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Abstract: In recent years, there has been growing interest in exploring alternative and innovative
delivery systems to improve the efficacy of iron supplements, satisfying iron needs and lowering side
effects. To address this issue, this study aimed at demonstrating the advantages of Ferro Supremo
formulation (composed of encapsulated iron, vitamins, and micronutrients), in terms of capacity
to improve iron intestinal absorption, in comparison with standard FeSO4. Hence, differentiated
Caco-2 cells have been used for assessing the in vitro bioavailability and safety of FS and FeSO4. MTT
experiments demonstrated that both FS and FeSO4 are not able to impair the viability of Caco-2 cells.
Furthermore, the quantitative and qualitative analysis, conducted by atomic absorption spectrometry
and fluorescence determinations, revealed that FS can enter, accumulate in the cytoplasm, and be
transported by intestinal cells four times more efficiently than FeSO4. Our findings indicate that
this formulation can be considered a valuable and efficiently good choice as food supplements for
improving iron deficiency.
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1. Introduction

Iron is an essential mineral needed for human life, greatly available in the earth’s
crust [1]. It is a vital component for many body metabolic functions, such as hemoglobin
synthesis, oxygen transport, DNA synthesis, and electron transport [2]. In 2015, EFSA
reported a Scientific Opinion on Dietary Reference Values for iron, stating that the Average
Requirement (AR), considering predicted iron absorption values of 16% for men and 18%
for women, is 6 mg/day for men and postmenopausal women, resulting to be higher for
premenopausal women (16 mg/day) and for children, in accordance with their period
of growth [3].

The majority of the body's iron is found in the hemoglobin of erythrocytes in the form
of heme; around 10–20% is stored in the liver in the form of ferritin and can be mobilized
when needed; around 4% is bound to muscle myoglobin, and the remaining percentage
is found in several enzymes, in particular, the ones involved in oxidative metabolism [4].
The average body iron content is 3.5–4 g for women and 4–5 g in men, [1] while the
average dietary iron absorbed through the intestinal system is around 1–2 mg each day,
compensating for the daily iron loss caused by the physiologic exfoliation of epithelial
surfaces or bleeding [5]. Dietary iron exists as heme and non-heme iron. Heme iron is
abundant in meat and fish in the form of hemoglobin and myoglobin, and it’s well absorbed
by enterocytes after its release by the action of gastric and intestinal proteases, thanks to
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the presence of transporters on the intestinal microvilli surface [6]. Non-heme iron mainly
derives from plants and its absorption is much lower, as well as being affected by other
food components as polyphenols and tannins [7]. Given the biological importance of this
essential trace element and the possible toxicity caused by the generation of reactive oxygen
species (ROS) formed in case of excess iron, a fine modulation of its uptake, transport,
storage, and metabolism is crucial to keep iron homeostasis in accordance with the body
needs, seeing key regulators as hepcidin playing a fundamental role in these biological
processes [1,8]. As a matter of fact, iron exhibits a U-shaped risk curve, where both its
deficiency or overload can cause problems for the human body: its inadequate intake leads
to several metabolic abnormalities, whilst an excessive iron dose is known to potentially
react in inorganic reactions, damaging lipid membranes and organelles, besides promoting
gut pathogens proliferation [9,10]. Iron deficiency anemia represents a significant public
health problem, and it is the most common form of anemia, whose major causes are linked
to blood loss (menstrual periods, gastrointestinal bleeding), chronic kidney disease (CKD),
inflammatory diseases, malabsorption, as well as pregnancy and iron-poor diets [11].

One way to prevent this problem could be the fortification of foods [12] or iron
supplementation [9]. Conventional iron supplementation is usually recommended as
first-line therapy, and it is widely used thanks to its low cost and effectiveness, seeing
FeSO4 as the most prescribed oral iron among the available types of iron supplements
(200 mg dose to treat iron deficiency anemia). Three ferrous iron salts, sulphate, fumarate,
and gluconate, are the standard recommended supplements for iron deficiency anaemia
(IDA), generally all provided with vitamin C in their formulations [13]. Indeed, it is well
established that the presence of vitamin C can increase iron absorption, by creating a more
acidic environment in the stomach and preventing the oxidization of ferrous iron to ferric
iron [14]. The shortcomings of these supplements, however, concern the high frequency of
gastrointestinal side effects, which lead to inadequate treatment adherence, as well as their
low bioavailability [15–17].

