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ARTICLE INFO ABSTRACT

Saturated solutions of calcium r-lactate in water or in deuterium oxide continuously dissolve calcium r-lactate by
addition of solid sodium p-gluconate and become strongly supersaturated in calcium p-gluconate due to no or
slow precipitation. The quantification of total dissolved calcium allied with the calcium complexes equilibrium
constants allowed an ion speciation, which shows an initial non-thermal and spontaneous supersaturation of
more than a factor of 50 at 25 °C only slowly decreasing after initiation of precipitation of calcium p-gluconate
after a lag phase of several hours. A mathematical model is proposed, based on numerical solution of coupled
differential equations of dynamics of i-lactate and p-gluconate exchange during the lag phase for precipitation
and during precipitation. A slow exchange of r-lactate coordinated to calcium with p-gluconate is indicated with
a time constant of 0.20 h™' in water and of 0.15 h™! in deuterium oxide and a kinetic deuterium/hydrogen
isotope effect of 1.25. Such spontaneous non-thermal supersaturation and slow ligand exchange with a pseudo
first order equilibration process with a half-life of 3.5 h in water for calcium hydroxycarboxylates can help to
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understand the higher calcium bioavailability from calcium hydroxycarboxylates compared to simple salts.

1. Introduction

Calcium salts of hydroxycarboxylic acids, like r-lactic acid, p-glu-
conic acid and citric acid are known to be better dietary supplements
with higher calcium bioavailability compared to calcium carbonate and
other inorganic calcium salts for better bone health and for prevention
of osteoporosis (Adluri, Zhan, Bagchi, Maulik, & Maulik, 2010; Pak,
Harvey, & Hsu, 1987; Tondapu et al., 2009). The transfer of the chyme
from the acidic digestion in the stomach to the increasing pH en-
vironment of the intestines, where most of the calcium absorption oc-
curs, carries the risk of initiating precipitation of calcium phosphates,
calcium carbonate and calcium phytate, leading to calcium malab-
sorption even from a diet rich in calcium (de Boland, Garner, & O’Dell,
1975; Wasserman, 2004).

Calcium absorption in the intestines occurs by a trans-cellular me-
chanism depending on vitamin D, and by a para-cellular vitamin D
independent diffusion mechanism of calcium ions. For both mechan-
isms soluble calcium is important and the higher bioavailability of
calcium from hydroxycarboxylates than from more simple calcium salts
may be the result of complex binding of calcium preventing
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precipitation (de Barboza, Guizzardi, & de Talamoni, 2015). Super-
saturation of calcium hydroxycarboxylates in the intestines may,
however, be of even higher importance for sufficient calcium bioa-
vailability explaining the superiority of calcium hydroxycarboxylates as
calcium supplements. The recent demonstration a positive correlation
between high circulating citrate and bone strength further points to-
ward the importance of hydroxycarboxylates for calcium resorption and
mineralization (Hartley et al., 2019; Wang et al., 2012).

Calcium hydroxycarboxylates have been shown to form sponta-
neous and robust supersaturated aqueous solutions by non-thermal
dissolution of solid calcium salts in excess of ionic hydroxycarboxylates
(Vavrusova & Skibsted, 2014; Vavrusova, Garcia, Danielsen, & Skibsted,
2017). The lag phase for initiation of precipitation from such highly
supersaturated solutions depends on the nature and the concentration
of the hydroxycarboxylates. For specific combinations and conditions,
lag phases of several months have been observed (Siegrist, 1949;
Vavrusova, Liang, & Skibsted, 2014).

The dynamics behind spontaneous supersaturation upon dissolution
of calcium hydroxycarboxylates in water are largely unknown as are the
kinetics of precipitation from such often highly supersaturated
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solutions. For the combination of calcium i-lactate and sodium p-glu-
conate, the spontaneous supersaturation is instantaneous and sub-
stantial and we have selected this combination for a study of the dy-
namics behind the robustness of the supersaturation and the kinetics of
precipitation. An experimental study is combined with mathematically
modeling in order to obtain results of more general validity for calcium
turnover during biological mineralization (Holt, Lenton, Nylander,
Serensen, & Teixeira, 2014).

