
Available online at www.sciencedirect.com

Food and Bioproducts Processing 

journa l  homepage :  www.e lsev ier . com/ loca te / fbp

Production of iron-peptide complexes from spent 
yeast for nutraceutical industry

Ana Sofia Oliveiraa, Carlos M.H. Ferreiraa,b,⁎, Joana Odila Pereiraa,b,  
Sérgio Sousaa, Margarida Faustinoa, Joana Durãoa,b,  
Ana Margarida Pereiraa,b, Manuela E. Pintadoa, Ana P. Carvalhoa

a Universidade Católica Portuguesa, Centro de Biotecnologia e Química Fina, Laboratório Associado, Escola 
Superior de Biotecnologia, Rua Diogo Botelho 1327, Porto 4169-005, Portugal 
b Amyris Bio Products Portugal Unipessoal Lda, Portugal 

a r t i c l e  i n f o

Article history: 

Received 16 January 2023 

Received in revised form 18 May 

2023 

Accepted 19 June 2023 

Available online 22 June 2023

Keywords: 

Iron complexes 

Peptide rich extracts 

Circular economy 

Waste valorisation

a b s t r a c t

Iron (Fe) deficiencies are a major health condition concern and over the years many so-

lutions in the form of Fe supplementation have been investigated. Organic Fe-complexes 

are the most promising for Fe deficiencies remediation. The aim of present study was to 

value peptide rich waste streams from β-glucan and mannan production from spent yeast 

(Gpep and Mpep, respectively) as Fe-peptide complexes for Fe supplementation. These 

waste streams were first subjected to ultrafiltration treatment before assessing the ca-

pacity of these fractions to complex Fe was evaluated, without, and with nitrogen. Results 

have shown that Gpep >  1 kDa was the best fraction with a optimal pH of 6.0 and a time of 

30 min. The resulting Fe-peptide complex was characterized using powder XDR, fluores-

cence, FTIR, SEM and Mastersizer Laser Diffraction. Results have shown that Gpep and 

Mpep waste streams have potential application as Fe supplementation in the form of Fe 

peptide complexes.

© 2023 The Author(s). Published by Elsevier Ltd on behalf of Institution of Chemical 

Engineers. This is an open access article under the CC BY license (http://creative-

commons.org/licenses/by/4.0/).

1. Introduction

Iron (Fe) is an important micronutrient in human nutrition, 
as it is involved in many biochemical processes in human 
metabolism such as oxygen transport, electron transfer re-
actions, gene regulation, and cell growth and differentiation 
(Waldvogel-Abramowski et al., 2014).

Given its importance in human metabolism, health pro-
blems may arise if not enough Fe is ingested. In fact, Fe de-
ficiency is a major concern and one of the most widespread 
micronutrient deficiencies globally (Zhang et al., 2021). Ac-
cording to the World Health Organization (WHO) about 1.62 

billion people suffered from anaemia, a form of Fe deficiency 
in blood cells, with greater prevalence in developing coun-
tries (World Health Organization, 2008). More recent num-
bers report that 30% of women aged between 15 and 49 years 
and 40% of children under 5 years suffered from anaemia in 
2019 (WHO, 2021), while other estimates place the global age- 
standardized point prevalence of anaemia at around 23% 
(Safiri et al., 2021).

Although adults lose low amounts of Fe daily, 1–2 mg for 
man and woman, respectively (Collins and Anderson, 2012; 
Eckert et al., 2016), adequate quantities of Fe must be in-
gested in order to maintain Fe homeostasis. This is especially 
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important considering that only 5–18% of Fe naturally pre-
sent in food is absorbed by the human body during the gas-
trointestinal digestion (Eckert et al., 2016). Factors such as 
living standards, food choices and food quality may also 
impact the levels of Fe absorbed by an individual; for ex-
ample, plant-based Fe sources are less bioavailable than 
animal-based ones (Athira et al., 2021).

Fe supplementation in the diet is an effective way to ad-
dress the problem of its deficiency, particular in cases where 
Fe bioavailability in diet is low. Elemental Fe and certain 
common Fe salts, such as Fe sulphate, carbonate, citrate, and 
fumarate, are commonly used in food fortification 
(Fairweather-Tait and Teucher, 2002). However, these salts 
have some drawbacks. First, these forms of Fe have low 
bioavailability (Athira et al., 2021; Zhang et al., 2021), and the 
consequently high amounts of Fe required to rectify Fe de-
ficiency can cause health issues such as production of re-
active oxygen species (ROS) species (Caetano-Silva et al., 
2015), Fenton reactions, gastrointestinal irritation, vomiting, 
lethargy, grey cyanosis, pneumonitis, convulsions, coma and 
even death in extreme cases (Jeppsen and Borzelleca, 1999). 
Secondly, these simple salt forms can interact with food 
components, causing perceived changes in food properties 
such as flavour, colour or texture (Shubham et al., 2020).

One potential solution to these problems is the use of Fe- 
peptide complexes. These complexes are described as being 
more bioaccessible, bioavailable and safe than the afore-
mentioned Fe salts (Wu et al., 2020). Their increased bioac-
cessibility is due to the competition of peptides with other 
organic molecules, such as phytates, tannins, oxalates and 
polyphenols, which can precipitate Fe at physiological pH 
(Anderson et al., 2018; Eckert et al., 2016; Lazarte et al., 2015; 
Lee and Song, 2009; Wu et al., 2020). Some reported results 
also show that organic forms of Fe have greater absorption 
rates than inorganic forms, although they are still limited by 
their carrier capacity (Zhang et al., 2017). Finally, safety is 
also cited as a reason for the preference of Fe-peptide com-
plexes over other forms of Fe supplementation (Caetano- 
Silva et al., 2020; Wu et al., 2020).

