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Effect of Gastric Digestion pH on Iron,
Zinc, and Calcium Dialyzability from
Preterm and Term Starting Infant Formulas
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Introduction

New infant formulas are regularly introduced in the market. It
is assumed that they provide adequate amounts of minerals

and trace elements but, in fact, information about their mineral bio-
availability is scarce (Lönnerdal and others 1994). In preterm in-
fants, gastric acid secretion is lower than in term infants (Armand
and others 1996). Also, gastric pH in newborns increases after food
ingestion and remains higher than in children and adults (Hamosh
1996). Because pH 2 is optimum for pepsin activity, low activity is
shown in preterm and term infants. These gastric conditions could
affect mineral bioavailability from infant formulas.

Skikne and others (1981) observed lower iron absorption in pa-
tients with achlorhydria, compared with subjects with normal stom-
ach acid secretion. This led to the recognition that gastric acid is
essential for optimal non-heme iron absorption.

Regarding the effect of gastric digestion pH on zinc absorption,
Allen (1998) suggested that pH could be an important factor in zinc
solubility because some insoluble zinc salts can be solubilized in an
acid gastric environment. Henderson and others (1995) observed
that a gastric pH 5 or higher reduced by 28% the absorption of zinc
acetate and by 82% the absorption of zinc oxide, compared with zinc
absorption at a gastric pH 3 or lower. However, to our knowledge,
there is no information about the influence of gastric pH on zinc
absorption from zinc fortified foods.

Sheikh and others (1987), working with several calcium supple-
ments, showed that pH was critical for in vitro solubilization of sev-
eral calcium salts, such as calcium carbonate, citrate, acetate, lac-
tate, and gluconate. However, even though their in vitro solubility
was very different, calcium from various salts was absorbed to the

same extent by healthy fasting adults. Knox and others (1991) pos-
tulated that gastric acid may be necessary to solubilize the insoluble
calcium salts in the fasting state, but it is not required for calcium
absorption in the fed state.

Ideally, bioavailability should be evaluated in human studies.
However, complexity and cost limit their applicability. Iron dialyz-
ability has been shown to predict iron bioavailability (Luten and
others 1996). Results of in vitro tests evaluate only the availability
for absorption, meaning that the trace mineral is not insoluble and/
or forming a large MW complex. Some authors have shown that Zn
dialyzability also has a good correlation with in vivo results and
could be useful to predict bioavailability (Shen and others 1994,
1995; García and others 1998). For both iron and zinc, conditions
prevailing in the intestinal tract are major determinants of absorp-
tion. The assessment of Ca dialyzability has also been proposed to
predict bioavailability (Shen and others 1994, 1995; Kennefick and
Cashman 2000). For trace elements such as Ca, where complex
homeostatic mechanisms regulate not only absorption but also
retention, conditions in the intestinal lumen may not be the main
factor to regulate bioavailability. However, information on calcium
dialyzability is useful to assess the amount of soluble and potentially
absorbable Ca.

Hence, a modified in vitro test was used to evaluate the influence
of gastric digestion pH on iron, zinc, and calcium dialyzability as a
measure of mineral availability from preterm and term starting
formulas, and from human milk. This study introduces a gastric
phase adapted to the gastrointestinal pH of preterm and newborn
infants.

Materials and Methods

L-ascorbic acid, PIPES disodium buffer, dithiothreitol, digestive
enzymes, and bile salts were purchased from Sigma Chemical

Co. (St. Louis, Mo., U.S.A.). Metaphosphoric acid was acquired from
J.T. Baker (Phillipsburg, N.J., U.S.A.). Spectra/Pore® I dialysis tub-
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ing (cut-off 6000 to 8000) was purchased from Fischer Scientific
(Fairlawn, N.J., U.S.A.). Methanol (high-performance liquid chro-
matography [HPLC] grade) was purchased from Merck (Darmstadt,
Germany). All other chemicals were reagent grade.

