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The behavior of SFE-171 used for food
fortification was studied. The biological and
nutritional properties of this new iron source are
discussed in this work.

Introduction

From a nutritional point of view, iron is one of the most
studied elements because its deficiency affects about one-
third of the world’s population.! This percentage rises sig-
nificantly in Latin America, affecting more than 80% of
some infant populations.? According to Dallman this defi-
ciency is the most important on a global scale.?

Diet is the best way to meet all of the nutritional re-
quirements for this element. Iron bioavailability, that is, its
absorbed fraction, depends on food composition, the
chemical form in which iron is found, and on the mecha-
nism that controls its absorption through the intestinal
mucous membrane, which depends on the physiologic and
metabolic necessities of the organism for this essential
element.?

The iron found in food can be highly bioavailable, as
is the case with heme iron, which is found in red meat; this
iron is part of the heme structure, and its absorption is not
affected by the composition of the diet.* However, the cost
of these products is too high for many people. The iron
present in other products, such as those of vegetable ori-
gin, is nonheme iron, but it has the disadvantage of inter-
acting with some substances in food that inhibit its ab-
sorption, such as tannins, phytates, and polyphenols; that
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is, it is iron with very low bioavailability. Much of this kind
of food is consumed by people in the lower socieconomic
classes, who thus cannot meet their physiologic needs for
iron.

When the diet does not satisfy the body’s iron re-
quirements, nutritional deficiency of this element may oc-
cur. If this situation is not reversed, a more serious state
called ferropenic anemia may result. The consequences for
public health are a rise in premature births and, in severe
circumstances, maternal and fetal death; in children born
without an adequate amount of iron, a decrease in intellec-
tual and psychomotor development that is irreversible; and
in adults, a decrease in psychomotor and intellectual per-
formance that affects work capacity and productivity, with
potentially severe social and economic consequences.*>

The best way to prevent these problems is through
the iron fortification of food for the whole population or
only for certain groups. Compounds used in food fortifica-
tion provide nonheme iron, so it is important to select for-
tification compounds and foods, or vehicles, that will not
diminish iron bioavailability.*”’

The most common iron fortification compounds can
be classified into three groups according to solubility: group
1, freely water-soluble iron (ferrous sulfate, ferrous glu-
conate, ferrous lactate); group 2, poorly water-soluble iron
or soluble in diluted acids (ferrous fumarate, ferrous succi-
nate); and group 3, water-insoluble iron or poorly soluble
in diluted acids (ferric orthophosphate, ferric pyrophos-
phate, elemental iron). The choice of iron compounds de-
pends on its solubility in gastric juice and on the presence
of activators or inhibitors in the fortification food. What
also must be considered are the changes that can occur in
the fortified food’s sensory characteristics and the cost of
fortification, the latter of which is of significance if the
target populations are those of limited financial means.!¢

Group 1 compounds can be completely dissolved and
thus provide very high bioavailable iron. However, they
have the disadvantage of freely interacting with the forti-
fied food, which may alter its sensory properties. This can
happen because iron catalyzes oxidative processes and
thus provokes fat rancidity. This catalytic oxidation pro-
cess may occur with other nutrients such as vitamins and
amino acids, thus decreasing the nutritional value of the
food.
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Group 2 compounds have good solubility and thus
good bioavailability. However, they have the disadvan-
tage of being used only in solid dehydrated food because
they do not dissolve in neutral liquids, in which they pre-
cipitate. In this last situation, the free fraction of iron inter-
acts with the constitutive elements of the food to decrease
its nutritional value and alter its sensory characteristics.

Group 3 compounds have a very low solubility. Thus,
although they do not change the sensory properties or
nutritional value of the food, they have the disadvantage
of having very low bioavailability.

Therefore, the ideal product for food fortification is
one that supplies high-bioavailable iron, does not dimin-
ish the nutritional value of the food vehicle through nutri-
ent oxidation, does not alter its sensory properties, can be
used to fortify solid and liquid foods, is resistant to food
technology processes, and is low in cost so that it can be
accessible to the whole population. Until recently a prod-
uct having these properties was unknown.