Several sources of peptides have been tested recently, 
including whey protein (Athira et al., 2021; Caetano-Silva 
et al., 2017, 2015; O’Loughlin et al., 2015), mung beans 
(Budseekoad et al., 2018; Zhang et al., 2021), Antarctic krill 
(Wang et al., 2020), maitake (Grifola frondosa) (Yuan et al., 
2019), casein digest (Smialowska et al., 2017), Pacific cod skin 
(Wu et al., 2017), sea cucumber (Stichopus japonicus) ovum 
hydrolysates (Sun et al., 2017), Alaska pollock skin (Gadus 
chalcogrammus) (Chen et al., 2017; Guo et al., 2015, 2013), sugar 
cane (de la Hoz et al., 2014b), anchovy (Wu et al., 2012), and 
chickpea (Torres-Fuentes et al., 2012), among others. A 
common reason for choosing a particular peptide source is to 
valorize protein-rich sub- and by-products from other pro-
cesses, thus promoting circular economy. One protein-rich 
byproduct that has received attention is brewer’s yeast, Sac-
charomyces cerevisiae (Oliveira et al., 2022a). With the in-
creasing use of yeast in beverage industry (Bombe, 2019) and 
synthetic biology, among others, large quantities of yeast 
waste are generated yearly. As of 2020, world beer production 
was estimated at nearly 2 billion hectolitres (Conway, 2021), 
generating ca. 4–8 million tonnes of yeast waste (Oliveira 
et al., 2022b).

To valorize spent yeast, various processes have been de-
veloped to produce new and valued products. These pro-
cesses include the production of mannans and β-glucans 

from yeast waste (Faustino et al., 2021; Freimund et al., 2003; 
Liu et al., 2008; Tian et al., 2019). However, besides creating 
valued products, these processes also generate protein-rich 
waste that needs further processing or treatment.

Motivated by the desire to create new, healthy, effective, 
and safe Fe-peptide complexes for the nutraceutical industry 
of Fe supplementation, and by the need to further process 
and add value to these by-products, the viability of using 
these protein-rich wastes as sources for Fe-peptide com-
plexes was studied. To this end, these by-products were first 
sorted by size into different molecular weight (MW) peptide 
fractions, increasing their protein purity. These fractions 
were then tested for their viability as mineral chelating 
agents. Variables such as pH, time, protein-to-Fe ratio and 
oxidative conditions were also studied and evaluated. 
Finally, the physicochemical characterization of Fe-peptide 
complexes was performed to understand the complexation 
behaviour and final product properties.

2. Material and methods

2.1. Peptide fractions production by ultrafiltration

Peptide fractions were produced from protein-rich wastes of 
β-glucan (Gpep) and mannan (Mpep) extractions (Freimund 
et al., 2003; Liu et al., 2008; Tian et al., 2019) from engineered 
spent yeast (S. cerevisiae) used in Amyris facilities to produce 
farnesene (Emeryville, California, USA). The supernatants of 
yeast β-glucan and mannan extractions were subjected to 
ultrafiltration using an Ultracel® 1 kDa ultrafiltration disc 
(regenerated cellulose, 76 mm diameter) (Merck KGaA, 
Darmstadt, Germany) in an Amicon® stirred cell model 
(Merck KGaA, Darmstadt, Germany) to separate peptides by 
size, resulting in different MW peptide fractions. After the 
first step of 1 kDa ultrafiltration, the retentate was diafil-
trated with 3 volumes of deionized water to increase the 
protein purity of final fractions (Supplementary material 1 – 
S1). At the end of ultrafiltration process, samples were 
freeze-dried (Freeze-dryer Alpha 2–4 LSCbasic, Martin Christ, 
Osterode am Harz, Germany). As demonstrated in S1, this 
process allowed to obtain a total of 3 different MW peptide 
fractions for each waste stream: retentate “Gpep >  1 kDa” 
and permeates “Gpep <  1 kDa FS” (first ultrafiltration 
permeate fraction) and “Gpep <  1 kDa DF” (diafiltration 
permeate fraction) from β-glucan, and retentate “Mpep >  
1 kDa” and permeates “Mpep <  1 kDa FS” and “Mpep <  1 kDa 
DF” from mannans.

2.2. Chemical characterization of peptide fractions

2.2.1. Protein and dry weight quantification
Pierce™ BCA protein assay kit (Thermo Fisher Scientific Inc., 
Massachusetts, USA) was used for protein determination of 
fractions in 96 well microplates. This method is based on the 
production of a purple-coloured product by the reduction of 
Cu2+ to Cu1+ by proteins in alkaline medium, followed by Cu1+ 

reaction with bicinchoninic acid (BCA). This reaction product 
can be read at 562 nm after 30 min in a microplate reader 
(Synergy H1, Biotek Instruments, Winooski, USA).