Cow’s milk-based infant formulas (IF) were purchased from the
market. Duplicates of the same formula, taken from packages with
different lot number, were used for analysis. Three preterm formulas
were evaluated: 2 powdered (PP1, PP2) and 1 fluid (PF3), and 3 term
starting, 2 powdered (TSP1, TSP2) and 1 fluid (TSF3). Powdered
infant formulas were reconstituted according to the manufacturers’
instructions. Pooled samples of mature human milk (HM) were
studied for comparison. Milk samples were collected during the 1st
mo postpartum in the morning, by completely emptying 1 breast,
either manually or mechanically. An aliquot was taken and kept in
a plastic container at –20 °C until analyzed.

DDDDDetereteretereteretermination of irmination of irmination of irmination of irmination of iron, zinc, and calcium dialyzabilityon, zinc, and calcium dialyzabilityon, zinc, and calcium dialyzabilityon, zinc, and calcium dialyzabilityon, zinc, and calcium dialyzability
A modification of the in vitro Miller’s method (Miller and others

1981), introduced by Wolfgor and others (2002), was used, adjusting
the pH of the 0.15 M PIPES buffer instead of changing buffer mo-
larity to obtain intestinal pH. In these samples, adjustment of PIPES
molarity would cause molarities to be lower than 0.1 M, with low
buffer capacity. Apart from this, important differences in buffer
molarity would occur when studying different gastric digestion pHs.
Therefore, the following modified method was used. Aliquots of
homogenized samples (50 g) were adjusted to pH 2.0, 3.5, or 4.5 with
6 N HCl and, after addition of 1.6 mL pepsin digestion mixture (16%
pepsin solution in 0.1 N HCl), the samples were incubated at 37 °C
during 2 h in a shaking water bath. At the end of pepsin digestion,
2 aliquots of digest (15 g) were weighed in 100-mL beakers. Dialy-
sis bags containing 18.75-mL 0.15 M PIPES buffer were placed in
each beaker. Buffer pH used for each particular formula was calcu-
lated to obtain a final pH of digest-dialysate 6.5 ± 0.2. The main fac-
tors taken into account to calculate buffer pH were: buffer capac-
ity of the food matrix (HCl needed to reach pH 2.0, 3.5, or 4.5), HCl
mEq incorporated with pepsin solution (0.048 mEq), and acid mEq
generated through enzymatic hydrolysis during in vitro digestion.
To calculate acid mEq generated by hydrolysis, triplicates of pep-
sin digest plus bile-pancreatin solution were adjusted to pH 6.5 with
0.1 N NaOH, incubated during 120 min at 37 °C, and subsequent-
ly titrated to pH 6.5 with 0.1 N NaOH. To calculate the buffer pH the
following equations were used:

[H+] = Ka � Ca/Cb (1)

where Ca = concentration or mEq of acid ; Cb = concentration or
mEq of base; and Ka = constant of acidity
Considering that 18.75 mL of 0.15 M PIPES buffer will contribute
2.8125 mEq, and substituting Ca and Cb, it results that:

[H+] = Total mEq ± X (2)

Ka (2.8125 – Total mEq) – X

where Total mEq = HCl mEq needed to reach pH 2.0, 3.5, or 4.5 +
0.048 mEq (added with pepsin solution) + acid mEq generated
through enzymatic hydrolysis during in vitro digestion, and X = acid
mEq that must be provided by the buffer.
Finding the value of X from Eq. 2:

X = [f � 2.8125/(f + 1)] – total mEq

where f = [10 (PIPES pKa – desired final pH)] = 10 (6.8 – 6.5) = 1.995.

Replacing X in Eq. 3, the pH of 0.15 M PIPES buffer is obtained:

pH = –log [Ka. X/(2.8125 – X) (3)

Aliquots of each pepsin digest with dialysis bags containing PIPES
buffer were incubated for 50 min in a shaking water bath at 37 °C.
Pancreatin-bile mixture (3.75 mL of 2.5% bile, 0.4% pancreatin
solution in 0.1 N NaHCO3) was then added to each beaker, and the
incubation continued for another 2 h. At the end of the pancreat-
in-bile incubation, the dialysis bags were removed and rinsed with
water. Both digest and dialyzate pHs were checked to be 6.5 ± 0.2.
Bag contents were transferred to tared flasks, weighed and analyzed
for their iron, zinc, and calcium content by flame atomic absorp-
tion spectroscopy (AAS). Assessment of minerals in pepsin digests
was made by AAS after wet ashing with HNO3-HClO4 (50:50). Lan-
thanum was added to all samples and standards analyzed for Ca to
reach a 0.5% final concentration to prevent possible phosphate
interference (Varian 1979).

