent of crystallization taking place. Most published work is concerned with precipitates over
very limited de-supersaturation of the mineralizing solutions.

In the presence of AA, twice the concentration present in the supersaturated solutions, was
added in the syringe containing the phosphate and NaOH solutions, to avoid dilution caused by the
addition of titrant solutions. Preliminary adsorption studies showed that equilibration of HAP seed
crystals with AA, at conditions similar to the corresponding to the crystal growth experiments did
not show any appreciable concentration changes. Without precluding adsorption, if any, it was very
small and did not cause significant changes in the solution speciation.

2.3.2. . Dissolution of HAP crystals at constant solution undersaturation

Calcium phosphate solutions undersaturated with respect to HAP were prepared by mixing
equal volumes of calcium chloride and sodium dihydrogen phosphate solutions prepared and
standardized as described in 2.3.1, in the thermostatted double walled, glass reactor at 37.0+0.5°C by
circulating water. The solution pH was adjusted at 7.40 and the ionic strength to 0.15 M by NaCl as
in 2.3.1. The dissolution of HAP crystals was initiated immediately upon introduction of HAP
accurately weighted HAP seed crystals so that the total available surface area was ca. 0.35 m2. The
dissolution of HAP was accompanied by increase in the solution pH, according to Equation (2) (valid
to a good approximation over the concentration pH range 4-9):

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Cas(PO4);:OH(s)+ H20— 5Ca?(aq) + xHPO+*(aq) +yH2POs (aq)+ zOH-(aq) (2)

The composition of the undersaturated solutions was maintained by the addition of titrant
solutions the composition of which was calculated so that the calcium, phosphate and OH, coming
from the dissolving solid were appropriately diluted, while pH, the master variable, was maintained.
The composition of the titrant solutions in each of the two mechanically coupled syringes was:

Solutions in syringe 1 (CaClz and NaCl solutions):

Ccaciz= 2xCcat -md  and Cnaci=2XCnaci+2CrNaon+3/5 XCcayt 3)

Where Ccat and Cnacr are the concentrations of total calcium and total sodium chloride in the
reactor making up the undersaturated solution. Cnaon was the NaOH concentration in the
undersaturated solution, needed to adjust the pH toy 7.40. The coefficient 3/5 refers to the molar
stoichiometry of Calcium: Phosphate = 5:3, coming from the dissolution of HAP assuming that it
dissolves congruently over a broad pH range and ionic strength values [36]. mua is an arbitrary
constant determined by preliminary experiments

Solutions in Syringe 2 (NaH2POs and HCl):

Cnarzros= 2XCNatizpos, t -3/5xmd , Cral = 2Chal +7/5xmd — 2x CNaoH 4)

In Eq. (4), Cnamzpoy, ¢ is the total phosphate concentration and md, an arbitrary constant,
determined for preliminary experiments equal to 1.7 x Ccat

The rates of dissolution, R4, were calculated from the slope of the titrants added as a function of
time, dV/dt, by Equation (5):

— Ma v
Ra = xsac ©®)
Calcium and phosphorus concentrations during the course of dissolution remained constant to
within 2%.

2.3.3 Adsorption measurements

To investigate deeper the interaction between AA and HAP, adsorption experiments were
performed, using different AA concentrations in suspensions of HAP seed crystals in electrolyte
solutions (0.15 M NaCl) saturated with respect to HAP . The surface concentration of the adsorbed
AA, T, was calculated from Eq. (6):

= (Co—Ceq)xv

mxs (6)
where Co, Ceq are the initial and equilibrium AA concentrations, respectively, V the volume of
suspension, m the mass of the suspended HAP crystals and S their specific surface area.