According to the Association of Official Analytical 
Chemists standard protocols, dry weight was determined at 
105 ºC for 24 h (AOAC, 2005).
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2.3. Fe-peptides complexation

2.3.1. Fraction initial screening - reaction without nitrogen
An initial complexation screening was performed using the 
protocol of Caetano-Silva et al. (2015) with some modifica-
tions. Each peptide-rich fraction was prepared at 0.2% pro-
tein (w/w) in deionized water and 0.1% of Fe (w/w) 
(FeSO4.7H2O; Sigma-Aldrich, Inc., St. Louis, USA) was added 
to the solution under stirring, corresponding to protein:Fe 
ratio of 2:1. The solution was stirred for one hour with the pH 
monitored and adjusted periodically to 7.0. In the end, the 
solution was centrifuged (12000g, 5 min) and the supernatant 
was filtered (ø = 0.45 µm; Chromafil® PET-45/25, Macherey- 
Nagel, Germany). The soluble Fe from the resulting solution 
was measured by ICP-OES. Each extract was tested in tripli-
cate and the results expressed as a percentage of the total 
added Fe (% of initial), are presented as an average of n = 3.

2.3.2. Complex formation – anoxic conditions
2.3.2.1. Experimental setup. A schematic of the experimental 
setup used for the complexation reaction in the presence of a 
nitrogen atmosphere is displayed in Fig. 1A.

A three necked 500 mL flask was used for the purpose. 
When not in use, the flask necks would be closed using the 
appropriate stoppers. The middle neck was used to insert a 
pH electrode for live control, and one of the side necks was 
used to insert the NaOH probe of Automatic Potentiometric 
Titrator AT-710 system (Kyoto Electronics Manufacturing Co. 
Ltd, Japan) to adjust pH during reaction. The second side 
neck was used to insert a nitrogen line. The flask was placed 
in a magnetic stirrer and a magnetic bar was inserted in the 
flask to stir the solution during the reaction.

2.3.2.2. Reaction protocol. A peptide-rich solution was 
prepared to a protein concentration of 0.02% (w/w) and 
placed in the reaction flask. Nitrogen gas was purged for 
10 min and 0.01% of Fe (w/w) was added while the solution 
was continuously stirred and purged for more 10 min. Finally, 

the pH of the solution was slowly increased to pH 7.0. For the 
next 30 min, the solution was kept under nitrogen purge and 
the pH was monitored and adjusted to 7.0 accordingly. At the 
end of reaction, the solution was collected in a flask under a 
nitrogen atmosphere and stored at room temperature 
overnight. In the next day, the pH of solution was adjusted 
back to pH 7.0, followed by centrifugation (12000g, 5 min) and 
filtration for some precipitate remotion (ø = 0.45 µm). The 
soluble Fe from the resulting solution was measured by ICP- 
OES. Each reaction was performed in triplicate and the results 
expressed as a percentage of the total added Fe (% of initial), are 
presented as an average of n = 3. Blank experiments were also 
carried out, where the same conditions were tested, in 
duplicate, in the absence of peptide extracts.

2.3.2.3. Factorial design and statistical analysis. To find the 
optimal complexation conditions, a two-factor factorial 
design was used. The effect of pH was studied at five 
different levels (6.00, 6.25, 6.50, 6.75 and 7.00) while time 
was varied at four levels (0.5, 1.0, 2.0 and 4 h). As to reduce 
the number of conditions, only 50% of the total possible 
combinations were performed, as shown in Fig. 1B. Each 
combination was performed in triplicate. Experiments were 
conducted in a randomized order.

To model the response of % of complexed Fe to the tested 
factors, the following second-order polynomial model was 
chosen:

= + + + + + +YY bb bb XX bb XX bb XX XX bb XX bb XX00 11 11 22 22 33 11 22 44 11
22

55 22
22

Where Y is the percentage of the initial Fe in solution after 
complexation reaction, bi represent the different coefficients 
of each factor, Xi represent pH and time factors and ϵ the 
random experimental error.

The model was fitted using the Real Statistics Resource 
Pack software (Release 7.2) with multivariate regression as 
the optimization and fitting method. To analyze extreme 
data points of the regression fit and determine their validity, 
the Cook’s D method was applied. Data points with a value 

Fig. 1 – A: Experimental design of the complexation reaction setup using nitrogen (N2), pH control and NaOH probe. B: 
Conditions of pH and time on the complexation reaction efficiency assays. •: combination tested; ○: combination not tested.
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greater than 0.2 were considered for removal from the re-
gression, and the regression was conducted a second time.

2.3.3. Fe determination by ICP-OES
Fe content was measured according to the procedure of 
Chatelain et al. (2014) with some modifications in an optical 
emission spectrometer Model Optima 7000 DV ™ ICP-OES 
(Dual View, PerkinElmer Life and Analytical Sciences, 
Shelton, CT, USA) with radial configuration. The analysis was 
done in triplicate and Fe was calculated according to Fe 
standard calibration curve from 0.05 to 10 mg/L of commer-
cial mix standard for ICP analysis (Inorganic Ventures, 
Christiansburg, USA). Before ICP analysis, a microwave di-
gestion of samples (2 mL) was conducted in a speedwave 
XPERT (Berghof Products + Instruments GmbH, Eningen, 
Germany) using 5 mL of Suprapur® HNO3 and 2 mL of 35% 
H2O2 (Merck KGaA, Darmstadt, Germany). The digestion 
protocol consisted of five steps: 1) 160 ◦C/5 min, 2) 190 ◦C/ 
10 min, 3) 190 ◦C/10 min, 4) 100 ◦C/2 min and 5) 100 ◦C/2 min. 
The digested samples were then diluted to 25 mL with ul-
trapure water for ICP-OES analysis.