Mineral dialyzability (Fe, Zn, Ca) was calculated from the amount
of each dialyzed mineral, expressed as a percentage of the total
amount present in each pepsin digest:

Dialyzable mineral (%) = [D/(W � A)] � 100

where D is the total amount of each dialyzed mineral (�g); W is the
weight of pepsin digest (g); and A is the concentration of each min-
eral in the pepsin digest (�g/g).

Ascorbic acidAscorbic acidAscorbic acidAscorbic acidAscorbic acid
Aliquots of all samples were extracted with 0.85% meta-phospho-

ric acid (MPA), and evaluated by HPLC (Waters, Milford, Mass.,
U.S.A.). Assessment was made according to Behrens and Madére
(1987) but using dithiothreitol to reduce dehydroascorbic acid. The
chromatographic system used a Nucleosil 100-10 C18 reversed-
phase column, 25 cm � 4.0-mm inner dia (Macherey-Nagel, Düren,
Germany) and a mobile phase of 80 mM sodium acetate buffer, pH
4.8, containing 15% methanol and 0.015% MPA. The final pH of the
mobile phase was 4.6. A flow rate of 0.9 mL/min was used. Measure-
ments were made with a UV detector at 254 nm. A chromatography
station (CSW 1.7, DataApex Ltd., Prague, Czech Republic) was
used for measuring peak areas.

TTTTTotal nitrotal nitrotal nitrotal nitrotal nitrogen, non-progen, non-progen, non-progen, non-progen, non-protein nitrotein nitrotein nitrotein nitrotein nitrogen,ogen,ogen,ogen,ogen,
and trand trand trand trand true prue prue prue prue protein nitrotein nitrotein nitrotein nitrotein nitrogenogenogenogenogen

Total nitrogen (TN) was determined by micro-Kjeldahl (AOAC
2000). Non-protein nitrogen (NPN) was separated from soluble
proteins by addition of 24% trichloroacetic acid (TCA) and centrif-
ugation at 10000 � g for 20 min at 4 °C. NPN was determined by
micro-Kjeldahl in TCA supernatant. True protein nitrogen (TPN)
was calculated as the difference between TN and NPN. A conversion
factor of 6.25 was used to obtain true protein (TP).

PPPPPrrrrrotein digestibilityotein digestibilityotein digestibilityotein digestibilityotein digestibility
Protein digestibility was determined according to Rudloff and

L önnerdal (1992). Aliquots of 10 or 20 mL of infant formulas were
adjusted to pH 4.5, 3.5, or 2.0 using 1 N HCl, and pepsin was add-
ed at a concentration of 10 mg/sample, so that the enzyme/sub-
strate ratio was between 1/15 and 1/20, depending on the protein
content of the infant formula. The samples were kept in the dark on
a shaking water bath at 37 °C for 30 min. The pH was then gradu-
ally increased to 7.0 (within 10 min) using 0.5 M NaHCO3; and 2.5
mL of a pancreatin solution (0.4 g/100 mL 0.1 M NaHCO3) were
added to each sample and incubated for 1 h at 37 °C. The digested
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samples were immediately placed in boiling water and heated for
4 min to inactivate enzymes. Protein digestibility at each pH was
calculated as the increase in NPN (after TCA precipitation of re-
maining proteins), following pepsin/pancreatin digestion, regarding
true protein nitrogen.

Digestibility % = 100 � � NPN/(NT – NPN)

Reference materialsReference materialsReference materialsReference materialsReference materials
Triplicate samples of SRM infant formula 1846 (NIST, Gaithers-

burg, Md., U.S.A.) were run with each set of unknown samples to
validate each batch of analysis for iron, zinc, calcium, and ascorbic
acid. Agreement of the triplicate mean for the reference material
within 5% of the certified value and less than 5% relative standard
deviation for the triplicates were required for acceptance of the data.

