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Abstract

Iron deficiency is the main cause of anemia, one of the most common nutritional deficiencies
affecting millions of people worldwide. In addition, iron instability, sensitivity, and intense flavor
limit its use in food fortification. In this work, lactoferrin (LF) particles were developed by Nano
Spray Dryer (NSD) and its capacity to be used as an iron carrier was evaluated. The effect of NSD
temperature (60 °C, 80 °C, and 100 °C) and LF concentrations (10 mg.mL™, 50 mg.mL™, and 100
mg.mL™) was evaluated on the LF structure and on the production and stability of a LF-iron
carrier. Results showed that the NSD is suitable for producing LF particles with diameters ranged
from 38.8 nm to 4533.6 nm. Although different surface morphologies were obtained, higher
protein concentrations (100 mg.mL™) produced round shape and smooth surface particles, but for
lower protein concentrations (10 mg.mL™ and 50 mg.mL™) wrinkled particles and doughnut shape
particles were obtained. SDS-page electrophoresis and circular dichroism (CD) for secondary
structure (185 — 260 nm) show that the characteristics of the structures were maintained, meaning
that NSD does not cause protein degradation. CD for tertiary structure (250 nm — 350 nm) and
fluorescence tests confirmed the interaction between LF and iron, observed by an intensity
decrease and a wavelength shift in fluorescence spectra. The CD tertiary structure analysis
showed higher ellipticity for the Trp peak, meaning conformational changes in the neighbor
amino acids due to protein-iron interaction. Iron release experiments were performed at different
pH values (2.0 and 7.4) at 37 °C aiming to understand the release mechanism in different media.
Results showed that at pH 2 the iron release could be described by the linear superposition model
(Radj?=0.9879) (explained by Fick and relaxation phenomenon) and that at pH 7.4 there is no iron
release, showing that particles are stable at neutral pH. NSD is a suitable technology for producing

iron-loaded protein-based carriers that could be used in food applications.
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1. Introduction

It is estimated that anemia, mostly caused by iron deficiency, affects 33% of non-pregnant
women, 40% of pregnant women, and 42% of children worldwide (World Health Organization,
2020). Iron is a micromineral that helps metalloproteins like myoglobin, hemoglobin, and
oxidases in reduction and oxidation reactions (Fathima et al., 2017). The lack of iron in humans
results on fatigue symptoms, low physical performance, poor growth and brain development, and
a weak immune system (Lozoff, 2007; Marques et al., 2019; Menza & Probart, 2013). Iron
deficiency can have different causes, such as an inadequate intake due to diets poor in iron, by
blood loss, or even poor iron absorption because of intestinal conditions or interaction with other
compounds that prevent absorption (e.g., dairy products) (Marques et al., 2019; Percy et al., 2017,
World Health Organization, 2020).

Aiming to increase the ingestion of iron and meet the daily recommended intake together with
avoiding health problems related to malnutrition, strategies such as diversification of diets, iron
supplementation, and even food fortification were proposed (Marques et al., 2019; Shubham et
al., 2020). However, direct iron addition to food has some drawbacks that mainly result in iron
instability and intense flavor, limiting its use in food products (Fathima et al., 2017; Katouzian &
Jafari, 2016; Marques et al., 2019; Shubham et al., 2020). One of the ways to preserve and
maintain the properties of micronutrients and improve their functionality and bioavailability is
their encapsulation. The encapsulation using natural carriers is a way to protect the micronutrients
from adverse factors, promote a controlled release, and mask undesirable flavors, which increases
their application in food products (Gharibzahedi & Jafari, 2017; Marques et al., 2019). Some
works encapsulated the mineral iron using different materials and encapsulation techniques.
Hatefi and Farhadian (2020) encapsulated iron (ferrous sulphate) in solid lipid nanoparticles with
a size of 358 £ 21.9 nm, while Gupta et al. (2015) used a blend of gum arabic, maltodextrin, and
modified starch for the iron encapsulation using the solvent evaporation method. An iron delivery
system was developed by Katuwavila et al. (2016) using controlled ionic gelation to produce
alginate particles with a size range from 15 nm to 30 nm and loaded with ferrous sulphate. Churio
and Valenzuela (2018) produced maltodextrin particles to encapsulate heme (bovine erythrocytes)
and non-heme (ferrous sulphate) iron, and in another work developed by Wardhani et al. (2020),
hydrolyzed glucomannan was used for the ferrous sulphate encapsulation. Both works used spray
drying technology to produce the particles. Micro- and nanoscale carriers have advantages, like
good stability against aggregation and sedimentation, enhanced solubility, controllable release
and diffusion rates, and increased absorption in the gastrointestinal (GI) tract (Marques et al.,

2019; Martins et al., 2016). Previous work has also shown that protein-based micro and
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nanocarriers can be an interesting technique for protecting micronutrients like iron (Martins et al.,
2016).