2.4. Complex characterization

2.4.1. X-ray diffraction (XRD)
The diffraction of X-rays was analysed using an X-ray dif-
fractometer (Rigaku MiniFlex 600, Tokyo, Japan). Freeze dried 
samples were packed in a sample plate and measured using 
the following conditions: Cu kα radiation, operated at 40 kV 
and 15 mA, with 2θ range from 3º to 80º, a scanning speed of 
3º min-1, and a step of 0.01º.

2.4.2. Intrinsic fluorescence
The intrinsic fluorescence emission spectra were recorded 
using a Synergy H1 microplate reader (Biotek Instruments, 
Winooski, USA). A wavelength of 280 nm was used for ex-
citation of samples and emission wavelengths from 300 to 
400 nm were recorded in of 5 nm increments. Samples were 
measured in triplicate and the results were expressed as an 
average.

2.4.3. Fourier-transform infrared (FTIR) spectroscopy
A diamond crystal of attenuated total reflectance (ATR) as-
sembly Perkin-Elmer Frontier FTIR spectrometer coupled 
with a Universal ATR Sampling Accessory (Massachusetts, 
USA) was used to obtain infrared spectra. Samples were 
measured in a wave number range between 4000 and 550 cm- 

1 with a resolution of 1 cm1.

2.4.4. Scanning Electron Microscopy (SEM)
The samples morphology was evaluated using a Phenom XL 
G2 (Thermo Fischer Scientific, The Netherlands) scanning 
electron microscope (SEM). Sample powders were placed 
over double-sided adhesive carbon tape (NEM tape; Nisshin, 
Japan), which covered the observation pins, and were coated 
with gold/palladium on a sputter coater (Polaron, Germany). 

An acceleration voltage of 5 kV in high-vacuum mode was 
used and all images are representative of the morphology of 
each sample.

2.4.5. Particle size
The particle size distribution was assessed using a Malvern 
Mastersizer 3000 - Laser Diffraction (Malvern Instruments 
Ltd., UK) with a refractive index of 1.40 and absorption of 0.01 
parameters selected. Ethanol absolute was used as dis-
persant. According to the laser diffraction through the par-
ticles of material, a scattering pattern was generated and 
then used to calculate the particle size via Mie theory.

3. Results and discussion

3.1. Protein content

The supernatants of yeast β-glucan and mannan extractions 
were submitted to 1 kDa ultrafiltration and diafiltrated and 
the protein concentration of the peptide-rich fractions was 
determined thereafter. A protein content ranging 23.0–86.4% 
(w/w) was found, as shown in Table 1. Additional nutritional 
characterization of peptide-rich fractions (Gpep/Mpep > 1 
kDa and Gpep/Mpep DF < 1 kDa) can be found in our previous 
work (Oliveira et al., 2022c).

Several authors have used membrane filtration to produce 
peptide fractions with low MW, since these are described as 
better ligands for mineral binding (Caetano-Silva et al., 2018; 
de la Hoz et al., 2014a, 2014b; O’Loughlin et al., 2015; Yuan 
et al., 2019). The high selectively and efficiency together with 
low energy consumption makes it quite appealing to food 
industry (Marson et al., 2020). In fact, for ideal Fe com-
plexation, peptides should be ranging in size from 300 to 
1500 Da (Caetano-Silva et al., 2020). Our peptide-rich frac-
tions appear to be promising candidates, since our previously 
study revealed approximately 80–90% of peptides under 
1 kDa in Gpep and Mpep FS <  1 and 30–60% in Gpep and 
Mpep >  1 (Oliveira et al., 2022c). Worth noting that the large 
percentage of peptides under 1 kDa observed in both Gpep 
and Mpep >  1 kDa may be attributed to the limited selectively 
of ultrafiltration cut-off membranes, as explained in our 
previous article. As a result, the first step of this study was to 
evaluate the complexation capacity of different MW fractions 
produced. The peptide rich solutions for the following com-
plex reactions were prepared according to the protein con-
centrations listed above (Table 1).

3.2. Fraction complexation capacity screening

The values of soluble Fe(II) found at the end of the one hour 
reaction, as measured by ICP-OES, are found in Fig. 2A. Al-
most all reactions resulted in less than 10% of the initial Fe 
remaining in solution, with exception of Gpep <  1 kDa DF and 
Mpep <  1 kDa DF, with 10.65% and 10.04% respectively. The 
lowest amount of Fe in solution was found at the 

Table 1 – Protein concentration (% w/w) of peptide-rich fractions. 

Gpep Mpep
>  1 kDa FS  <  1 kDa DF  <  1 kDa >  1 kDa FS  <  1 kDa DF  <  1 kDa

Protein (%) 67.2  ±  16.0 23.0  ±  1.3 67.6  ±  25.6 86.4  ±  8.7 44.8  ±  5.8 48.3  ±  15.9

Results are expressed in average ±  standard deviation (n = 4).
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concentrated fractions (> 1 kDa) of both by-products, with 
3.92% and 4.68% for Gpep and Mpep, respectively.

During the complexation reaction under normal condi-
tions, the pH was very unstable for at least the first 30 min, 
consistently decreasing as it was adjusted to 7.0. At the same 
time, the formation of a precipitate was observed as NaOH 
was added to the solutions to adjust the pH to the required 
value.