2.3.4. X-Ray Photoelectron spectroscopy

The surface analysis studies were performed in a UHV chamber (P <10 mbar) equipped with
a SPECS LHS-10 (EA10) hemispherical electron analyzer. The XPS measurements were carried out
at room temperature using un-monochromatized AlKa radiation under conditions optimized for

maximum signal (constant AE mode with pass energy of 36 eV giving a full width at half maximum
(FWHM) of 0.9 eV for the Au 4{7/2 peak). The analyzed area was an ellipsoid with dimensions
2.5 x 4.5 mm2 The XPS core level spectra were analyzed using a fitting routine, which allows the
decomposition of each spectrum into individual mixed Gaussian-Lorentzian components after a
Shirley background subtraction. The samples were in powder form and pressed into pellets. Wide
Scans were recorded for all samples, while the core level peaks that were recorded were Cis, Cazp, O2s
and P2p. The wide scans were recorded with pass energy of 97 eV. Errors in quantitative data are
found in the range of ~10% (peak areas), while the accuracy for BEs assignments is ~0.1 eV. The
binding energy reference for the electrostatic charging due to X-ray irradiation was the Cls at
284.8 eV from the superficial carbon contamination. The surface charging in all samples was ~1 eV.

2.3.5. Zeta potential measurements

The zeta potential of the HAP particles in their suspensions were calculated from measurements
of their electrophoretic mobility, in a Nanosize S analyzer (Malvern). Suspensions of HAP particles
were prepared in 10 mM NaCl electrolyte solution with density ca. 0.02% w/w. The suspensions to
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be measured were equilibrated at 37°C, under stirring for a period of one week in the absence and in
the presence of AA, concentrations in the range between 0 — 10 mM (0, 1x10, 1x10%, 5x103 and
10x10%). The pH of the suspensions was adjusted to 7.40 by the addition of standard NaOH solution
and remained constant up to before the measurements.

3. Results
3.1. Crystal growth of HAP

3.1.1. Kinetics measurements

The rates of crystal growth of HAP seeds used to inoculate the supersaturated solutions, both in
the absence and in the presence of AA, were found to vary linearly as a function of the relative
solution supersaturation. It should be noted that the volume of titrant-time plots form which the
rates of crystal growth were calculated, were linear over the extent of crystal growth recorded which
corresponded to extents of growth exceeding 200% of the inoculating HAP seeds. The experimental
conditions and the results obtained are summarized in Table 1.

Table 1. Crystal growth experiments of HAP in supersaturated calcium phosphate solutions, in the absence and
in the presence of AA at constant supersaturation; pH 7.40, 37°C, 0.15M NaCl. Total calcium, Ca¢/Total
Phosphate, P=1.667.

. Rate of HAP crystal growth
) Relative

Total Calcium, Cay/ ) ) Rec/ x106 mol-min-!s m?
supersaturation with

x10-M
respect to HAP, onar Absence of AA In Presence of AA
0.9 5.31 0.75 3.68
1.1 6.5 1.8 4.49
1.3 7.66 424 5.44
1.5 8.77 54 6.61
1.7 9.88 7 8.4

The plot of the measured rates, Rcg, as a function of the relative supersaturation with respect to
HAP is shown in Figure 1. The results were fitted in a linear equation in the form of Equation (7)
for the range of supersaturations investigated in the present work:

R = keg0iiap )

In Eq.(7) ke and n’ are the apparent rate constant and the apparent order of the HAP crystal
growth of HAP respectively. The apparent order is indicative of the underlyingmechanism. For
n'>1, the mechanism is surface diffusion controlled [9,37]. The apparent rate constant for HAP
growth on HAP seeds was found equal to (1.3 £ 0.1)x107 mol'min-m?, while in the presence of AA
kc6=(9.340.9)x10”7 mol-min™'-m.