Inrecent years, a compound called SFE-171 (SFE-171
is its generic and experimental name; its commercial name
is Biofer™), a ferrous sulfate microencapsulated with leci-
thin, has been produced and studied in animals and hu-
mans. This new product has the same bioavailability as
ferrous sulfate but has the advantage of being coated with
a phospholipid membrane. This keeps the iron from com-
ing in contact with the food vehicle, preventing the unde-
sirable interactions that happen when conventional fer-
rous sulfate is used.

Absorption and Stability Studies

Absorption

Studies were carried out to evaluate the iron bioavailability
of SFE-171 and its interaction with fluid milk compared
with other iron sources. Four groups of mice were used
and the results are shown in Table 1.

Two groups were supplied with ferrous ascorbate and
ferrous sulfate in water. These groups were used as refer-
ence standards and their absorption was 13.1 + 4.9% and
13.2 £4.3%, respectively. To evaluate the effect of the milk
components on the absorption of ferrous sulfate, we ad-
ministered milk with ferrous sulfate to another group of
mice and obtained a result of 7.9 £+ 3.2%. Finally, we evalu-
ated the bioavailability of SFE-171 in milk. The last group

Table 1. Iron Absorption from Different Iron Sources

of animals was administered this preparation, and the ob-
tained result was 11.6 +4.5%.

Statistical studies show that there is no significant
difference between SFE-171 in milk and ferrous ascorbate
and ferrous sulfate in water. However, the difference be-
comes significant with p <0.01 between the group that was
supplied with ferrous sulfate in milk and the other three
groups mentioned above. These results show that the con-
stitutive elements of the milk such as casein, whey protein,
and calcium interact negatively in the absorption of the
ferrous ion when it is added to milk, diminishing in conse-
quence its bioavailability.®!° This negative interaction ef-
fect of the nutritional matrix on the iron absorption can be
avoided when SFE-171 is used."

After evaluating the absorption of iron from SFE-171
in fluid milk, its stability was determined under the differ-
ent conditions of the technological processes of elabora-
tion and manufacturing. These procedures, which are usu-
ally those to which milk is submitted, are the thermic and
long-term storage processes.

Thermic Stability
The technological processes milk is submitted to are pas-
teurization and sterilization, which consist of heating the
milk to different temperatures at different times. Milk to
which SFE-171 was added was heated to 100 °C for 30
minutes (sterilization) and its iron bioavailability was de-
termined. The product was administered to several groups
of 30 mice each and the iron absorption percentage was
determined (see Table 2). These results can be compared
with those obtained without any thermal treatment and
with sterilized milk to which ferrous sulfate has been added.
Experimental results show that when SFE-171 is added
to milk, iron absorption values do not differ significantly
between sterilized and nonsterilized products. In this way,
we were able to demonstrate that the absorption, and thus
the bioavailability, of microencapsulated ferrous sulfate is
not modified when SFE-171-fortified milk is submitted to
different thermal treatments during processing.!!

Stability as a Function of Time (Shelf Life)

Milk that has been sterilized and adequately packaged can
be sold over a several-months-long period, as is the case
with “long-shelf-life” milk. However, over time, because of
its chemical instability, the iron in milk can be altered and

Ferrous Ascorbate Ferrous Sulfate Ferrous Sulfate SFE-171
Iron Source in Water® in Water® in Milk in Milk
Absorption (% = SD) 13.1+49 13.2+43 7.9+3.2" 11.6+4.5
Animals (r) 30 30 30 30
“Molar ratio Fe/ascorbic acid = 1.
®Under nitrogen atmosphere.
"Value statistically different from the other groups.
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Table 2. Effect of Heat Treatment on the Iron Absorption from SFE-171 in Milk and Other Iron Sources

