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A B S T R A C T

Iron-binding peptides are an alternative for increasing the bioavailability of iron and to decreasing its pro-
oxidant effect. This study aimed to synthesize and characterize peptide-iron complexes using FeCl2 or FeSO4 as
the iron precursor compounds. Whey protein isolate (WPI), WPI hydrolyzed with pancreatin, and its fractions
obtained via ultrafiltration (cut-off 5 kDa) were used as ligands. The fluorescence intensity of the ligands sig-
nificantly decreased as the iron concentration increased as a result of metal coordination with the iron-binding
sites, which may have led to changes in the microenvironment of tryptophan. For both iron precursor com-
pounds, the primary iron-binding site was carboxylate groups, and the linkage occurred via a bidentate co-
ordination mode with two vibrational modes assigned to the COOeFe linkage. However, infrared spectroscopy
and thermal analysis results showed that the dynamics of the interaction is different for the iron precursor. The
iron source may be of great importance because it may impact iron absorption and the pro-oxidant effect of the
mineral.

1. Introduction

Iron is an essential micronutrient and an intrinsic component of
hemoglobin, myoglobin, and cytochromes (Luo & Xie, 2012). This mi-
neral acts as a regulator, activator, and controller of several enzymatic
reactions. Among iron's functions, the formation of red blood cells, O2

and CO2 transport, electron transfer, redox reactions and cellular en-
ergy production can be highlighted (Lieu, Heiskala, Peterson, & Yang,
2001). Therefore, iron deficiency is responsible for several diseases and
is one of the primary nutritional problems worldwide. Many efforts
have been made to combat this deficiency, mainly regarding food for-
tification. However, this practice is still a challenge due to the questions
associated, such as low bioavailability, digestive problems, such as
stomach ache or diarrhea, and even changes in the flavor and appear-
ance of food products (Sugiarto, Ye, & Singh, 2009).

Peptide-iron complexes can be an alternative to mitigate these
problems. Under certain conditions, iron binding with an organic
compound promotes the formation of complexes, which protects the

micronutrient against the chemical reactions that occur during the di-
gestive process (Gligic, Palic, & Nikolovski, 2004). Iron-peptide binding
is based on the interaction between an electron donator group at the
ligand surface (in this case, peptide) and a Lewis acid (transition metal
ion). Peptides may present one or more accessible coordinating sites,
ensuring that the metal atom becomes part of a biologically stable
structure through coordinate covalent bonding. In this way, the com-
plexed mineral is less prone to interactions with the chemical neigh-
borhood (Miquel & Farré, 2007).

Ferrous or ferric salts, such as FeCl2, FeCl3, and FeSO4, have been
used to synthesize peptide-iron complexes and to study the iron-binding
capacity of peptides (Caetano-Silva, Bertoldo-Pacheco, Paes-
Leme, & Netto, 2015; Chaud et al., 2002; Huang, Ren, & Jiang, 2011;
Kim et al., 2007; O'Loughlin, Kelly, Murray, FitzGerald, & Brodkorb,
2015; Ueno, Urazono, & Kobayashi, 2014; Zhou et al., 2012). Never-
theless, to the best of our knowledge, no effort has been made to study
the effect of iron sources on complex formation, even though the role of
different ions on peptide and protein structure and interactions is

http://dx.doi.org/10.1016/j.foodres.2017.08.056
Received 9 May 2017; Received in revised form 11 August 2017; Accepted 25 August 2017

⁎ Correspondence to: R.C.G. Frem, Prof. Francisco Degni 55, PO Box 355, 14800-970 Araraquara, SP, Brazil.
⁎⁎ Correspondence to: F.M. Netto, Monteiro Lobato 80, 13083-862 Campinas, SP, Brazil.
E-mail addresses: elisacaetano4@gmail.com (M.E. Caetano-Silva), renata88_alves@hotmail.com (R.C. Alves), nuneslucena@mail.uft.edu.br (G.N. Lucena),

rcgfrem@iq.unesp.br (R.C.G. Frem), mtb@ital.sp.gov.br (M.T. Bertoldo-Pacheco), jpallone@fea.unicamp.br (J.A. Lima-Pallone), fmnetto@unicamp.br (F.M. Netto).

Food Research International 101 (2017) 73–81

Available online 01 September 2017
0963-9969/ © 2017 Elsevier Ltd. All rights reserved.