It is interesting to note that the morphology of the HAP seed crystals was prismatic with sizes
in the rage 30-150 nm while at the end of crystal growth when extensive crystal growth took place
(>200%) HAP consisted mostly of platelets as may be seen in Figure 2. ~ Similar morphology has been
reported for HAP both in biological systems [38,39] but also at high pH and large extents of
crystallization [40].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. Crystal growth rates of HAP on HAP seed crystals as a function of the relative supersaturation of the
solutions with respect to HAP; 37°C, pH 7.40, 150 mM NaCl; (M): in the absence of ascorbic acid; (®) in the

presence of 0.1 mM ascorbic acid.

Figure 2. Morphology of HAP crystals shown in scanning electron microscope(SEM) pictures. (a) prismatic HAP
seed crystals prepared for this work; bar 300 nm (b) plate-like HAP crystals grown on prismatic HAP seed
crystals at constant supersaturation; cxar =9.88, pH 7.40, 0.15 M NaCl; Bar 300 nm.

In Figure 3 the morphology of the crystals grown on HAP seed crystals in the presence of 0.1
mM AA is presented. As may be seen there is no change in the grown crystals morphology because
of the presence of AA (Figure 3, a and b). It should be noted however that the growth of crystals
with the prismatic habit proceeded as well, despite the fact that the growth was extensive exceeding
200% of the inoculating seed crystals. In the absence of AA hardly any prismatic crystals were
detected in the sampled crystals.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 3. SEM pictures showing HAP crystals grown in the presence of 0.1 mM AA, 37°C, 0.15M NaCl; (a) bar 1
um; (b) bar 200 nm; (c) bar 200 nm ; (d) bar 200 nm.

The effect of the presence of AA in the supersaturated solutions at concentrations below one
order of mag  nitude in comparison with the respective calcium concentrations in the
supersaturated solutions, as shown by the significant increase of the apparent constant for crystal
growth suggested interaction of AA with HAP crystal surface. Measurements of the adsorption of
AA on HAP suspensions, revealed limited but significant adsorption as may be seen in Figure 4.

0.044

0.042

0.040

0.038 o

Ascorbic Acid Concentration /M

0.036

0 10 20 20
Equilibration time / hours

Figure 4. Adsorption kinetics of AA on HAP crystals; 25°C, pH 7.40, 0.15M NaCl; (W) Blank: calcium phosphate
solution saturated with respect to HAP, containing 40.5 mM AA without HAP crystals; (M) as before, but in the
presence of 80 mg HAP seed crystallites.
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https://doi.org/10.20944/preprints202508.0738.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 August 2025 d0i:10.20944/preprints202508.0738.v1

9 of 20

As expected, because of the small size of the AA molecule, the equilibrium was attained before
18 hours. The measurements showed (see Eq.6) that the adsorption of AA on HAP was 26.9 umol'-m-
2. Assuming that the projected on the x-y plane area of an AA molecule is 104 A2 1 m? area can
accommodate, 1.6 umol of AA. Since the 104 A2 per AA molecule is overestimated a proportionally
higher mass of AA can be accommodated per m2. However, it seems that in our conditions the
surface coverage exceeds AA needed for one monolayer. Atlower concentrations it was not possible
to accurately measure concentrations of AA in the solutions and we did not proceed further for the
complete adsorption investigation, a task of ongoing work.

AA uptake on HAP surface would affect the surface charge and/or the respective surface
potential of HAP crystals, through the interaction of the charged species of AA and the potential
determining ions of HAP, which are Ca%, PO+ and OH- ions arranged properly in the different
crystal faces of HAP. This was confirmed by zeta potential measurements, the results of which are
shown in Figure 5:

10 4
] T =10
42
1 L8
4 - I
= 16 -] -6 %.
! oA
-18 4
20 4 -2
299 | 0

T T T T T T T T T T T
0.0 20107 4.0x10°  6.0x10° 80x10°  1.0x10°

[Ascorbic Acid]/ M

Figure 5. Zeta potential of HAP particles suspensions in 10mM NaCl electrolyte solutions as a function of the
(initial) AA concentration in the equilibrium solutions; pH 7.40, 25°C, 10 mM NaCl. Right axis AC=((in the
presence of AA)- {(without AA).