Ferrous Ferrous Ferrous Sterile® Sterile®
Ascorbate Sulfate Sulfate (Ferrous Sulfate  SFE-171 (SFE-171
in Water* in Water® in Milk in Milk) in Milk in Milk)
Absorption (% £ SD) (13.1+4.9) (13.2+£4.3) (7.7+£3.1)* (7.9+3.2)* (12.1+4.4) (11.6+4.5)
“Molar ratio Fe/ascorbic acid = 1.
®Under nitrogen atmosphere.
¢Sterile: 100 °C for 30 minutes.
"Value statistically different from the other groups.
Table 3. Iron Absorption from SFE-171 in Milk as a Function of Storage Time
Time (months) 0 1 3 4 5 6
Iron absorption ( % ) (124+39) (12.0+4.5) (123+£3.1) (12.0£42) (12.6+45) (11.9+34) (11.6+4.3)

its bioavailabitity decreased. For this reason, SFE-171-for-
tified milk was first sterilized and afterward stored for 6
months at room temperature. During this period, its stabil-
ity was ascertained monthly. SFE-171-fortified milk was
given to several groups of 30 mice each and the percent-
age of iron absorbed was determined, as can be seen in
Table 3.

No statistically significant differences were observed
between any of the groups. These results show that dur-
ing 6 months of storage at room temperature, the absorp-
tion and bioavailability of iron from sterilized milk fortified
with SFE-171 are unchanged.!' They also show that SFE-
171 added to fluid milk provides nonheme iron with high
bioavailability, that the fortified milk is resistant to the tech-
nological processes that dairy products are usually sub-
mitted to, and that neither the bioavailability of the iron nor
the sensory properties of the fortified milk are altered. Thus,
a low-cost food with high nutritional value can be offered
to broad segments of the population.'

Influence of Additives

Milk is usually consumed with other foods, such as tea,
coffee, maté (or Argentine green herbs tea), and cereals.
For the purpose of evaluating the effect of these and other
products on the absorption of the iron in SFE-171 in fluid
milk, we gave different foods to 16 groups of 25 mice each
and determined the iron absorption in each case. For com-
parative and reference-standard purposes, we conducted
the same experiments in milk fortified with nonencapsulated
ferrous sulfate (Table 4).

As can be seen, in each case the absorption of iron
provided by SFE-171 was similar to or higher than that
provided by ferrous sulfate.'

Absorption Mechanism

Iron homeostasis is controlled at the level of the intestinal
mucous membrane cells. By a specific transport mecha-
nism, these cells determine iron absorption according to

Table 4. Statistical Comparison Between the Iron Absorption of Each of the Products Fortified with FeSO, or

with SFE-171

Studied Products Retention Percentage Difference Limit: p <0.01
Milk + SO Fe 7.7+2.7

Milk + SFE-171 123+2.9 S
Cacao 10% + milk + SO Fe 10.0+3.1

Cacao 10% + milk + SFE-171 20.1+£3.3 S
Cacao 1% + milk + SO Fe 11.4+2.7

Cacao 1%+milk+SFﬁ-l7l 12.5+3.1 NS
Yogurt + SO Fe 6.9+£29

Yogurt + SFE-171 8.1+3.0 NS
Coffee 5% + milk+ SO Fe 6.5+£2.0

Coffee 5% + milk + SFE-171 7.9+3.1 NS
Tea 5% + milk + SO Fe 44+2.1

Tea 5%+ milk + SFE-171 46+15 NS
Maté 5% + milk + SO Fe 9.5+3.0

Maté 5% +milk + SFE-171 11.0£2.0 NS
Cereals 5% + milk + SO Fe 6.7+£3.0

Cereals 5% + milk+SFﬁ—171 83+£22 NS

S: significant; NS: not significant.
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hemoglobin present in the red blood cells, carrying out
one of the principal functions related to oxygen transport.
Although lower than in blood, the amount of iron found in
the carcass (muscles and bone) was high because in muscle
iron is part of myoglobin and in the liver iron is in the form
of ferritin and hemosiderin. We observed no significant
differences between iron absorption from SFE-171 and from
the other iron compounds in all tissues and organs.'* Con-
sequently, we can conclude that the iron provided by SFE-
171 follows the conventional metabolic, physiologic, and
biochemical pathways of this element.

To determine whether these results could be repeated,
a similar study was done using another animal species:
Sprague-Dawley rats. We obtained results very similar to
those for mice.'