There are two factors that may be responsible for the 
decrease in pH. One possibility is that ferrous Fe (II) may be at 
its solubility limit and precipitate out as Fe(OH)2 

(Monhemius, 1977), depleting hydroxide from solution and 
thereby reducing pH. The constant stirring of the solution in 
open air may also contribute to the oxidation of ferrous Fe (II) 
into ferric Fe (III), which is even more insoluble at neutral pH 
(Monhemius, 1977). On the other hand, it is possible that 

Fig. 2 – A: Average (n = 2) soluble Fe found in solution after complexation reaction with no nitrogen atmosphere expressed 
as percentage of the initial added Fe, bars represent standard deviation. B: Soluble Fe found in solution after complexation 
reaction with solution purge and nitrogen atmosphere expressed as percentage of the initial added Fe. Boxplots with 
minimum, Q1, median, Q3 and maximum. Crosses: average value (n = 6). Gpep: supernatant from β-glucans procedure; 
Mpep: Ethanol supernatant from mannans procedure; >  1 kDa: fraction retained in ultrafiltration; <  1 kDa FS: first 
ultrafiltration permeate fraction; <  1 kDa DF: diafiltration permeate fraction.
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protons may be released by peptides and/or proteins as a 
result of the complexation and consequent change in pKa of 
some acid/base moieties (Onufriev and Alexov, 2013). How-
ever, the formation of a thick brown precipitate seems to 
support the first hypothesis.

The amount of soluble Fe found at the end of the reaction 
(Fig. 2A) also supports the previously discussed assumptions. 
Overall, the amount of Fe present in the solution is low, 
ranging from about 4–10.5%. Despite this range, statistical 
analysis reveals no differences between different fractions. 
Comparing these results with literature, they are somewhat 
low since Sun et al. (2017) have found values ranging from 
15% to 90% of the added Fe in their samples. However, pro-
teins of this study were extracted from other matrix, such as 
sea cucumber ovum hydrolysates. On the other hand, our 
values are in the same range as those found by Wu et al. 
(2017) using peptides from Pacific cod skin gelatin for com-
plexation. Other sort of optimization was performed by 
Caetano et al. (2017) which allowed soluble Fe yields between 
40% and 90% when using different Fe:protein ratios and 
working with whey protein hydrolysates. Also in this study, 
the authors tested different ultrafiltration fractions (filtrate 
and retentate) as well the original hydrolysate and, contrary 
to our study, found differences in complexation behaviour 
between different fractions (Caetano-Silva et al., 2017). Si-
milarly, O’Loughlin et al. (2015) studied the complexation 
capacity of two whey protein hydrolysates that were sub-
jected to an ultrafiltration cascade. The two fractions studied 
(30 kDa retentate and 1 kDa permeate) have shown slightly 
different behaviours, with a decrease in Fe solubility when 
reaching pH 7. Nonetheless, more than 80% of Fe remained 
soluble (O’Loughlin et al., 2015).

During the reactions under normal conditions, Fe oxida-
tion was observed and the yield was consequently low. 
Therefore, new conditions were tested, including the use of 
an anoxic environment. In these reactions nitrogen gas was 
used to purge the reaction solution and the environment of 
the reaction was sealed under a nitrogen atmosphere. Under 
these conditions a different behaviour was observed. 
Precipitation still occurred, but to a lesser degree and with a 
different colour than in the first case (greenish instead of 
ochre). Also, pH variation was observed but to a lesser de-
gree, being the solution much more stable than in the pre-
vious experiment. Overall, an improvement was observed, 
with larger amounts of soluble Fe still found, with values 
averaging from 39% (Mpep < 1 kDa) to 64% (Mpep > 1 kDa). 
This is in stark contrast to the previous results obtained 
under normal atmosphere conditions (Fig. 2). Interestingly, 
the permeate fractions (FS and DF) had less soluble Fe com-
pared to the concentrate fractions which had the largest. In 
fact, it is possible to observe a trend in the data suggesting 
that the lower the size of peptides in solution, the less Fe is 
maintained in solution. However, this trend and differences 
between steps of filtration within the same by-product are 
not statistically significant (p  >  0.05) possibility attributable 
to the large % of peptides MW under 1 kDa found in all 
fractions (Oliveira et al., 2022c).

In comparison with literature previously discussed, this 
data set is more comparable to that of Sun et al. (2017). 
However, lower percentages of soluble Fe than O’Loughlin 
et al. (2015) or Caetano-Silva et al. (2017), (2015) were still 
obtained, which may be related with two main complexation 
factors: interference of time (reaction and precipitation ki-
netics) and pH (protonation and complexation equilibria), as 

reviewed by Caetano-Silva et al. (2020). These two factors 
were explored in more detail in the next experimental set.

3.3. Complex formation conditions optimization

An analysis in the literature reveals that different conditions 
for conducting Fe-peptide complexation have been explored. 
For example, Zhou et al. (2012) used seven different pH levels 
in the 5.0–8.0 pH range while Smialowska et al. (2017) tested 
three different pH from 2.75 to 6.7. While some works use a 
single pH value, the authors differ on the pH chosen. For 
example, the following values have been used: pH 5.0 (Wu 
et al., 2020; Yuan et al., 2019), pH 6.0 (Wang et al., 2020) or pH 
7.0 (Caetano-Silva et al., 2017, 2015; Sun et al., 2017). How-
ever, most works focus on a 5–8 range, though a pH higher 
than 7.0 may not be desirable since a formation of precipitate 
was observed at the first screening assay. On the other end, a 
lower pH may compromise complexation, as fewer moieties 
will be deprotonated and available for complexation. For this 
reason, a pH ranging from 6.0 to 7.0 was chosen for our op-
timization study. Also, from the experience obtained in the 
previous experiments, the solution pH continuously de-
creases over time, even past one hour. In fact, in a test ex-
periment (data not shown) that was conducted over the 
period of four hours, pH was still not fully stable. The ob-
servation that 24 h later the pH has decreased raises the 
question of what the ideal time for the complexation reac-
tion is, and if it is pH dependent. Therefore, different times 
were also tested, ranging from 0.5 h to 4 h. Gpep >  1 kDa was 
the peptide fraction chosen for this optimization since 
“ >  1 kDa” samples presented a high soluble Fe in the 
screening study and Gpep >  1 kDa had higher median values 
of soluble Fe found in the screening study.