As may be seen in Figure 5 the plateau reached in the values of the surface potential suggested
saturation of the surface corresponding to the HAP particles of the suspension for AA concentrations
higher than ca. 4 mM. The A plot as a function of the solution concentration of AA in the HAP
particles suspension is similar to systems in which adsorption of additives on inorganic particles
showed a Langmuir-type adsorption isotherm [41].

Further evidence of the presence of AA on the surface of HAP crystallites was obtained by XPS
measurements of HAP samples equilibrated with AA in solutions (0.15 M NaCl) saturated with
respect to HAP. It should be noted that all samples collected for the analysis following filtration,
they were filtered exhaustively with triply distilled water to avoid artefacts. The XPS spectrum
obtained is presented in Figure 6.
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Figure 6. XPS spectrum of HAP crystals (blue line), equilibrated with 0.05mM AA (red line) and with 10 mM
AA (black line); pH 7.40, 37°C.

The results of XPS analysis are summarized in Table 2.

Table 2. XPS analysis of HAP crystals equilibrated with AA: 0.05 mM and 10 mM. pH 7.40; 37°C, 0,15M NaCl.

% Binding Energy HAP HAP equilibrated | HAP equilibrated
0.05mM AA 10.0 mM AA
eV
Cis 287 (Cas(PO4)sOH) 5.8 8.1 9.7
Cazp 347(Cas(PO4)sOH) 21.7 21.3 20.2
Oss 530.9(Cas(PO4)sOH) 55.7 54.2 54.5
P2p 132.9(Cas(PO4)sOH) 16.8 16.4 15.6

Additional evidence for the presence of AA on the HAP crystals was obtained from the

thermogravimetric analysis of the samples. Both reference and samples of HAP grown in the

presence of AA were examined and the results are shown in Figure 7.
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Figure 7. Thermogravimetric (TG) and differential thermogravimetric (DTG) plots for: (a) crystalline ascorbic
acid; (b) HAP seed crystals; (c) HAP crystals equilibrated with 10 mM AA ; (d) HAP crystals equilibrated with
40 mM AA.

The TG/DTG profile of pure, crystalline AA shown in Fig. 7a, showed a sharp peak at ca. 250 °C
corresponding to the oxidation of AA to C [42] . For pure HAP, shown in Fig. 7b, three domains,
not sharply defined, may be seen, (35-145°C) corresponding to solid humidity water, stage 2 (250-
600°C) corresponding to the conversion of surface HPO4* to pyrophosphate and stage 3 (>600°C)
corresponding to the formation of CaO and P20s [43]. The TG/DTG profiles of HAP equilibrated
with 10 and 40 mM solutions of AA are shown in Figs. 7c and 7d respectively.

Since the results of the study of the crystallization of HAP in the presence of AA showed clearly
effects of the interaction of HAP with the AA present in the supersaturated solutions we have next
investigated the effect of the presence of AA on the dissolution of HAP in calcium phosphate
solutions undersaturated with respect to HAP. The experimental conditions and the results
obtained are summarized in Table 3. The experimental conditions were selected on the basis of
simulation of body fluids, allowing for the variation of the solutions saturation, the master variable.

Table 3. Dissolution of HAP crystals in calcium phosphate solutions undersaturated with respect to HAP in
the absence and in the presence of 0.1 mM AA. 37°C, pH 7.40, 0.15M NaCl; Total calcium, Cay/Total phosphate,
P=1.667.

Cat/ 10M Relative undersaturation Rate of dissolution, Raiss
with respect to HAP, orar /x 107
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In the absence of AA In the presence of
AA
0.05 -0.51 -9.5 -30,5
0.06 -0.42 -6.6 -24,0
0.07 -0.33 -5.4 -18.9
0.08 -0.25 -4.5 -10.5
0.09 -0.17 -2.1 -8.0

The negative sign for the rates of dissolution refers to the mass loss from the seeds, the opposite
process of mass increase in the case of crystal growth.