As a result, in recent years there has been growing interest in exploring alternative
delivery systems to improve both the safety and efficacy of iron supplements, avoiding
soluble iron to induce negative side-effects, while still remaining bioavailable and being
more palatable [18]. Liposomes have been often used as versatile carriers to successfully
encapsulate several food ingredients as vitamins and minerals, enhancing the efficiency of
nutrients absorption, mainly because they can enter the body easily through membrane
fusion or phagocytosis, avoiding the protein-mediated transport pathways, and directly
enter the blood circulation after crossing the intestinal epithelium [19,20]. Hence, this study
focused on studying the bioavailability and safety of Ferro Supremo (FS), a formulation of
liposomal iron, whose composition includes vitamin C, copper, and riboflavin, as a valid
alternative of FeSO4 in food supplements products. Indeed, we aimed at demonstrating
the advantages of this specific formulation composed of encapsulated iron, in addition to
vitamins and micronutrients, in terms of capacity to improve iron intestinal absorption. For
this purpose, differentiated human intestinal Caco-2 cells, a worldwide cell line recognized
to simulate the intestinal barrier, have been used for the intestinal absorption and safety
investigation of FS, using in parallel FeSO4 as a reference compound.

2. Materials and Methods
2.1. Chemicals

Dulbecco’s modified Eagle’s medium (DMEM), stable L-glutamine, fetal bovine
serum (FBS), phosphate buffered saline (PBS), penicillin/streptomycin, nonessential
amino-acid, and 96-well plates were purchased from Euroclone (Milan, Italy). MTT
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, Merocyanine 540, NaCl,
KCl, CaCl2, MgCl2, glucose, morpholinoethane sulfonic acid, N-2-hydroxyethylpiperazine-N-
4-butanesulfonic acid, 40,6-diamidino-2-phenylindole dihydrochloride (DAPI), FITC-conjugated
phalloidin, paraformaldehyde, and vitamin C (Ascorbic acid) were bought from Sigma-Aldrich
(St. Louis, MO, USA), the pro-long antifade mounting medium was from ThermoFisher.
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The liposomial iron (FS), whose composition is shown in Table 1 was provided by Natural
Poin S.r.l. (Milan, Italy), and FeSO4 were commercially available.

Table 1. Composition of Ferro Supremo.

Ferro Supremo %

Iron 6.5
Vitamin C 13

Copper 0.2
Vitamin B2 0.3

2.2. Merocyanine 540 (MC540) Labeling

The dye stock solution of MC540 50 µM was prepared before use, in distilled H2O,
and kept in the dark. FS (50 mg) was incubated with MC540 solution in a final volume
of 1 mL, kept in the dark, and constantly shaken for 1 h at RT. After incubation, it was
centrifuged at 6000 rpm for 1 min, the supernatant was removed and the pellet was washed
twice with distilled H2O. Finally, 1 mL of distilled H2O was added to the pellet in order to
obtain labeled FS at a final concentration of 50 mg/mL.

2.3. Caco-2 Cell Culture and Differentiation

Human intestinal Caco-2 cells, obtained from INSERM (Paris, France), were routinely
cultured in DMEM containing 25 mM of glucose, 3.7 g/L of NaHCO3, 4 mM of stable
L-glutamine, 1% nonessential amino acids, 100 U/L of penicillin, and 100 µg/L of strepto-
mycin (complete medium), supplemented with 10% heat-inactivated fetal bovine serum
(FBS; Hyclone Laboratories, Logan, UT, USA). For differentiation, they were seeded on
polycarbonate filters, 12 mm diameter, 0.4 µm pore diameter (Transwell, Corning Inc., Low-
ell, MA, USA) at a 3.5 × 105 cells/cm2 density in complete medium supplemented with
10% FBS in both AP and BL compartments for 2 days to allow the formation of a confluent
cell monolayer, cell were then supplemented with 10% FBS only in BL compartment, and
allowed to differentiate for 15 days with regular medium changes three times weekly [21].