2. Material and methods
2.1. Chemicals

Calcium 1-lactate pentahydrate, sodium p-gluconate and deuterium
oxide were from Sigma-Aldrich (Steinheim, Germany). All reagents
were of analytical grade, and the aqueous solutions were made from
purified water from Milli-Q Plus (Millipore Corporation, Bedford, MA,
USA).

2.2. Samples

All the investigated samples were prepared by adding 3.0 g of cal-
cium r-lactate in 20 mL of water or D,O, which were kept at 25.0 °C
under constant stirring for 2 h. After equilibration, sodium p-gluconate
was added in different amounts: 10.4 g, 15.6 g and the intermediate
amount of 13.0 g in D,0. The samples were kept at 25.0 °C under
constant stirring, from which aliquots of 100 pL were periodically
collected and analysed for total dissolved calcium. All samples were
prepared in duplicate.

2.3. Total calcium determination

The aliquots of the samples were filtered through a 0.22 um cellu-
lose acetate syringe filter (Q-Max RR, Knebel, Denmark), from which
10 pL was added to 9.99 mL of nitric acid 5% using micropipettes from
Thermo Scientific (Espoo, Finland). Total calcium was quantified in the
samples using an Agilent 5100 inductively coupled plasma — optical
emission spectrometer, ICP-OES, (Santa Clara, CA, USA) monitoring the
wavelength of 422.673 nm.

3. Results and discussion

Prior to the analyses, the volumes of the samples were measured
after the addition of calcium i-lactate and sodium p-gluconate; Table 1
presents the samples compositions and their volumes.

A couple of minutes after the addition of sodium p-gluconate to the
saturated solutions of calcium 1-lactate, the excess of calcium 1-lactate
dissolved completely resulting in a clear solution, from which calcium
p-gluconate precipitated slowly after a log phase of several hours, as
previously described (Vavrusova & Skibsted, 2014). Total calcium
concentration was quantified periodically in the three samples. Fig. 1
presents the total calcium concentration from the two duplicates up to
50 h for samples A and B and 72 h for sample C.

In order to better comprehend the thermodynamics and kinetics
behind the supersaturation, the ion speciation of the samples was cal-
culated from the results of the determination of the total calcium

Table 1
Samples’ compositions and total volumes after the addition of the salts. The
sample prepared with deuterium oxide is represented with a subscript “d”.

Sample Calcium r-lactate, g Sodium p-gluconate, g Total volume, mL
A 3.0 10.4 26.0
B 3.0 15.6 29.0
Ca 3.0 13.0 28.0
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Fig. 1. Total calcium concentration as a function of time, solid and hollow
points represent different sets of results for each duplicate of the samples.

concentration and based on the following chemical equilibrium equa-
tions and mass balances, assuming equilibrium:

Ca** + Lac™ = CaLac* (€]
_ [CaLact]

' [Ca*[Lac] @

Ca** + Glu™ = CaGlu* 3)
_ [CaGlut]

' lea(Gu] )
te2+ = [Ca**] + [CaLact] + [CaGlut] (5)
trae— = [CaLac™] + [Lact] 6)
ton~ = [CaGlut] + [Glu™] 7

where t .2+, trqc—, and tg;,~ represent total concentrations of calcium, -
lactate and p-gluconate, respectively.

The association constants K; and K at 25 °C for high ionic strength
are equal to 8 mol ™' Land 14 mol ' L, respectively (Vavrusova, Munk,
& Skibsted, 2013). It was assumed that all .-lactate remained in solution
and that the precipitate was calcium p-gluconate, as previously char-
acterized for this system (Vavrusova & Skibsted, 2014). The calcula-
tions of the ion speciation depended on solving the five equations to
yield five unknown concentrations: [Ca®*], [CaLac*], [CaGlu™],
[Lac™ 1, and [Glu ™ ]. Tables 2—4 present the results of the ion speciation
for samples A, B and Cq, respectively.