Average values (n = 3) of soluble Fe at the end of the re-
action for each set of conditions tested can be found in 
Table 2. The highest average value, 88.0%, was found at pH 
6.0 and 0.5 h of reaction, followed by other low pH and low 
time reaction conditions. In fact, if the average values are 
plotted just considering pH or time alone (Figs. S2A and S2B, 
respectively), a trend of decreasing soluble Fe as pH increases 
can be observed, where at pH 7.0 values are similar to those 
found in the previous experiment. Regarding time, there is 
no clear trend, but the highest values are found for 1 h. 
However, time does not seem to have a large impact on the 
final solubility of Fe as pH has.

The fitting of out model using a multivariate regression 
analysis to the obtained data returns the following equation:

Table 2 – Average ±  standard deviation (n = 3) soluble Fe 
found for each condition tested in the experimental 
factorial design used. 

pH Time (h) Complexed Fe (% of initial)

6.0 0.5 88.0  ±  3.1
6.0 2.0 86.4  ±  1.5
6.25 1.0 83.5  ±  6.7
6.25 4.0 65.8  ±  8.6
6.5 0.5 55.1  ±  8.6
6.5 2.0 73.3  ±  9.5
6.75 1.0 71.2  ±  5.5
6.75 4.0 41.7  ±  13.4
7.0 0.5 53.4  ±  6.3
7.0 2.0 36.2  ±  11.4
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= + +

Fe (%)

32.27pH 64.35t 8.49pH. t 4.61pH 3.25t 50.04

complexed

2 2

With =R 0.7942 and <p 0.0001.
The corresponding response surface of the proposed 

model can be seen in Fig. 3 and the residuals of the multi-
variate regression in Fig. S3.

The results presented in Fig. 3 show the trend already 
observed in Figs. S1A and S1B. Within the tested intervals of 
pH and time, the model predicts pH as the most important 
factor affecting the outcome of the complexation reaction. 
Using a pH as high as 7.0 is not advantageous, as most Fe(II) 
will either precipitate or oxidate and readily precipitate, 
while pH 6 is more ideal, with the model predicting values 
around 80–90% complexed, in contrast to pH 7.0 with values 
around 20–55%.

Regarding time, its influence seems pH related. At lower 
pHs, the time influence is not very noticeable, as seen in 
Fig. 3, at pH 6.0, a 10% points difference from best to worst 
yields can be observed, with the greater difference at pH 7, 
where a 35% points difference is observed. The ideal time for 
complexation also changes slightly over pH, from 2 h at pH 
6.0–1 h at pH 7.0. The observed changes may be linked to how 
precipitation kinetics and equilibria are affected by pH. At 
higher pH (7.0), the stability of Fe-peptide complexes de-
creases, leading to release of free Fe and peptides. The free Fe 
ions tend to precipitate more easily at this pH, due to more 
favourable conditions for precipitation to occur. Moreover, 
lower pH levels tend to increase the stability of the Fe-pep-
tide complexes as noted by Ahile et al. (2020).

However, since the difference in yield between 0.5 h and 
1 h reaction time at pH 6.0 was found to be minimal, the extra 
resources required for a longer reaction time (energy and ni-
trogen gas) were deemed unjustifiable for the small increase 
in yield observed. Consequently, a reaction time of 0.5 h and 
pH 6.0 were chosen as optimal conditions for complexation 
reactions of Fe(II) with Gpep >  1 kDa FD fraction.

3.4. Complex characterization

3.4.1. XRD
A powerful method for assessing the structural changes in 
peptides following complexation with metal ions is XRD 
analysis (Walters et al., 2018). As demonstrated by several 
studies, XRD can provide valuable information on con-
formational changes in peptides following complexation 
with metals such as Fe (Jin et al., 2011; Malison et al., 2021; 
Wang et al., 2018). Generally, peptide samples exhibit weak 
or no crystalline reflections, but instead a broad band at 
around 2θ 20°, which is characteristic of an amorphous 
sample. The presence of metal ions can result in changes on 
this spectrum, such as the appearance of sharp reflection 
bands, which are indicative of structural changes in the 
peptide (Walters et al., 2018).