Mother-to-Fetus Iron Transfer

Pregnancy is one of the physiologic conditions in which
iron requirements rise, because during this period there is
a significant increase in the synthesis of different mol-
ecules that contain iron in their structure, e.g., hemoglo-
bin. As a consequence of the development and growth of
the fetus, iron has to increase. Thus, adequate iron trans-
fer through the placenta must take place to meet the re-
quirements for this element.

To study the metabolism of the iron from SFE-171 dur-
ing pregnancy, we administered to a group of 30 female
mice of the Swiss strain milk fortified with SFE-171 through-
out gestation. On the day of birth, we determined the per-
centage of iron transferred through the mother to the off-
spring. All animals—mother and offspring—were sacrified
and the distribution of the iron from SFE-171 to all the
tissues and organs was measured. Figure 2 summarizes
our findings.

As can be seen, 45% of the absorbed iron from the
milk fortified with SFE-171 was transferred through the
mother to the pups. In both cases, mother and pups, the
highest percentage of iron is found in blood, where it forms
part of the hemoglobin, playing one of the principal meta-
bolic roles relative to oxygen transport. A high percentage
of iron is also found in liver and the carcass (muscle and
bone). In the liver iron is deposited as ferritin and hemosid-
erin.'® Thus, the iron in SFE-171-fortified fluid milk is effi-
ciently transferred from mother to offspring, following the
known metabolic pathway for this element.

Percentage of *Fe

Percentage of iron retention (mother) 55%
Percentage of iron transference (breeding) 45%
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Figure 2. Biodistribution results and percentage of iron trans-
ferred from the mother to the offspring.

Toxicity Studies

Before we carried out experiments in human beings, we
performed toxicity studies in rodents using a 50% oral le-
thal dose (LD, ) of SFE-171, with ferrous sulfate as the
reference standard. We administered to two groups of 70
animals each different doses of the compounds under study,
using the methodology of Litchfield and Wilcoxson!” to
analyze the results.

As can be observed in Table 6, the LD, for the mi-
croencapsulated ferrous sulfate was significantly higher
than that of the nonencapsulated compound. This result,
which implies that the toxicity of SFE-171 is lower than that
of nonencapsulated ferrous sulfate, is explained by the
fact that in SFE-171 the liposomes surround the iron com-
pound, precluding its abrupt release into the intestinal lu-
men."?

Absorption Studies in Human Beings

Following our experiments in rodents, we studied the ab-
sorption of iron from SFE-171-fortified fluid milk in human
beings. The study was carried out on 29 physically and
psychologically healthy volunteers. As shown in Table 7,
the hematologic studies found that neither iron metabo-
lism nor body iron deposits were altered.

At breakfast, the volunteers ingested 250 mL milk that
contained 12 mg iron/L in the form of SFE-171. Iron was
absorbed at the rate of 10.4% +4.9%,'® which correlates
well with high-bioavailable nonheme iron absorption.!® With

Table 6. Acute Oral Toxicity in Mice: Values of LD,  and Their Confidence Limits for Ferrous Sulfate and SFE-

171, with Ferrous Sulfate as the Reference Standard

Iron Source LD_* Lower Limit* Upper Limit* Animals (n) Sex
Ferrous sulfate 680 572 808 70 Female
SFE-171 1200 956 1505 70 Female
Ferrous sulfate 670 565 816 70 Male
SFE-171 1230 967 1521 70 Male

*Expressed as mg ferrous sulfate/kg of body weight.
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Table 7. Mean Values and Standard Deviations of
the Parameters in Human Iron Absorption Study
Carried Out in 29 Volunteers

Table 8. Mean Values and Standard Deviations of
the Parameters in Human Iron Absorption Study
Carried Out in 15 Volunteers

Parameter Mean Value SD Parameter Mean Value SD
Weight 73.5kg 9.2kg Hemoglobin 15.0 g/dL 2.9 g/dL
Hematocrit 45.8% 3.1% Hematocrit 45.0% 1.0%
Hemoglobin 16.8 g/dL 1.4 g/dL MCV 91.9 29
Serum ferritin 113 ng/mL 74ng/mL ZPP 22.1 52
Serum ferritin 155.7 pg/dL 51.1 pg/dL

the objective of confirming this finding, another research
group carried out an absorption study in human beings to
evaluate the iron bioavailability of milk fortified with SFE-
171. The study was carried out using a modified Eakins
and Brown reference methodology'® on a group of 15
healthy volunteers who ingested 250 mL milk fortified with
15 mg iron/L in the form of SFE-171 at breakfast. As can be
seen in Table 8, iron metabolism was not altered in any of
the subjects.