2.4. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bromide (MTT) Assay

The MTT experiments were conducted on human intestinal Caco-2 cells. Briefly, a
total of 3 × 104 cells/well were seeded in 96-well plates and, after 24 h, treated with FeSO4
(in the presence of vitamin C) and/or FS from 0.1 to 1.0 mg/mL, or vehicle, in complete
growth media for 48 h at 37 ◦C under 5% CO2 atmosphere. Subsequently, the treatment
was aspirated, and 100 µL/well of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) filtered solution was added. After 2 h of incubation at 37 ◦C under a 5%
CO2 atmosphere, 0.5 mg/mL solution was aspirated and 100 µL/well of the lysis buffer
(8 mM HCl + 0.5% NP-40 in DMSO) was added. After 10 min of slow shaking, the
absorbance at 575 nm was read on the Synergy H1 fluorescence plate reader (Biotek, Bad
Friedrichshall, Germany).

2.5. Cell Monolayers Integrity Evaluation

The trans-epithelial electrical resistance (TEER) of differentiated Caco-2 cells was
measured at 37 ◦C using the voltmeter apparatus Millicell (Millipore Co., Billerica, MA,
USA), immediately before, at 30 min, and at the end of the transport experiments (60 min).

2.6. Trans-Epithelial Transport Experiments

Before transport experiments cells were maintained 16 h in FBS-free culture media both
in AP and BL compartments. Prior to experiments, cell monolayer integrity and differentia-
tion were checked by TEER measurement as described in detail above. Samples of trans-
epithelial passage were assayed in differentiated Caco-2 cells in transport buffer solution
(137 mM NaCl, 5.36 mM KCl, 1.26 mM CaCl2, and 1.1 mM MgCl2, 5.5 mM glucose) accord-
ing to previously described conditions. To reproduce the pH conditions existing in vivo in
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the small intestinal mucosa, the apical (AP) solutions were maintained at pH 6.0 (buffered
with 10 mM morpholino ethane sulfonic acid), and the basolateral (BL) solutions were main-
tained at pH 7.4 (buffered with 10 mM N-2-hydroxyethylpiperazine-N-4-butanesulfonic acid).
Prior to transport experiments, cells were washed twice with 500 µL PBS containing Ca++

and Mg++. Samples transportation by mature Caco-2 cells was assayed by loading the
AP compartment with FeSO4, FS, and/or labeled FS at 0.5 mg/mL concentration in the
AP transport solution (500 µL) and the BL compartment with the BL transport solution
(700 µL). The plates were incubated at 37 ◦C and the BL solutions were collected after
60 min. All BL and AP solutions collected at the end of the transport experiment were
stored at −80 ◦C prior to analysis.

2.7. Determination of Trans-Epithelial Transported Iron
2.7.1. Atomic Absorption Spectroscopy Analysis

A Thermo Scientific™ iCE™ 3300 AAS equipped with a Thermo autosampler was used
to measure iron in two different ways. In particular, Flame and Zeeman graphite-furnace
atomic absorption spectrometer were used respectively, according to iron concentration in
different samples. In BL samples, iron concentration was in the range of tens of µg/mL,
while, in AP samples, iron concentration was in the range of hundreds of µg/mL. Indeed,
Flame analysis was used to quantify iron in AP samples, and the Spectrometer parameters
employed were the following: Wavelength 248.3; Band pass 0.2 nm; Background correction
D2; Lamp current 75%; Signal Continuous Flame Type Air-Acetylene, Fuel flow rate
0.9 L/min; Measurement time 4 s. Analysis were made in triplicates. Zeeman graphite-
furnace atomic absorption spectrometer with pyrolytically coated graphite tubes was
used for measuring the iron concentration in the BL sample under the following furnace
operating conditions: wavelength used 271.9 nm (Tertiary) for sensitive reduction of three-
time, Zeeman Background correction; Lamp current 75%. Analysis was performed in
triplicate. For the atomization ramp used during the analysis, the employed conditions
were the following: the drying stage graphite tube was warmed for 1 s to 100 ◦C and
held for 30 s; the pyrolysis stage graphite tube was then heated for 20 s to a temperature
of 1100 ◦C and quickly heated to atomization temperatures of 2100 ◦C, and held for 3 s;
cleaning stage was done at 2500 ◦C for 5 s. Samples were diluted 1:100 (HCl 0.5% and
Triton × 100 0.05%).