Plot of the rates of dissolution, Raiss, as a function of the relative undersaturation with respect
to HAP, are shown in Figure 8.

6.0x107 - /
L)

1.20° 4
1.8x10°
2.4x10° 4
3.010° 4

-3.6x10°

Rate of HAP Dissolution / mol-min”' - m?

0.5 0.4 0.3 0.2 0.1

HAF

Figure 8. Plot of the rate of dissolution of HAP crystals, in calcium phosphate solutions undersaturated with
respect to HAP in the absence (®) and in the presence of 0.1 mM AA (®); 37°C, pH 7.40, 0.15 M NaCl.

Linear fitting of the data in Eq.8, which is similar to Eq.7 for crystal growth, was satisfactory:

Raiss = Kaissa™ (8)

Where kuiss is the apparent rate constant for dissolution and m’ the apparent order of dissolution.
kdiss was (2.0+0.2)x10¢ and (7.1£1.3)x10¢ in the absence and in the presence of 0.ImM AA in the
undersaturated solutions respectively. As in the case of crystal growth, the presence of AA in the
solutions in which the respective process took place, the rates were more than 3 times higher. In

Figure 9, SEM pictures of HAP crystals past dissolution both in the absence and in the presence of
AA.
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Figure 9. Morphology of HAP crystals past dissolution at constant undersaturation; crar=0.42, pH 7.40, 37°C,
0.15M NaCl. (a): HAP seed crystals, bar 300 nm (b) HAP past dissolution ; bar 300 nm (c) HAP past dissolution;
bar 200 nm (d), (e) HAP after dissolution in the presence of 0.1 mM AA.

4. Discussion

The driving force for phase changes ( crystal growth and dissolution) in calcium phosphate
solutions is the Gibbs free energy change for going from unstable solutions to equilibrium with
respect to the phase, which either forms or dissolves in the respective solutions. In the case of HAP

the free energy change for a phase change in thermodynamically unstable calcium phosphate
solutions, is AGHap:

5 3

a [24 a -
R,T ( ca2t+%po3-"0H )
2 In 4

9 (K Hap)

AG = —

)
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Where Rg is the gas constant, T the absolute temperature, o, the ion activity of the subscripted
ion and K2p,p the thermodynamic solubility product of HAP. The logarithmic term is defined as
the saturation ratio with respect to HAP, Suar.

5 3
a a _Q -
( a2+ po3—"0H )
0
(K3 nap)

In case Suar>1 the solution is supersaturated with respect to HAP and is thermodynamically

Shap = (10)

unstable. It is stabilized by the formation of HAP from the respective solution. In this case Suar, is
termed as the supersaturation ratio with respect to HAP.  If, Suar=1, the solution is at equilibrium
and is stable, i.e. HAP neither forms nor is dissolved, in case HAP crystals are introduced in the
solution. Finally, if Suar<1 the solution is undersaturated with respect to HAP and Suar in this case
is the undersaturation ratio with respect to HAP. In any case, numerically, Suar, is the measure of
deviation from equilibrium.

The relative saturation with respect to HAP, cHar is:

1

Onap = Syup — 1 (11)

For solutions supersaturated with respect to HAP in which crystal growth takes place, Snar>1
and oyyp >0. For solutions undersaturated with respect to HAP in which the HAP crystals
introduced dissolve, Suar<1 and gy 4p <0.

The rates of crystal growth and dissolution depend on the saturation ratio with respect to HAP
according to Eq. 7 and 8. As shown in Figure 1 both in the absence and in the presence of AA, from
the dependence of the rate of crystal growth on the supersaturation ratio, the value of the apparent
order of the process was n=1. The value of the exponent is indicative of the underlying mechanism.
For n>1 the mechanism is surface diffusion controlled, while for n<1 the mechanism is mass transport
controlled [9,37,44].