The experimental results show that the geometric mean
of iron absorption was 9.2%, which supports the use of
SFE-171 in food fortification programs.?

Correction of Iron Deficiency with Fluid Milk
Fortified with Iron

In a study performed at the Hospital Municipal del Nifio de
San Justo, variations in iron nutritional state were evalu-
ated by replacing unfortified milk, which is usually con-
sumed by children in Argentina, with fluid milk fortified
with ferrous sulfate (15 mg elemental iron per liter).!
Sixteen children with an average age of 23.1 months =
8.9 months and an average weight of 11.7 kg + 1.6 kg were
evaluated. All of them presented with a more or less severe
iron depletion with low plasma-iron concentration < 60 pg/

MCYV: mean corpuscular volume (p?).
ZPP: zinc protoporphyrin (pmol/mol hem).

dL and ferritin < 15 ng/mL. Ten of them were anemic, with
hematocrit and hemoglobin values lower than normal for
this age group. All of the children received milk fortified
with SFE-171 until they reached normal plasma-iron con-
centration values (minimum 60 days, maximum 120 days).
The results are summarized in Table 9.

Significant increases (p<0.05) in the hemoglobin, he-
matocrit, and plasma-iron concentration values were ob-
tained. The consumption of fortified milk was effective in
normalizing hemoglobin levels and plasma-iron concentra-
tion in 100% of the children, but ferritin reached normal
values in only half of the cases.

The results obtained with the anemic patients in this
study were compared with a control group of 52 anemic
children of the same age and degree of anemia who were
treated with ferrous sulfate in doses that ranged between 4
and 6 mg/kg/day. As can be seen in Table 10, the time
required to reach normal hematocrit levels was lower in the
group treated with ferrous sulfate, but the difference was
not statistically significant (p =0.09).

These results demonstrate that the high bioavailability
of'the iron in the milk fortified with microencapsulated fer-

Table 9. Variation in Nutritional State of Anemic Toddlers Fed SFE-171-fortified Milk

Hematocrit® Hemoglobin® Plasma Iron® Ferritin®
Initial (T) (33.0+£1.9)% (10.1£0.9)g/dL (37.2+16.1)ug/dL (12.7£1.3)ng/mL
Final (F) (38.5+2.3)% (12.6 £0.7)g/dL (132.6 £47.3)ug/dL (28.5+£26.4)ng/mL
A(I-F) (5.5+£2.9)% (2.6 +1.2)g/dL (95.4+£48.1)ug/dL (15.8+26.8)ng/mL
Tae (51.1£23.5) (50.7£19.2) (46.6£26.2) (46.7£16.8)
Py 10 10 16 8
Py* 100 100 100 50

aPerformed on anemic patients.

®Performed on all patients.

¢ Time to reach normal values, given in days.

4 Number of patients who reached normal values.

¢ Percentage of patients recovering normal values for each item.

Table 10. Variation of Hematocrit in Toddlers Who Received Ferrous Sulfate or SFE-171-fortified Milk

Ferrous Sulfate SFE-171 Statistical Significance
(n=52) (n=10) P (»<0.01)
Age (months) 20.0+8.0 23.0+9.2 0.22 Not significant
Initial hematocrit (%) 32.5+1.9 33.0+1.9 0.50 Not significant
A hematocrit (%) 6.1+2.5 55+29 0.66 Not significant
Time of normal hematocrit (days)  38.3+15.0 51.1£23.5 0.09 Not significant
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rous sulfate allows an effective correction of iron-deficient
states.

Conclusion

From the foregoing experiments, we can conclude that the
recently developed SFE-171 for the iron fortification of food
is effective and affordable in providing high-bioavailable
iron for entire populations via milk and dairy products,
thus significantly meeting the daily requirements for this
element.
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