2.7.2. Fluorescence Quantification of Absorbed Labeled FS

For Labeled FS absorption evaluation, the fluorescence signals were acquired. In
detail, 100 µL of collected AP and BL solutions were placed in a black 96-well plate and the
fluorescence signals (ex./em. 530/580 nm) were detected using the Synergy H1 fluorescent
plate reader from Biotek.

2.7.3. Morphological Studies

After incubation (60 min) in the absence or in the presence of 0.5 mg/mL of FS-MC540
in the AP compartment, cells were washed and fixed with 2% paraformaldehyde in PBS
with Ca++ and Mg++, for 30 min at RT. Filamentous actin (F-actin) was stained with 0.25 µM
FITC-conjugated phalloidin and cell nuclei were counter-stained by adding 300 nM DAPI
directly to mounting medium (ProLong® Antifade Thermo-fisher Scientific, Milan, Italy).
Specimens were analyzed using an inverted laser-scanning confocal microscope equipped
with a 40× oil-immersed objective (LSM 700; Carl Zeiss, Germany). Serial optical sections
were processed with ZEN 2009 software (Carl Zeiss, Jena, Germany). Images represent
single plane optical sections and z-stack elaborations.

2.8. Statistical Analysis

Statistical analyses were performed by One-Way ANOVA followed by Dunnett’s and
Tukey’s posthoc tests and using GraphPad Prism 9 (San Diego, CA, USA). Values were
reported as means ± S.D.; p-values < 0.05 were considered to be significant.
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3. Results
3.1. Evaluation of Caco-2 Cells Viability

Before proceeding to trans-epithelial transport in Caco-2 cells, the MTT experiments
were assessed to verify the possible cytotoxicity exerted by samples. The results suggested
that FeSO4 is safe at all the tested concentrations (Figure 1A), whereas cellular vitality
for FS-treated cells was 98.79 ± 1.33%, 95.00 ± 1.02%, and 88.15 ± 1.94% at 0.1, 0.5 and
1.0 mg/mL, respectively (Figure 1B).
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Figure 1. Effect of FeSO4 (A) and FS (B) on the Caco-2 cells viability. Data represents the mean ± s.d.
of four independent experiments performed in duplicate. C: untreated cells. (****), p < 0.0001; n.s.
not significant.

3.2. Caco-2 Cell Monolayers Integrity Evaluation after FeSO4 and FS Treatment

As shown in Figure 2A, Control cells displayed a stable TEER baseline throughout all
the experimental time, while, in the presence of iron ions, TEER values were higher up to
30 min and reached values comparable to untreated control cells after 60 min treatment.
These variations in Fe-treated cells were likely due to ions movements across the monolay-
ers due to different media compositions. However, after 60 min, no significant differences
were observed between FS treated and control cells (Figure 2B).
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3.3. Determination of Trans-Epithelial Transported Iron through Atomic Absorption
Spectrometer Analysis

The atomic absorption spectrometric method (AAS) has been applied for the quantifi-
cation of the trans-epithelial transported iron across intestinal Caco-2 cells. As shown in
Figure 3, after 60 min treatments, iron concentrations in AP compartments (500 µL) were
30.17 ± 10.21 and 246 ± 50.9 µg/mL for FS and FeSO4 tested at 0.5 mg/mL, respectively
(Figure 3A). In parallel, the collected BL solutions (700 µL) were analyzed in order to
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determine the amount of trans-epithelial transported iron. Figure 4B clearly shows that, for
FS and FeSO4 tested at 0.5 mg/mL, the concentrations of total iron were 79.88 ± 13.95 and
20.61 ± 0.67 µg/mL, respectively (Figure 3B).
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Figure 4. (A) Intracellular localization of stained (MC540) FS in polarized Caco-2 cells. FS-MC540:
green; nuclei, DAPI: blue; F-actin, FITC-conjugated phalloidin: red. Upper panel Single optical
section (x–y) Z-Stacks: a cross-sectional view of z-stack (z–y bottom panel). (B) Time course of TEER
changes recorded in untreated (control), and FS-MC540 treated Caco-2 cells. Data are the mean ± S.D.
of two experiments performed in duplicate.