SSSSStatistical analysestatistical analysestatistical analysestatistical analysestatistical analyses
Each experiment was carried out at least twice, and all analyses

were performed in duplicate. The data were analyzed by 1-way
ANOVA. A multiple comparison procedure of the treatment means
was performed using Fisher’s least significant difference (LSD) test.
Significance of the differences was defined at P � 0.05.

Results and Discussion

Mineral compositionMineral compositionMineral compositionMineral compositionMineral composition
and ascorbic acid contentand ascorbic acid contentand ascorbic acid contentand ascorbic acid contentand ascorbic acid content

All formulas, except PP1, were iron fortified (Table 1). PP1 had an
iron content corresponding to a low-iron formula (Raiten and others
1998). Ascorbic acid (AA) was present in a 2.6 to 3 and 5 to 15 molar
ratio to Fe in term starting and preterm formulas, respectively. All are
adequate levels to enhance iron bioavailability (Stekel and others
1986). Zn fortification of the formulas was quite uniform, ranging
from 4.19 to 6.22 mg/L, although the Fe/Zn ratio varied from 0.6 to

2.25. Calcium levels were higher in premature than in term starting
formulas because the premature requirements are higher than those
of term infants (Kaup 1998; Davidsson 1994). Mineral composition
of the pooled human milk was in accordance with the values reported
by other investigators (Poiffait and Adrian 1993, 1994).

TN, NPN, TN, NPN, TN, NPN, TN, NPN, TN, NPN, TPTPTPTPTP, NPN/TN, and digestibility, NPN/TN, and digestibility, NPN/TN, and digestibility, NPN/TN, and digestibility, NPN/TN, and digestibility
of infant forof infant forof infant forof infant forof infant formulasmulasmulasmulasmulas

Values of TN, NPN, TP, and NPN/TN (Table 2) were usual for
these type of formulas, as informed by Donovan and Lönnerdal
(1989). The proportion of NPN, as well as its composition, varies
considerably according to the whey source and the level used
(Donovan and Lönnerdal 1989). Digestibility of each formula at pH
4.5 was not significantly different from digestibility at pH 2.0 and 3.5
(results not shown). As shown in Table 2, fluid formulas showed
higher digestibility than powdered formulas. Among powdered
formulas, only PP2 showed high digestibility.

EEEEEffect of gastrffect of gastrffect of gastrffect of gastrffect of gastric digestion pH on iric digestion pH on iric digestion pH on iric digestion pH on iric digestion pH on iron dialyzabilityon dialyzabilityon dialyzabilityon dialyzabilityon dialyzability
Figure 1 shows that gastric pH influenced percent iron dialyz-

ability (FeD%) in different ways, depending on the infant formula
evaluated. In most powder infant formulas with the lowest digest-
ibility (PP1, TSP1, and TSP2), FeD remained close to 10%, despite
variations in gastric digestion pH. In PP2, with higher digestibility
values, the increase of gastric digestion pH to 3.5 was enough to
significantly reduce FeD%. The effect on iron availability was re-
markable in fluid formulations with high digestibility. Both fluid
formulations (PF3, TSF3) had the highest FeD% at pH 2 (18% to
20%). However, there was a remarkable decrease when gastric di-
gestion was made at pH 3.5 (FeD% 5), and a minimum of 3% was
found when made at pH 4.5. FeD% from human milk suffered a
minor decrease when digested at pH 3.5, but when using a gastric
digestion pH of 4.5, it was reduced to half. Nevertheless, FeD% from
human milk remained high at this pH (15%). At each pH, FeD%
was higher from human milk than from infant formulas.