The X-ray diffraction patterns of Gpep >  1 kDa, 
Gpep >  1 kDa-Fe and Fe hydroxides are depicted in Fig. 4. Fe 
precipitates from the reaction without Gpep >  1 kDa (blanks) 
were used as control for Fe (hydro)oxides. The Gpep >  1 kDa 
presents a major broad band centred around 2θ 20°, as ex-
pected. On the other hand, with the addition of Fe, Gpep >  
1 kDa-Fe exhibits two strong crystal diffraction peaks, as 
well as some other small diffraction peaks. The two major 
peaks are found at 2θ 18.5° and 26°. The analysis of Fe pre-
cipitates spectrum reveals that these have a different pattern 
of crystallization than that of Gpep >  1 kDa-Fe, as evidenced 
by the increased number of reflections. There are four main 
peaks at 2θ 14.5°, 27.4°, 36.7° and 47.2°, which both differ in 
quantity as well as in angle of reflection. Similar results were 
found by Yang et al. (2019), where the Fe complexes created 
by the authors had a different XRD pattern compared to the 
original materials used, or by Zhu et al. (2018), although in 
the latter the signal difference was low due to the low crys-
tallization level of the matrix.

3.4.2. Intrinsic fluorescence
The averaged spectra obtained for the three replicates of 
Gpep >  1 kDa-Fe complexes, as well as for Gpep >  1 kDa, can 
be seen in Fig. 5. It is possible to observe a decrease in the 
fluorescence band at 340 nm, caused by the addition of FeSO4 
to Gpep >  1 kDa. This is likely due to the quenching of tryp-
tophan residues in the peptide by Fe ions as noted by Wu 
et al. (2012). Furthermore, a red-shift in peak intensity from 
340 nm to 345 nm is observed, this is also attributed to the 
quenching of tryptophan residues in the peptide by the Fe 
ions and is consistent with previous reports. For example Wu 
et al. (2012) have demonstrated that the addition of FeSO4 to 
anchovy muscle protein resulted in a decrease in fluores-
cence between 310 nm and 400 nm, after excitation at 
295 nm, while at the same time, registering a red-shift in the 
emission spectra. Similarly, β-lactoglobulin hydrolysates also 
showed a decrease in fluorescence intensity at the same 
wavelength when Fe salts were added, with a simultaneous 
red-shift in emission spectra (Zhou et al., 2012). On the other 
hand, Lin et al. (2021) did not register a red-shift in emission 
spectra, unlike other studies, while observing the reduction 
of intensity on fluorescence. These changes may be attrib-
uted to the conformational changes of peptides caused by 
complexation, which results in less exposure of tryptophan 
to solvent, resulting in an emission behaviour change 
(Walters et al., 2018).

Fig. 3 – Response surface depicting soluble Fe (as % of initial 
added) versus time and pH. Model obtained from applying 
multivariate regression to complexation data, according to 
formula described in the main text.
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3.4.3. FTIR spectroscopy
The study of new complexes with FTIR is common practice, 
given its easiness and simplicity of use. The information 
provided is also valuable since there are several functional 
groups that can take part in the complexation with Fe(II). 
Shifts in amides I, II and III, as well as in carboxyl (-COOH), 
hydroxyl (-OH), sulfhydryl (-SH), and methyl (-CH3) groups, 
usually part of peptide side chains, all may provide useful 
information regarding structural and chemical changes re-
sulting from complexation (Walters et al., 2018). These 
changes, such as the appearance of new bands at specific 
wavenumbers, demonstrate the formation of covalent bonds 
between the peptide and the metal ions and a strong binding 
of the two entities. Therefore, the analysis of the comparison 
of FTIR spectra from un-complexed fraction and complexed 
fraction may be of help to evaluate how the peptides have 
complexed Fe(II).

The ATR-FTIR spectra for Gpep >  1 kDa, Gpep >  1 kDa-Fe 
complex and Fe hydroxides are presented in Fig. 6. The first 
major difference is the presence of two very intense and 
sharp bands in the Gpep >  1 kDa-Fe complex spectrum at 

1075 and 599 cm-1, whereas they are considerably smaller in 
the Gpep >  1 kDa spectrum. These bands are likely due to the 
presence of sulphate ions, as result of the added Fe sulphate 
salt for the complex formation (Coates, 2006). The influence 
of different counter ions in IR spectra has been previously 
described (Caetano-Silva et al., 2017), and the presence of this 
strong band makes it difficult to analyze the spectra in this 
region. Bands in the region of 500 cm-1 and 1100 cm-1 have 
been associated with the stretching vibration of N-Fe and C- 
O-Fe bounds, respectively (Caetano-Silva et al., 2017; Huang 
et al., 2011; Wu et al., 2017; Zhou et al., 2012). For example, 
Caetano-Silva et al. (2017) related a shift in the νsC-O bands 
from 1110 to 1039–1117 cm−1 to the formation of Fe-O-C 
bonds, while bands at 1430 and 1620 cm-1 were related to 
symmetric and asymmetric (respectively) stretching vibra-
tion of Fe-COO bonds (Caetano-Silva et al., 2017). On the 
other hand, Zhou et al. (2012) described the appearance of 
strong bands at wavelengths of 1086, 1181, and 1253 cm−1 

which the authors attribute to the coordination of the C-O-Fe 
bond in the peptide-Fe complex, while relating the shift at 
3408–3375 cm−1 to complexation at amine groups in the 

Fig. 4 – XRD patterns of Gpep >  1 kDa, Gpep >  1 kDa-Fe complex and Fe hydroxides (Fe(OH)x) from 3° to 80°. 

Fig. 5 – Average (n = 3) fluorescence emission spectra of Gpep >  1 kDa (dashed line) and Gpep >  1 kDa-Fe complexes (solid 
lines). Excitation wavelength = 280 nm; emission wavelength = 300–400 nm.
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peptide (Zhou et al., 2012). Observations in this range would 
be of practical importance, as they allow us to better un-
derstand the chemical interactions between the peptide and 
Fe ions but are obscured by the presence of the bands asso-
ciated with sulphate ions.