MARK

http://www.sciencedirect.com/science/journal/09639969
http://www.elsevier.com/locate/foodres
http://dx.doi.org/10.1016/j.foodres.2017.08.056
http://dx.doi.org/10.1016/j.foodres.2017.08.056
mailto:elisacaetano4@gmail.com
mailto:renata88_alves@hotmail.com
mailto:nuneslucena@mail.uft.edu.br
mailto:rcgfrem@iq.unesp.br
mailto:mtb@ital.sp.gov.br
mailto:jpallone@fea.unicamp.br
mailto:fmnetto@unicamp.br
http://dx.doi.org/10.1016/j.foodres.2017.08.056
http://crossmark.crossref.org/dialog/?doi=10.1016/j.foodres.2017.08.056&domain=pdf


widely known (Zhang & Cremer, 2006).
Our previous studies showed that fractions of WPI hydrolysate with

pancreatin have the same iron-binding sites regardless of the molecular
mass (MM) (Caetano-Silva et al., 2015); however, only complexes
synthesized with low-MM peptides (MM < 5 kDa) showed a capacity
to increase iron uptake in vitro compared with the iron salt form. Re-
garding the iron source, complexes synthesized with FeCl2 led to
greater ferritin synthesis than complexes synthesized with FeSO4

(p < 0.05) (Caetano-Silva, Cilla, Bertoldo-Pacheco, Netto, & Alegría,
2017). Therefore, our results suggested that different iron precursors
influence the functionality of the complexes due to differences in
complex structure caused by the counter ions, chloride or sulfate. The
aim of the present work was to test this hypothesis using peptide-iron
complexes synthesized using two iron salts, FeCl2 and FeSO4, and dif-
ferent MM ligands to understand the effect of the iron source on the
dynamics of the peptide-iron interaction, which may contribute to their
future application for food fortification.

2. Materials and methods

2.1. Materials

Whey protein isolate (WPI) was obtained from Glanbia Nutritionals
(Kilkenny, Ireland). Pancreatin (4xUSP, from porcine pancreas, EC 232-
468-9, P1750) was purchased from Sigma-Aldrich® (St. Louis, MO,
USA). Iron precursors, FeCl2·4H2O and FeSO4·7H2O, were purchased
from J.T. Baker (Phillipsburg, NJ, USA) and Sigma-Aldrich® (St. Louis,
MO, USA), respectively. All other chemicals and reagents used were of
analytical or chromatographic grade.

2.2. Preparation of hydrolysate and its fractions

The hydrolysate was obtained from enzymatic hydrolysis of WPI
with the enzymatic system pancreatin under previously defined

conditions (Caetano-Silva et al., 2015). Briefly, WPI was diluted in
deionized water (10% protein w/v), and the reaction occurred at
pH 8.0; it was monitored using an automatic titrator, pH Stat (Mettler-
Toledo, model DL 21 Grafix, Schwerzenbach, Switzerland) with stirring
and a controlled temperature (40 °C). After 180 min, the enzyme was
deactivated by heating (85 °C for 15 min), and the reaction mixture was
cooled in an ice bath.

The degree of hydrolysis (DH), determined according to Adler-
Nissen (1986), was 16.2%. The pH was adjusted to 6.0 with 1 mol/L
HCl, and a portion of the reaction mass was then freeze-dried; this
sample was named hydrolysate (H). A portion of H was fractionated in
a Pellicon® ultrafiltration system (Millipore, Bedford, MA, USA) with a
cut-off membrane of 5 kDa (Cartridge Prep/Scale – TFF 6 ft2). The
fraction with an MM < 5 kDa was named filtrate (F), and the one with
MM > 5 kDa was named retentate (R).

2.3. Characterization of the ligands

2.3.1. Chromatography
Reversed-phase high-performance liquid chromatography (RP-

HPLC) was performed in an Agilent liquid chromatograph with a semi-
preparative and analytical quaternary pump system and a diode array
detector (DAD) (Agilent, Waldbronn, Germany) on a Microsorb – MV™
C18 column (4.6 mm× 250 mm; 5 μm particle size) (Rainin, Woburn,
MA, USA). The solvent composition was solvent A – 0.04% de TFA in
ultrapure water; solvent B – 0.03% TFA in acetonitrile. The gradient
elution conditions were solvent B from 0 to 70% in 40 min, 100% in
5 min, and returning to 0% in 5 more min. Detection was at 214 nm,
and the sample injection volume was 50 μL (3 mg protein/mL for H, F,
and R, and 1 mg protein/mL forWPI). The proteins, α-lactoalbumin (α-
La) and β-lactoglobulin (β-Lg), from bovine milk (Sigma-Aldrich®, St.
Louis, MO, USA), were used as standards.

Fig. 1. (A) Chromatographic profile (RP-HPLC) and (B) electrophoretic profile (SDS-PAGE Tricine) of ligands. WPI – whey protein isolate; H - hydrolysate; F – filtrate (fraction< 5 kDa);
R - retentate (fraction> 5 kDa). * Molecular mass standard.

M.E. Caetano-Silva et al. Food Research International 101 (2017) 73–81

74



2.3.2. Electrophoresis
The electrophoretic profiles were obtained using the SDS-PAGE

Tricine system according to Schagger (2006) with a separation gel
containing 16% acrylamide and 6 mol/L urea and with resolving and
stacking gels containing 10% and 4% of acrylamide, respectively. Li-
gands were diluted (1% protein w/v) in reducing buffer (0.5 mol/L
Tris–HCl, pH 6.8, 10% SDS, 10% glycerol, 5% β-mercaptoethanol and
0.1% Coomassie Blue G250) and heated at 90 °C for 5 min. Aliquots of
10 μL of each sample were subsequently loaded onto the gels. The MM
of the peptides was estimated using a 3.5–26 kDa marker kit (Bio-Rad,
Hercules, CA, USA) as the standard.