In the present case, where n=1 we have examined the case that the first order dependence of
the rate of crystal growth on the relative supersaturation, may mean that the mechanism of crystal
growth is determined by mass transport of the growth units between the bulk solution and the
crystals surface. If it were the case, the apparent rate constant would be given by Equation (12):

(12)

Where D is the diffusion coefficient (of the order of magnitude of = 10 m?s! [45]), Vm the
molecular volume of the growing HAP( = 9.8x10-* m3mol"), Cs the solubility of HAP (ca. 2.5x 107 M)
and 6 the diffusion layer thickness. & may be calculated from Equation (13) [46]:

S~ 5. 74<r>0.145(Ap)—0.285 (13)

Where <r> is the mean crystal radius of HAP crystallites (ca. 50 nm) and Ap is the density
difference between the crystal and the solid (= 4.1 g-ml'). According to equation (13), 5 was
calculated equal to 0.91 pm. Substituting the values in equation (12), a value of 4.16x10#m?s"! was
calculated for the diffusion coefficient. This value is five orders of magnitude larger than the
anticipated for ions constituting the HAP crystal growth units. This means that the apparent
constant of the rate of crystal growth cannot be the corresponding Equation (12). Hence it was
concluded that the crystal growth of HAP is controlled by surface diffusion of the growth units on
the surface of HAP crystals.

In a similar manner, it was found that for the case of dissolution of HAP, both in the absence
and in the presence of AA, the respective apparent rate constant for dissolution, kdiss (Eq. 8) is
consistent only with the surface diffusion controlled model. This in turn means that kinetics of both
growth and dissolution of HAP are sensitive to surface modifications, due either to specific
treatments or even to the adsorption of ionic or molecular species of the HAP crystallites surface.
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As may be seen from Equations 9 and 10, the thermodynamic driving force, and the saturation
ratio with respect to HAP depend on the activities of the free Ca%, PO+ and OH- ions. Since
equilibria between various species make the supersaturated solutions quite complex, it is necessary
that all species are considered. The calculations of the saturation ratio were done using PHREEQC®
software [47]. Additional equilibria involving L-ascorbic acid (dibasic) were used to modify the
database of the software, are shown in Table 4 [48].

Table 4. Equilibria involving AA considered in calculations of the saturation ratio with respect to HA.

Equilibrium Log K
H*+ AA>=HAA- 11.34
HAA-+H* =HAA 4.03

Ca? +HAA =CaHAA* 1.05
Ca? + AA>=CaAA 1.40
2Ca* + AA> = Ca2AA> 1.85
3Ca? +4L> =CasA A+ 10.5

Combination of the crystal growth and dissolution kinetics data yielded Figure 10:
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Figure 10. Crystal growth and dissolution of HAP in the absence and in the presence of AA in supersaturated
and undersaturated calcium phosphate solutions, respectively; 37°C, pH 7.40, 0.15M NaCl. (®) in the absence of
AA; (@) in the presence of 0.1 mM AA.