To verify the supersaturation of the samples, Tables 2-4 present
ratios of the ionic product, Q, to solubility product, Ky, for calcium 1-
lactate, Qp = [Ca?*][Lac™]’, and for calcium p-gluconate,
Q¢ = [Ca?*][Glu~]. The solubility products for calcium r-lactate and
calcium bp-gluconate at high ionic strength are equal to
Ky, = 5.8-107>mol® L™% and Ky, = 7.1 - 107* mol® L2, respec-
tively (Vavrusova et al., 2013).

As previously reported (Garcia et al., 2016, 2018; Vavrusova &
Skibsted, 2014; Vavrusova et al., 2017, 2018), this spontaneous su-
persaturation phenomenon occur due to a combination of thermo-
dynamic and kinetic effects: stronger complex formation between cal-
cium and p-gluconate ions and slow precipitation rate of calcium b-
gluconate. In order to better comprehend the precipitation kinetics, a
mathematical model is proposed based on the dynamics of the calcium
L-lactate and calcium p-gluconate complexes, CaLac™ and CaGlu™, as
well as on the calcium p-gluconate precipitation and dissolution. From
the ion speciation calculations, it was verified that free calcium con-
centration, [Ca2™], was always smaller than 5% of total calcium
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Table 2
Ton speciation for sample A, concentrations expressed in mol L™ ! and time expressed in hours. Total 1-lactate concentration, f4~, equal to 7.49 - 10~ ! mol L™,
Time o~ [CaLac*] [Ca®*] [Lac™] [CaGlu™] [Glu~] Qr/Kspy, Qc/Kspg
0.02 1.83 7.26 -1072 1.34-1072 6.76 - 10! 2.90-107! 1.54 1.06 45.0
4 1.81 7.06 - 102 1.30-10"2 6.78 107! 2781071 1.53 1.03 42.7
8 1.81 7.06 - 102 1.30-1072 6.78 107! 2781071 1.53 1.03 42.8
12 1.80 7.04-10"2 1.30-1072 6.78 -10° ! 2.77-1071 1.53 1.03 426
16 1.79 6.93 1072 1.27-10°2 6.79 107! 2.71-1071 1.52 1.01 41.3
20 1.71 6.32-10 2 1.15-1072 6.85-107! 2.37-107! 1.47 0.93 35.0
24 1.40 3.65-10 2 6.41-10°3 7.12-107! 1.15-107* 1.28 0.56 14.9
28 1.26 2.18-1072 3.76 - 1073 7.27 -107 ! 6.29-1072 1.20 0.34 7.57
32 1.23 1.87-1072 3.20-10°° 7.30- 107! 5.29 102 1.18 0.29 6.27
36 1.22 1.74-102 2.97-1073 7.31-107! 4.86-10"2 1.17 0.27 5.73
40 1.22 1.77 1072 3.02-1073 7.31-1071 4,96 -1072 1.17 0.28 5.85
44 1.22 1.79-1072 3.06-10°° 7.31-107! 5.02-102 1.17 0.28 5.93
48 1.22 1.68 -102 2.87-1073 7.32-107! 4.69-1072 1.17 0.27 5.52
52 1.21 1.66 - 102 2.84-1073 7.32-107" 4.64-1072 1.17 0.26 5.44
56 1.21 1.65- 1072 2.81-1073 7.32-107" 4.59-1072 1.17 0.26 5.39
60 1.21 1.67 102 2.85-10°° 7.32-107! 4.66 - 102 1.17 0.26 5.48
64 1.21 1.63-1072 2.79-1073 7.32-107! 4.55-10"2 1.17 0.26 5.34
68 1.21 1.66 - 102 2.84-1073 7.32-107" 4.64-1072 1.17 0.26 5.44
72 1.21 1.67 1072 2.85-107° 7.32-107! 4.66 - 102 1.17 0.26 5.48
concentration, and thus, free calcium concentration was neglected in Considering that i-lactate concentration given by

the model and Eq. (5), can be rewritten as:
te2+ = [Ca?*] + [CaLact] + [CaGlu™] ~ [CaLac*] + [CaGlu*] (8)

At time t = 0, it assumed that total calcium concentration is equal
to total calcium L-lactate complex concentration, t..2+ = [CaLac*], and
that calcium p-gluconate is formed ast > 0. Thus, the reaction scheme
is given as:

CaLac* + Glu= — CaGlu* + Lac™, k 9
CaGlu* + Lac™ — CaLact + Glu™, k, 10)
CaGlut + Glu= — CaGlu,(s) an
CaGlu,(s) - CaGlu* + Glu~ (12)

A steady-state approximation was assumed for p-gluconate con-
centration, since its concentration is between 3.4 and 5.2 times larger
than total calcium concentration. By the law of mass action, calcium 1-
lactate rate of change is given as:

%[CaLac*] = —k[CaLac*] + k [CaGlut][Lac™] 13)

where k =k [Glu™] is a pseudo first order reaction rate constant.

tree— = [Lac™] + [CaLac*] and that the equilibrium constant, K = k;/k;,
Eq. (13) can be rewritten as:

[CaLac*] + HKracm [CaGlut]

d
[CaLac*] = —k(l + K [Gli] 14

d [CaGlut]
dt

K [Glu™]

where the equilibrium constant K is given by K = K,/K; = 1.75, where
K; and K, are given by Egs. (2) and (4), respectively. Notably in this
treatment, a chemical equilibrium is not assumed rather a steady state.
The total 1-lactate concentration is given by tro.~ = 2ncarqec,/V, Where
2Ncarae, = 0.014mol, from the mass of calcium 1-lactate, and
[Glu~] = 1.85, 2.48, and 2.14 mol L™! for samples A, B and Cq, re-
spectively. Likewise, for calcium p-gluconate:

[CaGlut]
K|[Glu™]

ktLac_

CaGlut] — r, +
K[Glu‘][a Wl =np

d [CaGlut] = k(l +

I ) [CaLac*] —

(15)

where rj, and rq4 are the precipitation and dissolution rates of calcium p-
gluconate, respectively. For the precipitation of calcium p-gluconate, it
was assumed that r, < A[Glu~][CaGlu*], where A corresponds to the
total crystalline surface area of calcium p-gluconate. Since p-gluconate
ion concentrations was considered to be constant, the rate of

Table 3
Ton speciation for sample B, concentrations expressed in mol L ™! and time expressed in hours. Total i-lactate concentration, t;,—, equal to 6.71 - 10~ mol L™ 2,
Time o~ [CaLac*] [Ca®*] [Lac™] [CaGlu™] [Glu~] Qr/Ksp, Qc/Kspg
0.02 2.47 4.87-1072 9.78-103 6.22-107! 2.97-107! 2.17 0.65 64.8
4 2.44 4.72-1072 9.46-1073 6.24-107" 2.85-107! 2.15 0.64 61.8
8 2.45 475102 9.53-103 6.24 107! 2.88-107" 2.16 0.64 62.4
12 2.29 3.87-102 7.65-10"3 6.32-10"! 2.22-107! 2.07 0.53 46.2
16 2.06 2.34-1072 452-1073 6.48-107 " 1.22-1071 1.93 0.33 23.8
20 1.92 1.34-1072 2.55-1073 6.58 107! 6.63 102 1.85 0.19 12.4
24 1.88 1.05- 1072 1.99-1073 6.61-10"! 5.10-10"2 1.83 0.15 9.40
28 1.87 9.87-1073 1.87-1073 6.61-107" 477 -1072 1.83 0.14 8.77
32 1.88 1.04-1072 1.96-10°° 6.61-107! 5.02-102 1.83 0.15 9.24
36 1.87 9.43-10°3 1.78-107° 6.62-10°! 4.55-10" 2 1.82 0.13 8.34
40 1.86 9.96-1073 1.88-1073 6.61-10"" 4.82-1072 1.83 0.14 8.86
44 1.87 9.72-1073 1.84-107° 6.61-107! 470102 1.83 0.14 8.62
48 1.86 9.09-1073 1.72-107° 6.62-10°! 4.37-10"2 1.82 0.13 8.01
52 1.87 9.18-1073 1.73-1073 6.62-107" 4.42-1072 1.82 0.13 8.10
56 1.87 9.44-1073 1.78-107° 6.62-107! 4.55-10"2 1.82 0.13 8.35
60 1.87 9.35-10°3 1.77-107° 6.62-107! 4.51-10"2 1.82 0.13 8.26
64 1.87 9.23-1072 1.74-1073 6.62 107! 4.45-10"2 1.82 0.13 8.15
68 1.87 9.38-1073 1.77-1073 6.62-10"" 452-1072 1.82 0.13 8.30
72 1.86 8.92-1073 1.68-10°° 6.62-107! 4.29-1072 1.82 0.13 7.85
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Table 4
Ton speciation for sample C, concentrations expressed in mol L™! and time expressed in hours. Total i-lactate concentration, ¢, equal to 6.95 - 10™* mol L™,