2.4. Intrinsic fluorescence spectroscopy

Intrinsic fluorescence emission spectra of the ligands H, F, R, and
WPI with the addition of different amounts of iron from FeCl2 or FeSO4

(0–2 mmol Fe/L) were obtained using a multifrequency phase ISS K2
fluorometer (Champaign, IL, USA). The excitation wavelength was
280 nm, and emission wavelengths ranging from 290 to 500 nm were
recorded. To this end, stock solutions of iron salts (6 mmol Fe/L) and/

Fig. 2. Fluorescence emission spectra of ligands H - hy-
drolysate; F – filtrate (fraction< 5 kDa); R – retentate
(fraction> 5 kDa); WPI – whey protein isolate (5 mg pro-
tein/mL) without iron addition (dashed lines) and with
addition of C - FeCl2 or S - FeSO4 (full lines) in different
iron:protein ratios. (a–i) 10; 20; 30; 40; 60; 80; 100; 200;
400 μmol Fe/g protein. Excitation wavelength: 280 nm;
emission wavelength: 290–500 nm.

Fig. 3. Iron solubility (%) after complexes synthesis (pH 7.0) under ratio iron:protein (w/
w) of 1:40 or 1:5 with FeCl2 (C) or FeSO4 (S). BFe - control assay with only iron salt; H -
hydrolysate; F - filtrate (fraction< 5 kDa); R - retentate (fraction> 5 kDa); WPI - whey
protein isolate. * samples with different letters are statistically different (p < 0.05);
controls assays (BFe C e BFe S) are not included in the statistical analysis ANOVA and
Tukey.
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or ultrapure water were mixed with stock solutions of the ligands
(7.5 mg protein/mL) to reach protein content of 5 mg/mL and ir-
on:protein ratios of: 0, 10, 20, 30, 40, 60, 80, 100, 200, and
400 μmol Fe/g protein. After 5 min of iron addition, the fluorescence
emission spectra were obtained as a plot of the fluorescence intensity
versus wavelength (nm) (Lakowicz, 2006). Ten spectra were obtained
for each ligand with different iron:protein ratios. All spectra were
corrected for blank emission.

2.5. Synthesis of peptide-iron complexes and their iron-binding capacities

Hydrolysate (H) and its fractions F and R were used as ligands to
synthesize the iron complexes. WPI was also studied as a ligand to
compare the complexes synthesized with the whole protein. The iron
precursor compounds were FeCl2·4H2O or FeSO4·7H2O. The reactions
were conducted under the same conditions used in previous studies

(Caetano-Silva et al., 2015; Caetano-Silva et al., 2017) with an ir-
on:protein ratio of 1:40 (w/w) and 1:5 (w/w), which is equivalent to
450 and 3600 μmol of Fe/g protein, respectively. The iron concentra-
tion was fixed at 0.1% (w/v), whereas the protein concentrations were
4% (w/v) and 0.5% (w/v). Briefly, ligand solutions were adjusted to
pH 7.0 to favor deprotonation of the iron-binding sites (Porath, 1990),
and the iron salt was added. The pH of each reaction medium was
monitored and adjusted every 15 min. After 1 h of reaction with stirring
(25 ± 2 °C), the suspensions were centrifuged (5000 g for 20 min)
(Sorvall Instruments DuPont, RC5C, Wilmington, USA) and filtered
through filter paper (Whatman n° 1). The iron content was determined
in the supernatants via atomic absorption spectrophotometry (AAS)
according to Boen, Soeiro, Pereira-Filho, and Lima-Pallone (2008) on a
Perkin-Elmer Analyst 300 spectrometer (Norwalk, CT, USA) equipped
with a deuterium lamp background corrector. Prior to iron determi-
nation, all samples were subjected to acid digestion with concentrated
nitric acid and hydrogen peroxide (2:1 v/v) at 110 °C for 2 h and
transferred quantitatively to volumetric flasks of 25 or 50 mL, and the
volumes were completed with ultrapure water. All experiments were
performed in triplicate. The iron content was measured using a hollow
cathode lamp for iron (248.3 nm). The standard curve ranged from 0.2
to 2.6 mg Fe/L.

The iron-binding capacity (%) was calculated as the iron solubility
in the supernatant with respect to the Fe initially added (Eq. (1)).

− = ×Iron binding capacity (%)
Fe supernatant

Fe initial
100 (1)

The supernatants containing the complexes were freeze-dried and
stored frozen (−18 °C). The iron complexes with H, F, R, andWPI were
named HeFe, FeFe, ReFe, and WPIeFe, respectively. The iron source
was expressed with the letters C or S for FeCl2 or FeSO4, respectively.

