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Abstract

The percentages of total, soluble and dialysable calcium of human milk, cow milk and milk and soy based infant formulas were

determined in order to detect possible di�erences in the calcium bioavailability of the samples. For this purpose an in vitro method
was applied to these four calcium sources. The ranking of the analysed samples in terms of calcium bioavailability depends on the
criteria applied. Calcium ranked dialysis percentage was: cow milk>human milk>soy based formula>milk based formulas. Cal-
cium ranked solubility percentage was: human milk>cow milk>soy-based formula>milk-based formulas. Comparison of the

results of the in vitro assay with the information available on in vivo calcium absorption showed that the total soluble calcium
contents agree with the in vivo absorption values better than with calcium dialysis percentages. # 1999 Elsevier Science Ltd. All
rights reserved.

1. Introduction

The in vitro estimation of the bioavailability of
minerals and trace elements involves simulating gastro-
intestinal digestion of the food with pepsin±HCl and
pancreatin±biliary salts and then measuring the fraction
of the soluble element (Narasinga Rao & Prabhavathi,
1978; Schwartz, Belko, & Wein, 1982; Crews, Burrel, &
McWeeny, 1983; Kim & Zemel, 1986; Nadeau & Cly-
desdale, 1991) or the fraction of element that dialyses
through a membrane of a certain pore size. In the dialysis
procedures dialysability can be measured in equilibrium
(Miller, Schricker, Rasmussen, & Van Campen, 1981;
Keane, Potter, & Sherbon, 1988) or continuously
(Minihane, Fox, & Fairweather-Tait, 1993; Wolters et
al., 1993; Shen, Luten, Robberecht, & Deelstra, 1994).
In fact these methods estimate only the fraction of the
element available for absorption and therefore only the
®rst step of the in vivo process of absorption is taken
into account.

To be absorbed, the elements need to be in a soluble
form or at least bound to a compound that can be
absorbed and can then release the element (Miller et al.,

1981; Keane et al., 1988; Schnepf & Madrick, 1991).
The fact that, in some elements, as for instance iron,
there is a good correlation between the soluble fraction
and in vivo absorption supports the use of the solubility
value as an estimate of bioavailability (Narasinga Rao
& Prabhavathi, 1978).

The in vitro methods, based on the dialysability of the
element di�er from those based on solubility measure-
ments, in that the in vitro dialysability techniques
incorporate a passive di�usion step that allows a di�er-
entiation between the soluble compounds of high and
low molecular weight (Hazell & Johnson, 1987).

In the case of calcium there is no agreement among
the authors with respect to the relationship between the
in vitro solubility and in vivo bioavailability of the ele-
ment. Some authors (Pantako & Amiot, 1994) indicate
that there is a relationship, whereas the contrary is
reported by other authors (Schwartz et al., 1982; Wien
& Schwartz, 1983; Zemel, 1984).

The aim of this study is to estimate the percentages of
total soluble and dialysable calcium in human milk, cow
milk and milk- and soy-based infant formulas in order
to detect possible di�erences in the calcium bioavail-
ability of the samples studied, and also to compare the
results of the in vitro assays with the information avail-
able on in vivo calcium absorption.
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2. Material and methods

2.1. Apparatus

. Perkin±Elmer Model 2380 atomic absorption
spectrophotometer ®tted with a calcium hollow
cathode lamp.

. Heraeus M1100/3 mu�e furnace ®tted with a
Eurotherm 821 temperature programmer.

2.2. Material and reagents

The digestive enzymes and biliary salts were provided
by Sigma Chemical Co. (St. Louis MO, USA). The
working solutions of these enzymes were prepared
immediately before use. The pepsin solution was
obtained by dissolving 1.6 g of pepsin (P-7000, from
porcine stomach) in 10 ml of HCl (0.1 M). The solution
of pancreatin and biliary salts was prepared by dissol-
ving 0.2g of pancreatin (P-1750, from porcine pancreas)
and 1.25 g of salt biliary extract (B-8631 porcine) in
50ml of 0.1 M NaHCO3.