Time o~ [CaLac*] [Ca®*] [Lac™] [CaGlu™] [Glu~] Qr/Kspy, Qc/Kspg

0.02 2.13 5.90 - 102 1.16- 1072 6.36-10" " 2.97-107! 1.83 0.81 54.8

4 2.08 5.61 1072 1.10-10°2 6.39-107! 2771071 1.80 0.77 50.3

8 2.06 5.46 -10~ 2 1.07-1072 6.40 - 107! 2.67 1071 1.79 0.75 48.1

12 2.06 5.47 -10 2 1.07 - 1072 6.40-10°* 2.67-107! 1.79 0.75 48.2

16 2.06 5.50 - 1072 1.07-10°2 6.40 - 107! 2701071 1.79 0.76 48.7

20 2.04 5.34-10"2 1.04-1072 6.41-107! 2591071 1.78 0.74 46.4

24 2.01 5.16 - 102 1.00- 1072 6.43-107! 2.48-107! 1.76 0.72 43.9

28 1.99 5.04 -10~2 9.78-1073 6.45-107" 2.40-107! 1.75 0.70 42.3

32 1.90 4.42 102 8501032 6.51-107! 2.02-1071 1.70 0.62 34.6

36 1.80 3.67 102 6.96 - 103 6.58 -10° ! 1.60-107* 1.64 0.52 26.3

40 1.66 2.50 -1072 4.66-1073 6.70 - 107! 1.01-107* 1.55 0.36 15.9

44 1.63 2.30 102 4.28-10°° 6.72-107! 9.22-10"2 1.54 0.33 14.3

48 1.52 1.24-1072 2.28-1073 6.83-107! 4.68-1072 1.47 0.18 6.92

52 1.51 1.18-1072 2.16-1073 6.83-107" 4.42-1072 1.46 0.17 6.52

56 1.51 1.17-1072 2.15-1073 6.83-107" 4.40-1072 1.46 0.17 6.48

60 1.50 1.14-10°2 2.08-10°° 6.84 107! 4.25-102 1.46 0.17 6.25

64 1.50 1.11-1072 2.03-1073 6.84-107! 4.14-1072 1.46 0.16 6.08

68 1.50 1.09-1072 1.99-1073 6.84-107" 4.07-1072 1.46 0.16 5.97

72 1.50 1.10-1072 2.01-1073 6.84-107! 4.10-10"2 1.46 0.16 6.01
precipitation is given by: D), the model was fitted for single data series of samples A, B and Cgy. In
ry = kyA[CaGlu*] 16 the second protocol (P-II), the parameters were the average values from

The crystallization starts after a critical nucleation time, t., when
the calcium p-gluconate crystals form. For spherical crystals, the surface
area can be written in terms of the crystal mass of calcium p-gluconate,
according to A « r? « m?’3, where r is the radius of the crystal. Thus,
applying mass conservation of calcium, the precipitation rate is given
by:

a[CaGlut\m?/3

ap [CaGlut]([CaLact]y — [CaLac*] — [CaGlut])?/3 an

p

The parameter aj refers to the precipitation rate parameter, which
includes the crystal geometric correction factor and the rate constant
kp. Likewise, for the dissolution rate, it is assumed that r; « A, conse-
quently:

rq = kgA = ag([CaLac*]y — [CaLac*] — [CaGlu*])*/? (18)

where a4 corresponds to the dissolution rate parameter. It is important
to mention that 7; = 7, at equilibrium and, therefore, there is a relation
between the precipitation and dissolution parameters:

L [CaGlut],,
Ap (19)

However, the equilibrium concentration of calcium p-gluconate is
unknown a priori.