2.6. Characterization of the complexes

Ligands and ligand‑iron complexes were analyzed via infrared (IR)
spectroscopy. This technique is based on radiation absorption due to the
vibration between molecular atoms (Haris & Chapman, 1995), and it
has been used to obtain information about the chemical composition
and conformational structure of proteins and peptides. Samples (2 mg)
were mixed with dry KBr and compressed in a compact disc. The vi-
brational spectra were recorded on an FT-IR spectrometer (Nicolet iS5,
Thermo Fisher Scientific, Waltham, MA, USA) in a spectral range from
4000 to 400 cm−1 with 32 scans and at a resolution of 2 cm−1. Spectra
were analyzed using the data analysis software, Origin 8.3 (Microcal
Software, Inc., One Roundhouse Plaza, Northampton, MA, USA).

Ligand F and its respective complexes, FeFe C and FeFe S, were
selected to be analyzed via thermal analyses concerning the influence of
using different iron precursors. Thermogravimetry (TG) and differential
thermal analysis (DTA) curves were obtained using a TA Instruments
model SDTQ600 under a flow of dry synthetic air (150 mL min−1), at a
temperature up to 1000 °C, and at a heating rate of 10 °C min−1 in α-
alumina sample holders.

2.7. Statistical analysis

The results of the iron determination were expressed as the
means± standard deviation and were statistically analyzed using the
statistical package, GraphPad Prism 6 (GraphPad Software Inc., La
Jolla, USA) via one-way analysis of variance (ANOVA). For significant
differences between samples (Fcalc > Ftab), the means were com-
pared via post hoc Tukey's test. Values of p < 0.05 were considered to
be significant.

Table 1
Main absorption bands in the infrared and tentative assignments of the corresponding
vibrational modes of free ligands (H, hydrolysate; F, filtrate; R, retentate and WPI, whey
protein isolate) and their respective iron complexes, obtained from FeCl2 (eFe C) or
FeSO4 (eFe S).
Sources for assignment to vibrational modes: (Acevedo-Chávez, Costas, Bernès,
Medina, & Gasque, 2002; Barth, 2007; Benaki et al., 1998; Berova, Polavarapu,
Nakanishi, &Woody, 2012; Chaud et al., 2002; Eckert et al., 2016; Huang et al., 2011;
Kaiden, Matsui, & Tanaka, 1987; Krimm& Bandekar, 1986; Lee et al., 2015; Mukherjee,
Chowdhury, & Gai, 2007; Nakamoto, 2009; O'Loughlin et al., 2015; Prigogine & Rice,
2009; Trivedi & Vasudevan, 2007).

IR bands (wavenumber, cm−1) Tentative
assignment

H F R WPI

3437s, br 3427s, br 3432s, br 3411s, br νOeH
3268vw 3268vw – 3285s Amide A (νNeH)
2967vw, 2927vw 2964vw,

2930vw
– 2960vw,

2927vw
νCaliphaticeH

1632s 1632s 1632s 1632s Amide I (νC]O)
1592s 1592s 1592s 1552w Amide II
1385m, 1344w 1385m,

1344w
1385m,
1344w

1380m,
1344w

Amide III

1110w, 1039vw 1110w,
1039vw

1100vw, br 1110vw, br νOeC

– 1077vw – 1085vw δCeH
– 989w – 990w νCeCeN
HeFe C FeFe C ReFe C WPIeFe C
3401s, br 3406s, br 3386s, br 3411s, br νOeH
3268vw 3268vw – 3272w Amide A (νNeH)
3065w 3066w – 3062w νCaromaticeH
2965, 2927vw 2964,

2932vw
– 2966,

2927vw
νCaliphaticeH

1653s, br 1653s, br 1653s 1651s Amide I
+ νasCOOeFe

1540m 1540m 1539s 1532w Amide II
1431s 1431s 1431s – νsCOOeFe
1344vw 1344vw – – Amide III
1117vw 1117vw 1109vw 1114vw νOeCeFe
1073vw 1073vw – 1070vw δCeH
HeFe S FeFe S ReFe S WPIeFe S
3554sh, 3474sh,

3414s
3554sh,
3474sh,
3414s

3414s, br 3419s, br νOeH+ H-bonds

3248w 3248w – – Amide A (νNeH)
2967,2927vw 2966,

2928vw
– 2968,

2927vw
νCaliphaticeH

1640s, 1621w 1640s,
1619w

1641s 1641s Amide I
+ νasCOOeFe

1556vw 1555vw 1543s 1542w Amide II
1431vw 1431w – – νsCOOeFe
1385w 1385w 1385w 1380 Amide III
1146s 1150s 1149s 1144s SO4

2−

1114vw 1115vw 1122vw 1120vw νOeCeFe
993w 994vw 996w – νCeCeN
627m 624m 624w 619w SO4

2−

s = strong; br= broad; sh = shoulder; w =weak; vw = very weak; m =medium.
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3. Results and discussion