Nonetheless, a number of band shifts were observed, 
providing insight into the specific interactions between the 
peptide and Fe ions. One of the most significant shifts ob-
served was the shift of the band at 1433, from the original 
1394 cm-1 which can be attributed to carboxyl groups. This 
shift has been previously associated with a COO-Fe (Caetano- 
Silva et al., 2017). Additionally, changes were also observed in 
the Amide I and Amide II bands of Gpep >  1 kDa, found at 
1645 and 1539 cm-1 respectively. The Amide I band shifted 
from 1645 to 1635 cm-1, which may suggest the formation of 
COO-Fe bounds (Caetano-Silva et al., 2017). The Amide II 
band also reduced in intensity. This intensity reduction may 
be attributed to the interaction of the amide II groups with 
the metal ions, as previously reported (Alhazmi, 2019).

A broad band at 3280 cm-1 was observed at the original 
substrate, which can be attributed to Amine A (Wu et al., 
2017). However, in the complex FTIR spectrum, this band has 
shifted to 3223 cm-1 as a result of the complexation reaction, 
which strongly supports the claim that peptides have suc-
cessfully complexed with Fe.

Comparison with the FTIR spectra of Fe precipitates 
(without peptide supernatant), most likely Fe hydroxides, 
showed little similarity in the position of the main bands 
between Fe precipitates and Fe complexes spectra. A broad 
band can be observed at 3134 cm-1, most likely related to the 
O-H of the hydroxides in the precipitate, dissimilar to the 
3223 cm-1 band on the complex. The presence of sharp peaks 
at 1110, 1020, 745, 622 and 555 cm-1 in the Fe(OH)x spectrum, 
which are not present in the complexes spectrum, further 
confirms the difference between the two.

3.4.4. SEM
The morphological properties of Gpep >  1 and its Fe com-
plexes were analysed using SEM and the results are pre-
sented in Fig. 7. Both samples are mostly characterized by 
rough shape particles with different sizes, which is a 

common feature when freeze-drying is used as a drying 
method (Liapis and Bruttini, 2020). However, notable differ-
ences were observed in the shape and structure of the par-
ticles. Gpep >  1 sample was composed of irregular flat plate- 
shaped flakes, which is characteristic of amorphous mate-
rial. In contrast, Gpep >  1-Fe complexes showed some small 
spherical particles with uneven surface in a compact and 
fragmented foundation. This observation is consistent with 
previous studies, which have shown that Fe binding can 

Fig. 6 – FTIR spectra of Gpep >  1 kDa, Gpep >  1 kDa-Fe complex and Fe hydroxides (Fe(OHx)) in the region from 4000 to 
550 cm-1 and identification of the main peaks observed.

Fig. 7 – Microscopic morphology of Gpep >  1 freeze-dried 
samples (A) versus freeze-dried Fe-peptide complexes 
formed with Gpep >  1 (B), using scanning electron 
microscopy (SEM).
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change the original flat peptide plates and result in the for-
mation of spherical structures (Ferreira et al., 2022; Lin et al., 
2021; Wang et al., 2020).

3.4.5. Particle size
The particle size distribution of Gpep >  1 kDa and Gpep-Fe 
complexes were analyzed and the results are shown in Table 3. 
As particle size is a critical parameter that can affect the flow 
properties of powders, it is important to understand how the 
complexation with Fe ions affects the size of the particles. As 
shown in the table, the median particle size (Dv50) of Gpep >  1- 
Fe complex were <  11.1 µm, while Gpep >  1 kDa presented par-
ticles <  39.1 µm. Similarly, at 90% distribution (Dv90) the Gpep- 
Fe complexes had particle sizes of 39.2 µm, while Gpep >  1 kDa 
was found to have particle sizes of <  83.2 µm. These results 
suggest that the complexation of Gpep >  1 kDa with Fe2+ ions 
leads to a reduction in the particle size, which can be attributed 
to structural folding and molecular structure rearrangement, 
which some authors called the “bridging role” between Fe2+ and 
peptides’ carboxyl group (Li et al., 2019). The reduction of particle 
size after complexation can also be confirmed by morphological 
analysis of Gpep >  1 and Gpep >  1-Fe complexes (Fig. 7), is al-
ready been described by other authors (Ferreira et al., 2022; 
Wang et al., 2020).

4. Conclusion

In summary, this study has demonstrated the potential of waste 
streams from β-glucan and mannan production processes as a 
source for eco-friendly Fe-peptide complexes. Through a multi-
factor factorial experimental design, the optimal conditions for 
producing these complexes were determined. From a pure 
mathematical standpoint, the best conditions were pH 6.0 and 
1 h of reaction. However, when evaluating reagent consumption 
and the final yields, a time of 0.5 h was deemed more reason-
able. The presence and quality of the complexes was also 
evaluated by structural and chemical characterization methods. 
Thus, a new eco-friendly, waste reducing alternative Fe-complex 
has been formulated and characterized. These findings suggest 
that these complexes are promising options for Fe supple-
mentation and merit further studies regarding biocompatibility 
and bioavailability needed to be conducted in order to assess the 
feasibility of the use of such complexes as Fe supplementation. 
Additionally, this research also presents a valuable approach to 
valorizing industrial waste streams and reduces the environ-
mental impact by repurposing them in a sustainable way.
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