Egs. (14), (15), (17) and (18) form a non-linear differential system,
solved by standard numerical methods (Eaton, Bateman, Hauberg, &
Rik, 2020). At time t = t. the precipitation is initiated using a small
critical crystal surface Ao.

The model has four parameters, namely, k, ay, ag and t.. which can
be determined by fitting the numerical solution to the data. The model
output at time was defined as y = (¢, 6), where y is the total calcium
concentration, y = [CaLac*] + [CaGlut], and 6 is the parameter vector,
8 = (k, ap, ag, o). In the fitting procedure, the parameter vector is
found using minimized cost function, y>-function:

c(6) = zz (tegz+; — (s 6))? (20)

where i > 0 runs over the number of data points and ¢ .+is the ex-
perimental data for total calcium concentration. The cost function was
minimized with an appropriate initial guess and the Nelder-Mead
simplex algorithm (Nelder & Mead, 1965).

Two different fitting protocols were studied. In the first protocol (P-

fitting the model to both samples A and B. Critical nucleation time, t., is
dependent on the concentration of p-gluconate and, therefore, was
fitted independently for all cases giving 17 h, 8 h and 22 h for samples
A, B and Cg, respectively. The parameters are listed in Table 5 as results
of both protocols and Fig. 2 exhibits both models for samples A, B and
Cq.

In the model it is assumed that calcium i-lactate and calcium b-
gluconate reach equilibrium distribution before nucleation process be-
gins and that the observed total calcium concentration decay is due to
the nucleation process. Since the exact rate at which the system relaxes
to equilibrium cannot be determined based on the data, the lower limit
of k, kyin, was is estimated. This rate constant is a first order rate
constant and the overall equilibration process can be characterized as a
pseudo first order reaction.

To verify the dependency of a,, and a4 and how the cost function c
depends on these two parameters, a contour plot of ¢, with fixed k and
t. values from protocol P-I, was performed and is exhibited in Fig. 3.

From the characteristic contour (Gutenkunst et al., 2007), it is
possible to verify the ellipses major axis (sloppy direction) in which the
cost function is not greatly affected with simultaneous variation of a,
and aq4, and the ellipses minor axis (stiff direction) in which the cost
function increases abruptly as a,, and ag4 vary. The different directions
are parallel to eigenvector of the Hessian 2 X 2 matrix Hy = 9%/da;da;,
in which indices i and j take values p and d. The ratio of the eigenvalues
was found to be around 25, therefore the model allows for a rather
sloppy parameter combination with respect to the precipitation and
dissolution rate parameters.

The Metropolis Monte-Carlo method (Frederiksen, Jacobsen,
Brown, & Sethna, 2004) was applied to quantify the statistical un-
certainty of the model output. In the Monte-Carlos method the para-
meters vary iteratively as 6;,; = 6; + 60, where 60 is a small incre-
mental vector with vector elements that are uniformly distributed

Table 5
Fitted model parameter values using the two different protocols P-I and P-PIIL

Parameter Water Deuterium oxide
P-I P-II P-I

Kmin h~! 0.20 0.20 0.15

aqg h~' M3 0.08 0.07 0.02

a, h™' M3 1.63 1.45 0.72
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Fig. 2. (a) Model fit to sample A, (b) model fit to sample B and (c) model fit to sample Cq4. Full black line represents total calcium concentration from fitting protocol
P-I. Full red line represents total calcium concentration from fitting protocol P-II. The dashed line represents calcium r-lactate complex concentration and the dot-
dashed line represents calcium p-gluconate complex concentration. In (a) the calculated calcium i-lactate complex concentration, Table 2, is also shown for com-

parison as (circles connected with lines).
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Fig. 3. Contour plot of the cost function, c, for sample A. k = 0.21 h™! and
to = 17.1 h, in accordance with protocol P-1.
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Fig. 4. Statistical uncertainty of the model output for Sample A. The dashed
line represents calcium r-lactate complex concentration and the dot-dashed line
represents calcium p-gluconate complex concentration. The errorbars represent
the standard deviation of the model output when using the Monte-Carlos
parameter set.