3.1. Characterization of the ligands

The proteins, α-lactoalbumin (α-La) e β-lactoglobulin (β-Lg), were
used as standards for RP-HPLC analysis, and showed retention times
(RT) of 27.2 and 28.0 min, respectively. The chromatographic (RP-
HPLC) profile of H and its fractions F and R (Fig. 1A) showed the ab-
sence of α-La and β-Lg peaks that were observed in the WPI profile,
indicating that these proteins were hydrolyzed to smaller and more
hydrophilic fragments. The profiles of H and F (Fig. 1A) are similar to
each other, and the majority of peptides eluted in the high (RT < 10
min) and medium (10 min < RT < 20 min) hydrophilicity regions.
On the other hand, the profile of R showed a lower number of peaks
than the other ligands.

The electrophoretic (SDS-PAGE Tricine) profiles (Fig. 1B) showed
differences in the MM values among the ligands. No band was observed
in the profile of F, possibly due to the presence of peptides with an
MM < 3 kDa, which were not dyed by Coomassie Blue (Krohn, 2001).
The profile of H showed the disappearance of α-La (14.2 kDa) and β-Lg
(18.4 kDa), which were both present in the WPI profile, due to the
hydrolysis of these proteins to peptides of lower MM.

In the literature, there are some discrepancies regarding the iron-
binding capacity of peptides with different MM values: the iron-binding
capacity to peptides with a MM of 10–30 kDa (Lv et al., 2009) or to
peptides with MM < 1 kDa (O'Loughlin et al., 2015) has been reported
to be higher. The ligands showed differences in MM and hydrophilicity,
which may lead to a different capacity of the free iron to access the

iron-binding sites, possibly resulting in different complexes.

3.2. Intrinsic fluorescence spectroscopy

The fluorescence emission spectra of the ligands with no addition of
the iron salt and after the interaction with the metal in various con-
centrations (10, 20, 30, 40, 60, 80, 100, 200, and 400 μmol Fe/g pro-
tein) are shown in Fig. 2. The λmax of the ligands ranged from 310 to
350 nm, which is in accordance with the emission range of tryptophan
(Trp) (Adams et al., 2002). The fluorescence emission spectra of H and
the fractions F and R showed a higher intensity and a redshift of the
λmax (λmax shifted to longer wavelengths) compared with the WPI
spectra (Fig. 2 and Supplementary data, Table S1), suggesting that
structural changes affected Trp upon hydrolysis (Zhou et al., 2012). The
hydrolysis process yielded fragments with a lower MM and, as a result,
a rearrangement occurred and the microenvironment of these residues
could be changed. The fluorescence emission spectra of H and F showed
differences in relation to the R spectra possibly due to differences in the
peptide profiles, as observed in the chromatographic and electro-
phoretic profiles (Fig. 1).

The fluorescence intensity of all ligands at a fixed amount of protein
(5 mg/mL) decreased up to 70% with iron addition regardless of the
iron source. For all ligands, the highest iron:protein ratio (400 μmol Fe/
g protein) led to the lowest fluorescence intensity. Iron interaction with
iron-binding sites, especially carboxyl groups, may change Trp fluor-
escence depending on the impact of this interaction on the peptide/
protein conformation (Lakowicz, 2006), since the Trp λmax and
quantum yield (total intensity) are sensitive to the local electrostatic

Fig. 4. IR spectra of H - hydrolysate and its complexes (HeFe); F - filtrate (fraction< 5 kDa) and its complexes (FeFe); R - retentate (fraction> 5 kDa) and its complexes (ReFe) and
WPI – whey protein isolate and its complexes (WPIeFe) synthesized from FeCl2 (eFe C) or FeSO4 (eFe S).
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environment (Callis, 2014; Mach &Middaugh, 1994). The decrease in
fluorescence intensity after iron addition may therefore be explained by
the changes in peptide conformations as a consequence of iron-peptide
interactions (Adams et al., 2002), which may transfer Trp residues to
the surface of the molecule during complexation with iron (Zhou et al.,
2012).

Other factors, such as ionic strength, may affect the conformation of
the ligands (Dominy, Perl, Schmid, & Brooks, 2002) and interfere with
their iron-binding capacity. The ionic strength of the reaction mixture
increases up to 300% from 10 to 400 μmol Fe/g protein. At the same

iron:protein ratio, the ionic strengths of reaction mixtures with FeSO4

are approximately 30% higher than with FeCl2. The salts affect the
stability of proteins by modifying the ionic strength of the solution
(Dominy et al., 2002), and they can exert specific effects on proteins
that depend on the nature of the salt and its concentration, resulting in
either stabilization or destabilization (Arakawa & Timasheff, 1984). The
counter ions (SO4

−2 and Cl−) have different positions in the Hofme-
ister series (Zhang & Cremer, 2006), differing in their capacity to in-
fluence the protein stability and protein-protein interaction. The sulfate
ion is larger than chloride and exerts an aggregation effect on proteins
(salting out), whereas chloride ions exhibit a more solubilizing effect
than SO4

−2 (salting in) (Zhang & Cremer, 2006). Thus, the complexes
could show differences regarding the conformation of peptides during
their formation (see the below Infrared discussion).