The dialysis membranes, with a pore size (MMCO) of
10 000±12 000 Da (Visking 3Ð20/3200, 15.9 Medicell,
London, UK), were boiled for 10 min in a solution of
0.01 M EDTAÐNa2, 2% HNaCO3 and 0.1% sodium
dodecylsulphate to remove trace element impurities.
Then the membranes were rinsed ®ve times with deio-
nized water and boiled for 5±10 min with deionized
water. The ready-to-use membranes were kept in a 20%
ethanol solution in the refrigerator (4�C). They were
rinsed several times with deionized water before use.

Calcium standard solutions were prepared immedi-
ately before use by dilution with deionized water of a
standard solution of 1000 mg/litre (Titrisol, Merck).
The lanthanum solution (5 g/100 ml) was prepared with
La2O3 (Merck).

All reagents used were of reagent grade, and Millipore±
MilliQ distilled deionized water was used throughout.

Glass and polyethylene material was soaked in HNO3

(sp. gr. 1.40) for 10 min and then rinsed three times with
deionized water.

2.3. Samples

A pool of human milk (frozen immediately after
sampling) provided by lactating women of the area,
whole cow milk and milk- and soy-based infant for-
mulas, that had not been supplemented with minerals
and vitamins, were provided by a manufacturer of
infant formulas.

2.4. In vitro digestion

The Miller et al. (1981) in vitro method with slight
modi®cations (Luten et al., 1996) was applied to human

milk (95 g), cow milk (95 g) and non-supplemented milk
and soy-based infant formulas (10 g).

2.5. Calcium determination

Calcium was measured by ¯ame atomic absorption
spectroscopy (FAAS). Instrumental conditions:
l=422.8 nm, slit=0.7 nm, acetylene ¯ow=1.75 litre/
min, air ¯ow� 14 litre=min, nebulizer=spoiler. Deter-
minations were carried out directly in the dialysate
obtained by applying the in vitro method, and also in
human and cow milks and non-supplemented infant
formulas, after mineralization of the organic matter. In
all cases lanthanum was added to the solutions to
obtain a content of 0.1% (w/v).

2.6. Dry ashing

Two grammes of human milk, 10 g of cow milk and 2
g of non-supplemented infant formulas were ashed in a
mu�e furnace at 450�C for 48 h (temperature was
slowly increased at a rate of 50�C/h). After cooling, the
residue was dissolved with 0.4 ml of HCl (sp. gr. 1.19)
and water to 10 ml.

2.7. Estimation of dialysis and solubility percentages

The dialysis percentage is calculated as follows:
%dialysis � 100�D=C, where: D=calcium dialysate
(mg Ca /100 ml sample), and C is the total calcium
content of the sample (mg Ca /100 ml sample).

Estimating the percentage of soluble calcium
implies splitting the in vitro gastrointestinal digestion
products (non dialysate fraction) by centrifugation at
3000 rpm at 4�C for 1 h. The sediment is rejected
and the calcium content of the supernatant is mea-
sured (Snd). The soluble calcium percentage is calcu-
lated as follows: %S � �D� Snd=C� � 100, where D
is the content of dialysate calcium (mg Ca/ 100 ml
sample), Snd (mg Ca/100 ml sample) the calcium
content of the supernatant obtained by centrifugation
of the gastrointestinal digestion products, and C is
the total Ca content of the sample (mg Ca /100 ml
sample).