Table 1—Mineral composition and ascorbic acid content of infant formulas and pooled human milka

Iron Zinc Calcium Ascorbic acid
 (mg/100 g powder) (mg/100 g powder) (mg/100 g powder) (mg/100 g powder)

Samplesb  or (mg/1000 mL)c  or (mg/1000 mL)c  or (mg/1000 mL)c  or (mg/1000 mL)c

PP1 2.54 ± 0.46 4.19 ± 0.20 545.7 ± 16.4 122.92 ± 2.61
PP2 5.00 ± 0.13 5.27 ± 0.24 508.8 ± 14.1 77.28 ± 0.08
PF3 8.52 ± 0.14 6.22 ± 0.19 529.9 ± 8.5 212.30 ± 0.07
TSP1 6.87 ± 0.09 5.32 ± 0.14 304.2 ± 10.4 62.25 ± 0.02
TSP2 10.44 ± 0.32 4.65 ± 0.15 335.7 ± 8.2 84.46 ± 1.35
TSF3 11.18 ± 0.91 5.60 ± 0.16 392.2 ± 22.2 111.66 ± 16.0
HM 0.49 ± 0.09 1.90 ± 0.10 198.90 ± 4.4 25.85 ± 2.71

aValues are expressed as means ± standard deviation (n = 4).
bHM = human milk; PF = preterm fluid formulas; PP = preterm powdered formulas; TSF = term starting fluid formulas; TSP = term starting powdered formulas.
cPP1, PP2, TSP1, TSP2: mg/100 g powder; PF3, TSF3, HM: mg/1000 mL.

Table 2—Total nitrogen (TN), non-protein nitrogen (NPN), true protein (TP), and digestibility of infant formulasa

Samplesb TN (g/L) NPN (g/L) TP (g/L) NPN/TN (%) Digestibility (%)

PP1 4.17 ± 0.02 0.34 ± 0.02 23.89 ± 0.02 8.28 ± 0.11 45.0 ± 2.6
PP2 2.58 ± 0.13 0.38 ± 0.01 13.77 ± 0.33 14.71 ± 0.35 82.5 ± 1.6
PF3 3.19 ± 0.08 0.41 ± 0.03 17.40 ± 0.14 12.79 ± 0.38 87.5 ± 2.7
TSP1 3.25 ± 0.07 0.39 ± 0.01 17.89 ± 0.10 12.03 ± 0.10 68.8 ± 1.4
TSP2 3.15 ± 0.02 0.34 ± 0.02 17.56 ± 0.02 10.78 ± 0.31 67.7 ± 0.7
TSF3 2.75 ± 0.10 0.41 ± 0.03 14.66 ± 0.22 14.75 ± 0.35 86.0 ± 1.9

aValues are expressed as means ± standard deviation (n = 4).
bPP = preterm powdered formulas; PF = preterm fluid formulas; TSF = term starting fluid formulas; TSP = term starting powdered formulas.
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Effect of gastric digestion pH on zinc dialyzabilityEffect of gastric digestion pH on zinc dialyzabilityEffect of gastric digestion pH on zinc dialyzabilityEffect of gastric digestion pH on zinc dialyzabilityEffect of gastric digestion pH on zinc dialyzability
The effect of gastric digestion pH on percent zinc dialyzability

(ZnD%) was quite steady, decreasing when the pH increased (Fig-
ure 2). PF3 was the most sensitive to the increase of gastric pH, and
TSP1 was the least sensitive. At each pH, most of the infant formu-
las showed lower ZnD% than human milk.

Effect of gastric digestion pH on calcium dialyzabilityEffect of gastric digestion pH on calcium dialyzabilityEffect of gastric digestion pH on calcium dialyzabilityEffect of gastric digestion pH on calcium dialyzabilityEffect of gastric digestion pH on calcium dialyzability
Figure 3 shows percent calcium dialyzability (CaD%) for differ-

ent IF at the 3 levels of gastric pH. In PP1, PF3, TSP2, and TSF3,
CaD% decreased only when the gastric digestion pH was higher
than 3.5. In other infant formulas (PP2, TSP1), even when gastric
digestion occurred at pH 4.5, CaD% was not modified. However, in
human milk, CaD% decreased significantly with an increasing pH.
The values of CaD% in human milk were in a range comparable to
those in infant formulas.