3.3. Synthesis of peptide-iron complexes and their iron-binding capacities

Fig. 3 shows the iron-binding capacity expressed as iron solubility
(%) at pH 7.0 after the synthesis of the complexes for both iron:protein
ratios of 1:40 and 1:5. The low iron solubility observed in the control
samples with iron salts (BFe) (1.5% for FeCl2 and 18.4% for FeSO4) is
due to ferric hydroxide formation, which is insoluble at this pH. The
synthesis reaction led to an increase in iron solubility, suggesting that
all ligands exhibited an iron-binding capacity regardless of their MM,
which is in accordance with the results obtained by other authors (Guo
et al., 2013; Lv, Guo, Tako, & Glahn, 2014; Wu, Liu, Zhao, & Zeng,
2012). At a ratio of 1:40, complexes with FeCl2 showed iron solubilities
similar to those of FeSO4 at 84 to 93%, which is possibly due to a large
number of available iron-binding sites. At a ratio of 1:5, synthesis with
FeCl2 led to an iron solubility that was significantly higher than with
FeSO4, and led to greater differences among the ligands than with
FeSO4 (Fig. 3). The low iron solubility at this ratio ranging from 32% to
70% is related to the low peptide concentration of the synthesis mixture
in relation to the iron concentration and the consequent low availability
of iron-binding sites. At this ratio, pH instability of the reaction medium
was observed (7.0 to 5.8 in 15 min). This pH drop during the synthesis
reaction may have changed the protonated state of the iron-binding
sites, hindering the iron interaction with the peptides. Therefore, part of
the iron ions formed FeOH.

3.4. Characterization of the complexes

The IR spectra of the complexes synthesized with an iron:protein
ratio of 1:40 showed no detectable difference from the spectra of the
corresponding free ligand (data not shown). The high proportion of
unbound peptides may have overlapped shifts induced by iron binding,
hindering the observation of relevant information. Spectra of the
complexes synthesized with an iron:protein ratio of 1:5 enabled IR
spectral evaluation due to the differences observed in relation to the
spectra of the free ligands.

Table 1 shows the main absorption bands in the infrared spectra and
the assignments of the corresponding vibrational modes of the free li-
gands and the peptide-iron complexes.

Concerning the free ligands, several differences were observed in
the vibrational spectrum of WPI in relation to H, F, and R. For instance,
the Amide II band can be observed as a strong band at 1592 cm−1 in
the spectra of the peptide ligands (H, F, and R) and at 1552 cm−1 in the
WPI spectrum (Prigogine & Rice, 2009) (Table 1). The Amide II band
shows the breaking of peptide bonds during the hydrolysis process since
this band is dependent on secondary conformations, and its position for
intact protein and peptides is different (Prigogine & Rice, 2009).

Regardless of the iron precursor compound (FeCl2 or FeSO4) or the
ligand, in general, the interactions of the divalent metallic ion and the
ligands led to the formation of orange species, which is the character-
istic color of iron(III) compounds. The synthesis reaction conditions
lead to the conversion of ferrous to the ferric form due to the presence

Fig. 5. TG and DTA curves of filtrate (fraction< 5 kDa) (F) and respective complexes
synthesized with FeCl2 (FeFe C) or FeSO4 (FeFe S).
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of oxygen. This conversion may favor the formation of the complexes,
since, as a hard acid, Fe3+ forms high-affinity complexes with hard
oxygen ligands as carboxyl groups. Thus, the thermodynamic pre-
ference of these groups can be for Fe3+ instead of for di-cationic metal
ions (Haas & Franz, 2009), which suggests that the majority of the
complexes were formed with iron ions in the ferric form.

Both IR and TG/DTA techniques were used to characterize the
peptide-iron complexes and allowed inference of some important as-
pects, which are divided into two main topics: (I) iron coordination by
the ligands and (II) the influence of the iron precursor compounds,
which will be discussed in detail.