3.4. Fluorescent Evaluation of FS Absorption in Caco-2 Cells

The evaluation of FS transport across Caco-2 cells was carried out in-depth, labeling the
sample with MC540 and measuring the fluorescence of both AP and BL solutions. Table 2
shows that, after 60 min treatment with FS-MC540 at 0.5 mg/mL, the fluorescent signal
intensity of the AP (t60) solution is highly reduced with respect to the initial fluorescence
(AP t0), while no fluorescent signal is detectable in the BL (t60) solution.
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Table 2. The fluorescent signal intensity of the AP and BL solutions after 60 min treatment
with FS-MC540.

Sample Solution/Time Fluorescence (RFU) Fluorescence (%)

FS-MC540
AP t0 44,532.0 ± 809.60 100.00 ± 0.00
AP t60 8768.0 ± 508.80 19.69 ± 1.14
BL t60 105.03 ± 10.31 0.24 ± 0.023

In accordance with fluorescence results, the morphological analysis by confocal micro-
scope detected the intracellular green signals from the cell cytoplasm indicating that, after
60 min treatment, FS can enter into Caco-2 cells (Figure 4A).

In parallel, the measured TEER values were 688.8 ± 7.92 and 677.6 ± 39.6 Ω × cm2

for FS-MC540 treated and untreated cells, respectively (Figure 4B).

4. Discussion

It is known that the bioavailability of iron salts (FeSO4) is low, especially for ferric
formulations. Absorption is further impaired when administered at a high dose (by
upregulation of hepcidin levels, which remain elevated over 24 h and tend to reduce the
absorption of the next oral iron dose) [22] or when co-administered with food or drugs (e.g.,
antacids, proton pump inhibitors) [23]. As a result, its use is associated with gastrointestinal
side effects, due to the interaction of unabsorbed iron with the enterocytes [15,24]. All
these may significantly affect compliance with treatment and its efficacy. Therefore, it is
quite important to have new iron formulations that show better safety and efficacy than
standard ones. In this context, our results clearly demonstrated the safety and the trans-
epithelial transported efficacy of Ferro Supremo, a formulation of liposomal iron enriched
with vitamins and micronutrients (FS) compared to FeSO4 in the presence of vitamin C. To
achieve this goal, a differentiated Caco-2 cell has been used as a standard and worldwide
preclinical model used for assessing the in vitro bioavailability and safety of different
xenobiotics, including food and/or food supplements [25,26] and iron supplements [27].
In particular, preliminary experiments suggested that FS is not able to severely affect
the viability of Caco-2 cells measured by MTT. Notably, FeSO4 is safe at all the tested
concentrations (Figure 1A), whereas FS slightly reduced the Caco-2 viability by 5% and
12% at 0.5 and 1.0 mg/mL (p < 0.0001) after 48 h, respectively, whereas it is completely safe
at 0.1 mg/mL. MTT assay has been used just as a preliminary test being aware that 48 h
of intestinal cell exposition to iron is unrealistic and unphysiological condition. Therefore,
these results are not an indication of toxicity but rather an indirect confirmation of the fact
that FS is much more able to enter the Caco-2 cells than FeSO4. Based on these preliminary
results, we decided to assess the qualitative and quantitative ability of FS to be transported
by intestinal cells at the fixed concentration of 0.5 mg/mL for 1 h. In particular, it has
been well established that Caco-2 cells can undergo spontaneous differentiation in culture
conditions and exhibit the characteristics of mature enterocytes [28]. The cell surface facing
the top medium develops a brush border that resembles the luminal membrane of the
intestinal epithelium. The cell surface attaching to the permeable membrane and facing the
bottom medium develops into the basolateral membrane [29]. Despite their colonic origin,
Caco-2 cells express the morphological and functional characteristics of small intestinal cells.
The Caco-2 monolayer houses multiple transporters, receptors, and metabolic enzymes such
as cytochrome P450 1A (CYP1A), sulfotransferases (SULTs), UDP-glucuronosyltransferases
(UGTs), and glutathione S-transferases (GSTs) [29].