DiscussionDiscussionDiscussionDiscussionDiscussion
The major determinant of Fe and Zn bioavailability is the pro-

portion of the nutrient that is absorbed from the gastrointestinal
tract. This is greatly influenced by physicochemical and dietary
factors in the lumen. The values of Fe and Zn dialyzability from
infant formulas were similar to bioavailability data from human

studies (Sandström and others 1983; Lönnerdal and others 1984;
Hallberg and others 1992a, 1992b; Lönnerdal 1997; Hurrell and oth-
ers 1998; Ekmekcioglu 2000), supporting the reliability of the pro-
cedure. In all cases, FeD% and ZnD% from infant formulas were
lower than those from human milk at each considered pH. The low-
er mineral bioavailability from infant formulas as compared with
that from human milk is well documented (Sandström and others
1983; Lönnerdal and others 1984; Hallberg and others 1992a; Ek-
mekcioglu 2000). In human studies, several authors have reported
an inhibitory effect of cow’s milk proteins and calcium on iron bio-
availability (Hurrell and others 1989; Jackson 1992; Hallberg and
others 1992a; Hurrell 1997) and of casein on zinc bioavailability
(Sandström and others 1983; Lönnerdal and others 1984; Singh and
others 1989; Ekmekcioglu 2000). The inhibitory effect of casein
content on Fe and Zn dialyzability has also been reported (Drago
and Valencia 2004).

FeD% and ZnD% varied significantly in infant formulas (Figure
1 and 2). This could imply that both food formulation and techno-
logical processes influence Fe and Zn availability. Regarding mineral
formulation, all formulas had ferrous sulfate and zinc sulfate as iron
and zinc sources, respectively. Therefore, the mineral form was not
responsible for differences in iron and zinc dialyzability. The AA:Fe
molar ratio has been proved to be an important factor to improve
iron bioavailability (Gillooly and others 1984), and iron dialyzability
(Drago and Valencia 2004). However, ascorbic acid concentration
was variable in the assessed infant formulas, but was not related to
iron dialyzability (data not shown). Differences in formulation and
processing may mask the improving effect of ascorbic acid on iron
dialyzability.

Food processing could also lead to changes in the equilibrium of
the ions and a rearrangement of ligands with mineral species, thus
affecting the interactions of minerals with other dietary components
(Watzke 1998). Rudloff and L nnerdal (1992) found that the severity
of the heat treatments used during the processing of infant formulas
has an influence on lipid-protein and protein-protein interactions.
These interactions may affect protein digestion.

The influence of gastric pH on FeD% depended on the infant
formula evaluated. To analyze the effect of different pHs during
gastric digestion, the diverse roles of HCl in assisting digestion
must be considered. HCl denatures food proteins and disrupts in-
termolecular bonds. It also causes minerals to dissociate from com-
plexes with proteins and other ligands, thereby releasing them

Figure 2—Influence of gastric digestion pH on zinc
dialyzability (ZnD%) from infant formulas (PF = preterm fluid
formulas; PP = preterm powder formulas; TSF = term start-
ing fluid formulas; TSP = term starting powder formulas) and
pooled human milk (HM). Bars with different letters are sig-
nificantly different (P < 0.05).

Figure 1—Influence of gastric digestion pH on percent iron
dialyzability (FeD%) from infant formulas (PF = preterm fluid
formulas; PP = preterm powder formulas; TSF = term start-
ing fluid formulas; TSP = term starting powder formulas)
and pooled human milk (HM). Bars with different letters
are significantly different (P < 0.05).

Figure 3—Influence of gastric digestion pH on percent
calcium dialyzability (CaD%) from infant formulas (PF =
preterm fluid formulas; PP = preterm powder formulas;
TSF = term starting fluid formulas; TSP = term starting
powder formulas) and pooled human milk (HM). Bars with
different letters are significantly different (P < 0.05).

http://www.ift.org


Vol. 70, Nr. 2, 2005—JOURNAL OF FOOD SCIENCE S111

S: 
Se

ns
or

y &
 Nu

tri
tiv

e Q
ua

liti
es

 of
 Fo

od

URLs and E-mail addresses are active links at www.ift.org

Gastric pH and mineral dialyzability . . .

into solution. Thus, gastric pH could influence iron, zinc, and calci-
um solubility. A low pH (pH 1 to 2) also provides the optimal envi-
ronment for pepsin activity. In our research, protein digestibility of
each formula assessed after digestion at different pH levels, (2.0,
3.5, and 4.5) and estimated through the increase in NPN after TCA
precipitation of remaining proteins did not differ significantly. How-
ever, the characteristics of the peptides obtained at each digestion
condition may be quite different.