random number with zero mean. If c¢(6;;1) > c(6;) the new parameter
set is only accepted if y < e¢®i+1/¢)-1 where y is a random number
from a uniform distribution in the interval from O to 1. The parameter
output from the best fit is used as the initial parameter set 6; and then
10° parameter sets is generated. The maximum value for the incre-
mental vector is set such that approximately half of the iterations lead
to an accepting iteration. In order to reduce spurious correlations, only
every ten accepted parameter set is stored, giving 10* sets for further
analysis. The model is integrated for the stored parameter set and the
output is shown in Fig. 4 for sample A. Clearly the model output fea-
tures vary little variation with the parameters.

In aqueous solutions calcium is known to exchange ligands in fast
reactions, at least under natural and acidic conditions (Carr &
Swartzfager, 1975; Cvetkovié¢, Jovanovié¢, Macesi¢, & Adnadevié, 2018;
Gao et al., 2010; Zhou, Xue, & Yang, 2013). For partially digested foods,
the pH change upon transfer of the chyme from the stomach to the
intestines where calcium is absorbed, and the high viscosity may slow
down the calcium ligand exchange reactions. Still such reactions seem
fast with half-lives of only a few minutes, as has been found for water/
ethanol exchange in calcium hydrogels (Cvetkovi¢ et al., 2018). Hy-
dration of calcium is strongly dependent on the presence of simple salts
such as alkali halides, which determines the hydrogen bonding network
and ligand exchange around calcium ions, further affecting the mobility
of the calcium ions (Di Tommaso, Ruiz-Agudo, De Leeuw, Putnis, &
Putnis, 2014). These aspects need both to be considered for a more
quantitative description of the bioavailability of calcium.

The deuterium/hydrogen isotope effect of 1.25 could indicate an
involvement of hydrogen bonding in the dissociation of a hydro-
xycarboxylate from the primary coordination sphere of calcium prior to
coordination of the incoming hydroxycarboxylate pointing towards li-
gand dissociation and change in coordination number as rate de-
termining.

The well-established effects of hydroxycarboxylates like 1-lactate, p-
gluconate, p-lactobionate and citrate on increasing calcium bioavail-
ability may relate to longer half-life for exchange of hydro-
xycarboxylates as ligands coordinated to calcium. However, a change in
calcium mobility in aqueous solution with high concentrations of li-
gands involved in hydrogen bonding with water molecules may also
affect calcium hydration and further phase transitions, including pre-
cipitation.

The unique phenomenon of spontaneous non-thermal super-
saturation of calcium hydroxycarboxylates has now, through our
modelling based on numerical solution of coupled differential
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equations, found an explanation. The exchange between r-lactate and p-
gluconate coordinated to calcium becomes slow with half-life of 5 h,
probably due to a combination of an increasing viscosity and a change
in hydrogen bonding with water molecules. Previous studies have
shown that the rate of precipitation for supersaturated calcium p-glu-
conate solutions depends on a reaction between a calcium p-gluconate
complex ion and a free p-gluconate ion, as described in Eq. (11). The
rate of this reaction will be slower for conditions where the exchange
equilibration is slow, as in the reaction of Eq. (9).

4. Conclusions

The kinetic characterization of the precipitation of calcium bp-glu-
conate from the spontaneously supersaturated calcium 1-lactate/p-glu-
conate solutions have helped to understand surprising high super-
saturation occurring spontaneously without heating and the robustness
of calcium hydroxycarboxylate supersaturation. The slow ligand ex-
change in the hydroxycarboxylate complexes of calcium slows down
the formation of ions actively involved in the precipitation reaction.
Such slow exchange reactions now demonstrated for 1-lactate/p-gluco-
nate may be of more general importance for biomineralization and this
also explain the superiority of calcium hydroxycarboxylates as calcium
supplement as they will stay supersaturated in the intestines facilitating
calcium paracellular absorption. Further studies will be required for an
explanation of the beneficial effect of a high citrate circulation on mi-
neralization and high bone strength.
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