As may be seen in Figure 10, there is no symmetry between crystal growth and dissolution,
despite the fact that the mechanism underlying both processes is the same. A common feature of
crystal growth and dissolution is that the rates of both, are accelerated in the presence of AA, which
as it is apparent from the direct measurements (Fig.4) and indirect evidence from zeta potential, XPS
and TG/DTG measurements (Figs.5,6 and 7) AA is adsorbed on HAP surfaces in electrolyte solutions.
Adsorption is expected to reduce the surface energy of the solid facilitating the incorporation and the
release of the growth units from the crystal surface. Moreover from the variation of the { potential
as a function of the concentration of AA, as may be seen uptake of AA on the surface of HAP crystals,
resulting in more positive potential values, suggesting perhaps that there is significant interaction of
HAP with the positively charged species of AA in the supersaturated solutions (Table 4).
Alternatively, AA may interact with orthophosphate ions in the crystal lattice of HAP thus reducing
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the respective negative potential contribution . It is particularly interesting that the higher the
concentrations of AA in the solutions the more intense was the peak of AA at the DTG (Fig 7, cf. Fig
7c corresponding to 10 mM of AA in solution and Fig. 7d corresponding to 40 mM of AA), suggesting
higher adsorption. Moreover, the higher the AA concentration the more the DTG peak shifted to
lower temperature (cf. 250°C for pure crystalline AA, to 170°C for 10mM AA and 162 °C for 40 mM
AA). This may reflect stronger interactions at higher concentrations between the adsorbent and the
adsorbate. From the XPS data(Figure 6) it can be seen that the ratios of Ca/P on the surface of HAP
are constant and the apparent change is shown the Cis peak which is progressively increasing with
the increase of AA in the electrolyte solution in contact with HAP. The presence of the same peak
even in the control HAP sample is probably due to contamination from the air or from the intrusion
of atmospheric carbon dioxide during the equilibration stage.

The present investigation has shown for the first time unambiguously that AA does interact with
HAP mineral surfaces, by adsorption from electrolyte solutions fact which activates in a way the
surface of HAP, increasing the rate of crystal growth from supersaturated solutions and the rate of
dissolution from undersaturated solutions. The acceleration effects, in both cases however
decreased with increasing respective driving force.
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Figure 11. Change of the crystal dissolution (®) and crystal growth (®) rates of HAP from undersaturated and
supersaturated solutions respectively in the presence of 0.1 mM AA; 37°C, pH 7.40, 0.15M NaCl.

It should be noted that in the case of dissolution the difference of the rate of dissolution of HAP
between measurements in the absence of 0.1mM AA to those in the presence of AA is a negative
number but in the graph, for the sake of comparison the absolute values of the differences between
the rates were obtained. As may be seen there is similarity in the trend, suggesting similar action of
the AA in both crystal growth and dissolution.

The morphology of the crystals did not change in the presence of AA, suggesting that there is
no preferential adsorption of the AA molecule to a specific crystal face of HAP. The prismatic
crystals shape was preserved during dissolution. At the higher rates of dissolution in the presence
of the AA (Figure 9 d and 9e) the significant size decrease was visible.

5. Conclusions

The present study investigated the effect of the presence of a most interesting biomolecule
during the crystal growth and of the dissolution of HAP a biomineral of utmost importance for the
hard tissues of higher mammals and a basis for a large number of biomaterials. Both crystal growth
and dissolution rates increased in the presence of AA. The present study focused on a typical
concentration of 0.1mM, sufficiently high to observe kinetics effects and to study adsorption
phenomena and at the same time sufficiently low to affect saturation of solutions with respect to
HAP. Depending on the solution supersaturation, four times higher rates of crystal growth were
measured at constant supersaturation. Similar results were obtained for the rates of dissolution.
Increasing the driving force of crystal growth or dissolution decreased the difference between the
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rates in the absence and in the presence oh AA. The effect on the kinetics of crystal growth and
dissolution was found to be due to the adsorption of AA on HAP. Evidence was obtained from
direct adsorption measurements, measurements of the { potential, XPS and TG/DTG. The surface
potential shifted to more positive values and XPS analysis showed increasing Cls peaks with
increasing AA concentrations in the solutions equilibrated with HAP suspensions. The DTG
analysis yielded also evidence of higher amounts of AA taken up by the AA surfaces, at physiological
conditions, and suggested stronger interactions with increasing concentration. The morphology of
the HAP crystals was not affected by the presence of AA both in the super and the undersaturated
solutions. Extensive crystal growth of HAP on HAP seed crystals, both in the presence and in the
absence of AA in the respective solutions favored the formation of plate-like crystallites. The faster
dissolution in the presence of AA resulted in drastic reduction of the crystallites size.
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