In 3 of the assessed infant formulas, iron availability was not
modified by the increase of gastric digestion pH. The infant formu-
las less affected by different pHs of gastric digestion were those
with the lowest digestibility (PP1, TSP1, TSP2). Even at pH 2, nei-
ther the solubilizing effect of acid pH nor the improved conditions
for protein digestion, had any effect on iron released from the for-
mulas with low digestibility. The formulas affected by the increase
of gastric pH (both UHT-treated fluid formulas and PP2) had the
highest digestibility.

Proteins would have different denaturation degree and peptides
generated from non-denatured proteins digested at low gastric pH,
could bind iron, rendering soluble low-molecular-weight complexes
with high dialyzability. Peptides generated at higher gastric pH levels
would render insoluble and/or higher MW iron complexes with low
dialyzability.

With regard to Zn, the dissociating effect of gastric acidity could
be more important than the effect on protein gastric digestion. In
casein micelles, 1/3 of zinc is bound to phosphoserine residues, and
1/3 is more tightly bound to colloidal calcium phosphate; the lat-
ter is released when pH decreases to 4.6 (Singh and others 1989). In
all assessed formulas, ZnD% was higher at pH 2, and decreased
gradually with increasing pH, regardless of the processes used in
formula elaboration (spray dried or UHT-sterilized). Therefore, it is
possible to assume that, in these particular foods, acid pH favors
ZnD% through zinc releasing from casein. In this study, we did not
observe differences in the behavior of Zn dialyzability between UHT
fluid and spray-dried infant formulas. Michel and others (1993)
studied the influence of each step during the processing of infant
formulas on soluble and lipid-bound calcium and zinc and ob-
served that prewarming the blend at 101 °C causes much calcium
and zinc to be bound to the lipid fraction, reducing the solubility of
both minerals with respect to skim milk. Final sterilization or spray-
drying did not cause additional changes in the solubility of both
minerals. This could explain similar ZnD% values from UHT or
spray-dried infant formulas.

Regarding calcium dialyzability from infant formulas, the values
were similar to bioavailability data from human studies. However,
calcium dialyzability levels from human milk were lower than those
reported through in vivo studies (Armand and others 1996;
L nnerdal 1997; Liu and others 1989). It is difficult to explain the
influence of gastric digestion pH on CaD% because different calci-
um salts and various calcium levels are used in different infant
formulas. However, there is some information about the effect of
gastric pH on calcium bioavailability. Hirai and others (1992) report-
ed a slow digestion of Ca(II)-�-lactalbumin by trypsin and chymot-
rypsin. They found that both an acid environment (pH 2.2) in
which Ca (II) is released and a partial peptic digestion are necessary
for rapid hydrolysis of protein in the gut lumen. In our in vitro stud-
ies, the effect of gastric pH was less marked on calcium dialyzability
than on iron and zinc dialyzability. Complex homeostatic mecha-
nisms involved in calcium absorption, excretion, and retention
make it more difficult to use any in vitro result to estimate calcium
bioavailability. Therefore, the small decrease in calcium dialyzabil-
ity found in infant formulas when using pH 4.5 for gastric digestion
may not be relevant from the nutritional point of view.

Conclusions

The influence of gastric digestion pH on mineral dialyzability de-
pends on the infant formula evaluated. Both specific formula-

tion and technological processes of infant formulas modify nutrient
interactions, producing different responses to digestive processes,
thus affecting mineral availability. The effect of gastric pH is more
evident on iron and zinc dialyzability than on calcium dialyzability.

The effect of gastric digestion pH on iron availability is remark-
able in fluid formulations. Iron dialyzability in spray-dried infant
formulas was less susceptible to changes in gastric digestion pH.
Nevertheless, in vitro evaluations of mineral dialyzability in formu-
las aimed at preterm infants should be performed using a gastric
digestion pH similar to that present in these individuals.
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