3. Results and discussion

The calcium dialysability values (D) obtained by
applying the above-mentioned in vitro method and the
soluble non-dialysate calcium contents (Snd) of the
supernatant obtained by centrifugation of the intestinal
digestion products are reported in Table 1. The sum of
D� Snd corresponds to the total soluble calcium. All
values are also related to the total calcium content of
the samples, and expressed as percentages.
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The results obtained show that the ranking of the
analysed samples in terms of calcium bioavailability
depends on the criterion used. When the dialysis per-
centage is used, the ranking is cow milk>human
milk>soy-based formula>milk based formula, whereas
if the solubility percentage is used, it is human milk>cow
milk>soy-based formula>milk-based formula.

In all the samples the total soluble calcium contents
are higher than the values corresponding to the dialy-
sability (calcium dialysate). This means that some of the
soluble calcium does not dialyse in the in vitro assay
conditions applied.

The values of the dialysis percentages obtained in this
study are similar to the ones reported for the same kinds
of samples (human milk, milk- and soy-based infant
formulas)Ðthat is, 19:6� 2:1%, 6:7� 0:2% and 11:4�
1:0%, respectively,Ðby Shen et al. (1994) and Shen,
Robberechet, Van Dael, and Deelstra (1995) when they
applied the same in vitro method.

The soluble calcium content of cow milk estimated in
this study is 45:3� 1:9%, which di�ers from
60:8� 9:2%, and of 23:5� 1:3%, reported by Kim and
Zemel (1986) and Reykdal and Lee (1991), respectively.
In both these studies the same method was applied but
with slight modi®cations.

Keane et al. (1988) reported a higher calcium dialysis
percentage in an isolate of soy proteins (66.8%) than in
non fat dry milk (53.1%). The same is observed in our
study: the calcium dialysis percentage of the soy based
formula (13.0%) is higher than the one corresponding
to the milk based formulas (8.1%). These di�erences are
probably due to the di�erent calcium contents of the
two types of formulas, higher in milk-based formulas
than in soy-based ones.

Reykdal and Lee (1991) measured the soluble and
dialysable calcium of whole and skimmed cow milk, and
of spinach. The dialysable (8:21� 0:17%) and soluble
calcium percentages (23:5� 1:3%) of cow milk were
lower than the values obtained in our study (see
Table 1). However, the conditions of the assay are not
the same. Reykdal and Lee adjusted the pH value to 6.5
before the intestinal digestion whereas, in our assay, the
pH changed gradually during the intestinal digestion.

There are also di�erences in the pore size of the dialysis
membranes; they use 6000±8000 Da membranes and we
use 10 000±12 000Da membranes. Reykdal and Lee
concluded, from their study, that the dialysis method is
more adequate than the solubility one to estimate the
calcium bioavailability of non-skimmed milk products.

Sarria, Vaquero, and Navarro (1997) measured the
total soluble and dialysate calcium of cow milk and of
an infant formula by applying an in vitro method of
bioavailability estimation, and obtained higher values in
cow milk than in formulas. Their results agree with
ours.

Solubility may be only one of several factors useful in
predicting potential bioavailability (Brennan, Duncan,
Wartofsky, Butler, & Wray, 1991). The soluble elements
found in the supernatant after applying an in vitro
method based on solubility are potentially available for
absorption, but bioavailability depends, not only on
physiological factors, but also on the element and the
type of food (Crews et al., 1983). Therefore, although
nearly all the calcium of human milk, cow milk and
milk-based formulas is potentially available for absorp-
tion in the gastrointestinal tract, the amount of calcium
actually absorbed is determined by physiological factors
(Flynn, 1992).

In the case of calcium there is no agreement on the
usefulness of the in vitro methods based on solubility
for determining bioavailability. Some authors (Zemel,
1984; Schwartz & Nevins, 1989) have reported that the
correlation between the in vitro solubility of calcium
and the in vivo bioavailability of the element is not
good. Zemel (1984) attributed the discrepancies between
the two types of procedures to the formation of very
stable soluble calcium complexes, which are not absor-
bed. However, later studies (Pantako & Amiot, 1994)
reported a good correlation between the percentages of
soluble calcium in diets with milk or soy proteins and
the calcium absorption percentages in rats, estimated by
means of porto-aortic di�erences (r � 0:829ÿ 0:999).
They therefore concluded that solubility is the main
indicator of potential calcium absorption in vivo.