(I) Iron coordination by the ligands

The Amide I band is originated primarily from the peptide C]O
stretching vibration mode and was observed at 1632 cm−1 (Mukherjee
et al., 2007) in the free ligand spectra (Table 1). After complexation, it
was split into two components in the spectra of both FeSO4 and FeCl2
complexes (Fig. 4). The second component corresponds to the asym-
metric stretching of the FeeCOO bond (near 1620 cm−1)
(Trivedi & Vasudevan, 2007), confirming the formation of iron com-
plexes through the interaction with the carboxyl group preferentially

with the side chains of Asp or Glu residues.
At 1431 cm−1, for the complexes with both iron sources, the ap-

pearance of an important band associated with the symmetric
stretching vibration of the FeeCOO bond (Acevedo-Chávez et al., 2002)
was observed. In addition, the shift in the νsCeO bands from
1110–1039 (H and F) to 1117 cm−1 in the complexes indicates the
formation of FeeOeC bonds (Chaud et al., 2002; Huang et al., 2011).
However, for the complexes obtained with FeSO4, the real value cannot
be observed from the IR spectra because sulfate overlaps the band in the
same region (the sulfate vibrational mode is a very intense band at
1146–1150 cm−1) (Nakamoto, 2009). O'Loughlin et al. (2015) also
observed a band at 1110 cm−1, which was assigned to a sulfate group
in a fraction of whey hydrolysate added to FeSO4. Thus, much in-
formation concerning the metal-peptide interaction in FeSO4 complexes
could be hidden under this broad band. The sulfate group is an integral
part of the Fe complexes, either in the coordinated form, [Fe(pept)SO4],
or as a counter ion, [Fe(pept)]SO4.

Despite the differences in the MM profile of the ligands (Fig. 1), it
was possible to infer metal coordination with all ligands and their iron-
binding sites seem to be the same. High MM peptides (ligand R) or the
structure of the whole protein (WPI) did not impair the linkage with
iron atoms. In fact, in a previous work (Caetano-Silva et al., 2015), we

Table 2
Initial and final temperatures (°C), partial mass losses (%), and DTA peaks (°C) of filtrate (F) and the corresponding peptide-iron complexes, FeFe C and FeFe S.

Compound Step ΔT (°C) Δm (%) DTA peaks (°C) Assignments

Endo Exo

F 1 22–417 57.4 83.5 183.4 Water evaporation and combustion
2 417–558 32.2 – 480.4 Sample decomposition from rupture of polypeptide bonds, forming carbonaceous material
3 558–876 7.0 – – Decomposition of carbonaceous material

FeFe C 1 17–118 12.4 40.4 – Water evaporation
2 118–331 24.9 170.4 249.1 Coordinated water liberation and rupture of peptide-Fe bonds
3 331–577 35.7 – 461.9 Rupture of polypeptide bonds and formation of Fe2O3

4 761–906 13.3 – – Decomposition of carbonaceous material
FeFe S 1 25–156 6.6 42.6 – Water evaporation

2 156–348 31.8 171.5 265.1 Coordinated water liberation and rupture of peptide-Fe bonds
3 348–476 19.3 – 456.6 Rupture of polypeptide bonds and formation of Fe2O3

F: free ligand, filtrate (fraction< 5 kDa); FeFe C: peptide-iron complex synthesized with filtrate (fraction< 5 kDa) and FeCl2; FeFe S: peptide-iron complex synthesized with filtrate
(fraction< 5 kDa) and FeSO4.

Fig. 6. Simplified model of peptide-iron complexes.
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demonstrated that the iron-binding peptides are similar in both types of
fractions (F and R). The fragments, which are rich in the main iron-
binding sites in the Asp (D) and Glu (E) residues (Chaud et al., 2002; Lv
et al., 2009), were from the sequences 42YVEELKPTPEGDLEIL57 and
124RTPEVDDEALEK135 from β-Lg and 82DDDLTDDI89 from α-La. How-
ever, it is not possible to quantify the coordinate covalent bonds formed
in those different complexes. Besides the coordinate covalent bond,
other interactions, such as Van der Waals forces, hydrophobic forces,
and hydrogen bonding, strongly influence the peptide-Fe complex for-
mation and even its stability (Eckert et al., 2016; Faa & Crisponi, 1999).
The differences in the complexes synthesized with different ligands may
be related to the differences in in vitro iron absorption observed in a
previous work (Caetano-Silva et al., 2017).

(II) Influence of the iron precursor compounds

Concerning the different iron precursor compounds, FeCl2 or FeSO4,
the infrared spectroscopy also allowed identification of significant dif-
ferences among the obtained complexes. The IR spectra of the free li-
gands (H, F, R, and WPI), as illustrated in Fig. 4, show two components
of the Amide III band at 1385 cm−1 (band of medium intensity) and
1344 cm−1 (weak band) (Benaki et al., 1998) (see also Table 1). This
band involves a combination of peptide NeH in-plane bending and
CeN stretching motions, and it is conformationally sensitive (Kaiden
et al., 1987). IR spectra of the complexes with FeSO4 showed the most
important component of the Amide III band (1385 cm−1), whereas in
the IR spectra of the peptide-Fe complexes formed from FeCl2, only the
second component (at 1344 cm−1) can be observed, which can be
tentatively assigned to the presence of hydrated α-helix (Berova et al.,
2012). This result is in accordance with the presence of an intense and
broad νOeH band at 3401 cm−1 in the spectra of FeCl2 complexes
assigned to water molecule vibrations. These spectroscopic results
suggest a strong local structural distortion in the FeCl2 complexes as a
result of the coordination (Haris & Chapman, 1995; Ianoul,
Boyden, & Asher, 2001).