Trans-epithelial transport experiments were carried out using filter-based inserts and
the integrity of the Caco-2 monolayer is controlled by measuring the trans-epithelial elec-
trical resistance (TEER). Briefly, the TEER is a non-invasive technique, that measures the
impedance between the lumen and basolateral tissue. TEER measurements use a constant
direct current applied by two electrodes, one connected with the lumen side and the other
one with the BL side. By applying Ohm’s law, it is possible to measure the related cell
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resistance [29], which is correlated to the integrity of the differentiated cell monolayer.
Indeed, acute toxic effects exerted by xenobiotics may affect the tight junction stability
altering the cellular permeability which results in a decrease in TEER values. In light of
this consideration, our findings suggested that FS is safe for the cell monolayer integrity
and permeability, whereas after 60 min a slight but significant decrease in TEER values
was observed for FeSO4 (Figure 2B). Our results are in line with the study carried out by
Micheletto and colleagues, who investigated the intestinal tolerability of both a standard
iron salt formulation and a granular formulation composed of ferric pyrophosphate, modi-
fied starch, and phospholipids. Exploiting Caco-2 cells to perform absorption studies, they
demonstrated that these types of iron supplements did not induce any alterations in cellular
viability and barrier integrity [8]. Based on these results, the apical and basolateral iron
amounts were quantified by atomic absorption spectrometric determinations technique
after 60 min (Figure 3) and in parallel the qualitative and semiquantitative localization of FS
was observed by labelling FS with a fluorescent marker (Figure 4). More in detail, results de-
picted in Figure 3 demonstrated that, in differentiated Caco-2 cells, iron absorption from FS
formulation was greatly enhanced (4 times) as compared to the FeSO4 sample (Figure 3B).
In agreement with this result, the opposite trend was observed on the apical side, where
the concentration of FS is less than FeSO4, indicating that FS iron was more efficiently up
taken from intestinal cells (eight times) (Figure 3A). This trend agrees with our hypothesis;
therefore, qualitative experiments were performed to better characterize the phenomenon.
Hence, FS liposomes have been labelled with MC540, and the fluorescence of both AP and
BL solutions was measured. Table 2 shows that, after 60 min treatment with FS-MC540 at
0.5 mg/mL, the fluorescent signal intensity of the AP (t60) solution is highly reduced with
respect to the initial fluorescence (AP t0), while no fluorescent signal is detectable in the BL
(t60) solution. This result suggested that human intestinal differentiated Caco-2 cells were
able to uptake and accumulate FS liposome at the intracellular level. Upon loss of liposome
structural integrity, the iron is then intracellularly delivered and transported to the BL
side. This hypothesis has been confirmed by qualitative confocal microscope analysis.
Indeed, Figure 4A clearly shows the intracellular localization of FS-MC540. Compared
to our work, differences in the bioavailability of iron present in iron supplements having
different compositions and formulations have been previously reported in the literature.
Previous studies demonstrated how different formulations can directly affect the overall
bioavailability of this micronutrient, by quantifying the absorbed iron in the BL compart-
ment exploiting Caco-2 cells plated in transwell systems [8,30]. Investigating the safety and
efficacy of innovative iron formulations represents a fundamental issue to meet the needs
of iron deficiency in different population targets, mitigating the liabilities of commonly
used iron salts, and improving their performances. In detail, our results are coherent
with recent research evidence, supporting that encapsulating vitamins and minerals with
liposomes helps to improve overall bioavailability, providing a protective barrier around
the compound that helps to shelter the nutrient from degradation and oxidation, besides
preserving the digestive tract from potential irritation by the nutrient [31]. The mechanism
through which the FS sample is transported by Caco-2 cells will be further investigated
but it is reasonable to consider that it might be through phagocytosis much more than
paracellular diffusion since we have not observed the decrease in TEER values (Figure 4B)
nor detected the fluorescence in the BL side (Table 2).

5. Conclusions

In conclusion, our findings clearly suggest that the new FS formulation does not affect
the intestinal barrier in in vitro predictive model of Caco-2 cells and that it is four times
more efficiently absorbed by Caco-2 cells as compared to FeSO4, demonstrating that this
formulation can be considered a valuable and efficiently good choice as food supplements
for improving the iron deficiency. Further experiments will be carried out to deepen the
molecular mechanism through which FS, thanks to the formulation, is better transported at
the intestinal level.
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