It has been suggested that the ionic soluble calcium of
gastrointestinal digestion could be a better indicator of

Table 1

Calcium: total, dialysate, soluble non dialysate and total soluble contentsb

Samples Total content (mg/100 ml)a Dialysate Soluble non dialysate Soluble total

(mg/100 ml) (%) (mg/100 ml) (%) (mg/100 ml) (%)

Human milk 29.2�1.4 3.98�0.24 13.6�0.8 16.3�0.72 55.8�2.5 20.3�0.62 69.4�2.0

Cow milk 98.0�4.2 19.80�1.34 20.2�1.4 24.7�0.93 25.1�1.0 44.5�1.86 45.3�1.9

Milk based formula 42.3�4.6 3.43�0.36 8.1�0.9 4.82�0.43 11.4�1.0 8.25�0.53 19.5�1.3

Soy based formula 4.1�0.2 0.54�0.05 13.0�1.3 1.04�0.06 25.2�1.4 1.58�0.09 38.2�2.4

a Results expressed as mg calcium /100 ml are obtained considering that the product is reconstituted at 14%.
b Mean values�standard deviation.
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calcium bioavailability than total soluble calcium
(Zemel, 1984). Kim and Zemel (1986) measured total
soluble and ionic calcium in cow milk and spinach, and
indicated that both values make it possible to establish
qualitative di�erences in the bioavailability of calcium
coming from di�erent foods. Soluble ionic calcium
seems to be the best indicator of the calcium bioavail-
ability of foods having high contents of soluble chelat-
ing agents like EDTA and polyphosphates. Given that
parallel in vivo assays were not carried out, conclusions
as to which parameter best re¯ects the in vivo bioavail-
ability of calcium cannot be drawn.

A review of the in vivo calcium absorption percen-
tages reported by di�erent authors show that the values
for human milk in infants are 65% (Shaw, 1976),
67:2� 3:6% (Bronner et al., 1992) 76% (Hillman,
Johnson, Lee, Vieira, & Yergey, 1993) and 61:3� 22:7%
(Abrams, Wen, & Stu�, 1996) higher than those reported
for cow milk in healthy women (46:3� 9:5%, Heaney,
Weaver, Hinders, Martin, & Packard, 1993; 45:1� 8:8%,
Weaver, Heaney, Proulx, Hinders, & Packard, 1993). The
ranking according to the value of calcium absorption is
the same as the one obtained with calcium solubility
percentages.

On the other hand, when calcium absorptions from
human milk and infant formulas are compared, sig-
ni®cantly lower values are reported for the latter
(Bronner, Salle, Putet, Rigo, & Senterre, 1992; De Vizia,
Fomon, Nelson, Edwards, & Ziegler, 1985; Hillman et
al., 1993; Rudlo� & LoÈ nnerdal, 1990). In this case, the
percentages of both, total soluble and dialysed calcium
are lower in infant formulas than in human milk. It
must be pointed out that, as reported by De Vizia et al.
(1985) in a balance study in infants fed formulas di�ering
only in their calcium content, the percentage of calcium
absorption decreases when the intake of calcium increases.

Therefore, the di�erence in the calcium absorption
percentages between human milk and infant formulas
mentioned by di�erent authors can be partially due to
the di�erences in the calcium contents, because human
milk has a lower calcium content than infant formulas.

In conclusion, both the calcium solubility and cal-
cium dialysis percentages obtained by applying the in
vitro digestion method make it possible to establish
trends in the bioavailability of calcium from cow milk,
human milk and infant formulas but, when it comes to
ranking the products, there is better agreement between
the in vivo percentages of calcium absorption and in
vitro soluble calcium percentages than between the for-
mer and the dialysed calcium percentages.
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