The Amide A band, which is assigned to the stretching vibration of
the NeH bond (Barth, 2007), was observed in the spectra of the FeCl2
complexes in the same region as that of the free ligands (3268 cm−1,
Table 1), suggesting that iron was not coordinated with the amino
groups in these compounds. The pH of the reaction (7.0) was lower than
the pKa of the NH3

+ group (~9.5); thus, the majority of amino groups
was protonated during the synthesis. This fact possibly hindered the
formation of FeeN bonds. The same occurred with the complexes with
FeSO4, which is in accordance with Eckert et al. (2016), who also re-
ported that Fe2+ did not bind to the N-terminus of a heptapeptide from
barley protein. However, in the FeSO4 complexes, the Amide A band
exhibited a shift towards a lower wavenumber (from 3268 in free ligand
to 3248 cm−1), suggesting an increase in hydrogen bond forces (Barth,
2007), since this band is very sensitive to the strength of hydrogen
bonds (Krimm&Bandekar, 1986). Analyzing the region associated with
the OeH stretching vibrational modes, besides the main band at
3414 cm−1, very weak bands at 3554 and 3474 cm−1, which were
assigned to H-bonds (Lee et al., 2015), were observed in the spectra of
the FeSO4 complexes but not in the FeCl2 complexes. Therefore, FeSO4

complexes seem to present more hydrogen bonds than the FeCl2 ones as
a result of ligand-ligand interactions. This finding can be explained by
the greater effect exerted by sulfate anions towards protein aggregation,
which is in strong agreement with the difference in position of these
ions in the Hofmeister series, as discussed earlier.

Concerning the TG and DTA curves, the complexes, FeFe C and
FeFe S, showed different thermal behaviors (Fig. 5), corroborating the
IR results. The curve of the free ligand (F) showed the same global trend
reported in the literature as the thermal behavior of the proteins
(Dandurand et al., 2014; Zhang et al., 2016). The peptide-Fe complex
obtained from FeCl2 (FeFe C) decomposed in three steps after the de-
hydration process occurred between 17 and 118 °C, whereas the

thermal decomposition of FeFe S occurred in only two steps after the
evaporation of adsorbed water was observed in the range of 25–156 °C
(with corresponding weight loss of 6.6%) (Fig. 5). The water loss of
FeFe C (12.4%) was approximately 88% higher than the FeFe S, which
is consistent with the IR spectroscopic studies that revealed the pre-
sence of hydrated α-helix in the complexes obtained from FeCl2 and an
intense and broad νOeH band at 3401 cm−1, which was assigned to
water molecule vibrations (see Fig. 4).

For both complexes, step 2 (Table 2) is most likely related to the
removal of coordinated water and the rupture of the peptide-iron bond,
accompanied by DTA exothermic peaks at 249.1 and 265.1 °C for FeFe
C and FeFe S, respectively. The breaking of the peptide bonds (Table 2)
corresponded to the final loss of the remaining organic part, accom-
panied by the formation of Fe2O3 as the final product. For the FeFe C
complex, however, one more step was observed in which the carbo-
naceous material slowly decomposed at a temperature from 761 to
906 °C.

It is evident, therefore, that the distinct spectroscopic and thermal
behaviors of FeFe S and FeFe C allowed inferring that the counter
ions, which influenced the ligand-metal and ligand-ligand interactions,
play a crucial role in the complex structure and its potential biological
activity. Different structures can lead to different exposure of cleavage
sites of gastrointestinal enzymes, which can subsequently influence the
complexes digestion and iron uptake (Caetano-Silva et al., 2017; Eckert
et al., 2016).

3.5. Simplified model of peptide-iron complexes

Fig. 6 shows a simplified model of the peptide-iron complexes,
which was outlined based on our results. Other authors have also found
carboxyl groups as the main iron-binding sites during the formation of
peptide-iron complexes (Chaud et al., 2002; Huang et al., 2011;
O'Loughlin et al., 2015; Sun et al., 2017; Zhou et al., 2012). The
schematic diagram (Fig. 6) highlights the main iron linkage with the
carboxyl groups via bidentate coordination and the influence of the
counter ions on the ligand conformation, which results in different
complexes.

4. Conclusions

Complexes synthesized from both iron precursor compounds, FeCl2
and FeSO4, showed metal-carboxylate coordination via the bidentate
mode and different effects on the ligand conformation. The counter ions
play a central role in the process of complex formation, since they may
interfere either in the exposure of binding sites of the peptides or in the
complex conformations. In fact, chloride or sulfate substantially affects
the dynamic of peptide-Fe interaction, yielding entirely different com-
pounds.

The adequate choice for the iron source to synthesize peptide-iron
complexes may be of great importance since ligand conformation and
complexes structure can lead to differences in iron absorption. Future
studies may evaluate the influence of different iron precursors on the
iron pro-oxidant capacity and its interaction with other compounds.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.foodres.2017.08.056.
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