Bovine lactoferrin (LF) is a protein from the transferrin family and consists of a single polypeptide
chain with a molecular weight of around 78 kDa with 703 amino acids and an isoelectric point
around 8-9 (Bourbon et al., 2015; Levay & Viljoen, 1995; Martins et al., 2016; Wang et al., 2019).
LF is a globular protein that has two lobes, C-lobe and N-lobe, and each C- and N-lobe can be
divided into two sub-lobes: C1 and C2; N1 and N2. Each lobe can bind an iron ion in a reversible
way (Baker & Baker, 2004; Bokkhim et al., 2014; Wang et al., 2019). In terms of iron saturation,
there are three different forms of lactoferrin, the native lactoferrin (Native-LF) that is only
partially iron-saturated, the iron-free lactoferrin that is called apo-lactoferrin (Apo-LF), and the
iron-saturated lactoferrin, called holo-lactoferrin (Holo-LF) (Bokkhim et al., 2014; Wang et al.,
2017b, 2019). Lactoferrin presents other functions and functionalities such as antiviral,
antibacterial, antifungal, anti-inflammatory, and anticarcinogenic activities. In addition, LF is a
natural compound with great biocompatibility, biodegradability, and low toxicity, making it
particularly appealing for food applications (Liu et al., 2018).

Some works reported the use of Nano spray drying (NSD) technology to produce bioactive
compound-loaded carriers. NSD is a recent technology that dries different types of solutions
(aqueous or organic solutions, emulsions, dispersions, and suspensions) to obtain dried particles
and encapsulate different bioactive compounds (Arpagaus, 2019b, 2019a; Buchi Labortechnik
AG, 2017b, 2017a; Marques et al., 2021).

Oliveira et al. (2013) used Arabic gum, cashew nut gum, sodium alginate, and carboxymethyl
cellulose to encapsulate vitamin B12 using NSD technology, while Pérez-Masié et al. (2015)
encapsulated folic acid using whey protein concentrate and resistant starch as wall materials.
Other authors used this technology to encapsulate curcumin (Wang et al., 2018; Wang, Ma, et al.,
2016; Zhou et al., 2018), vitamins D3 and E, vitamins B3, B6, B12, C and BCAAS (Branched
Chain Amino Acids) (Wang, Soyama, et al., 2016), rutin (Pedrozo et al., 2020) and omega-3 fatty
acids (Nunes et al., 2020). However, the use of NSD to produce iron-loaded carriers using LF is
unexplored. Other works used different technologies to produce iron particles and carriers; for
example, thermal gelation (Martins et al., 2016), ionic gelation , high-speed homogenization .

(Naveen and Kanum 2014), and melting-lipid-double emulsion (Hatefi and Farhadian 2020).

In the present work, the production of iron-loaded protein-based carriers using NSD, and the
effect of the drying process, with and without the addition of iron, on the protein structure, were
studied. With that we aim to understand the iron binding capability to the LF during NSD, and
the effect of the drying temperature and NSD process on the final properties of LF, and on the
iron-loaded carrier. Additionally, the iron release was also evaluated at two different media, acidic

and neutral.
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2. Materials and methods

Bovine lactoferrin (LF) was purchased from DMV International (USA). LF has a molecular
weight (MW) of 83 kDa and an isoelectric point of 8.5. LF composition is expressed as a dry
weight percentage of 96% protein, 0.5% ash, 3.5% moisture, and an iron content of around 120
ppm. This purchased commercial LF was dried by spray drying. Iron sulfate (FeSO4.xH20) was

kindly given by the company Formulab (Maia, Portugal).
2.1 Solution preparation

LF solutions were prepared in a concentration of 10 mg.mL™, 50 mg.mL™* and 100 mg.mL ™ using
ultra-pure water (milliQ water). Lactoferrin was dispersed by stirring the powder in water at
350 rpm until total dissolution. After that, to avoid NSD blockage and clogging (Buchi
Labortechnik AG, 2017a; Harsha et al., 2015; Marques et al., 2021), solutions were centrifuged
(Universal 320, Hettick, Germany) at 1780 g for 20 minutes to remove any undissolved protein

(representing less than 3% of total mass).

For iron addition, different iron quantities were added to the LF solution prepared. Iron sulfate
(FeSO4.xH20) was added to the LF solution and stirred at 350 rpm in a beaker protected from the
light, until total dissolution. Iron quantities were calculated based on: a) the iron amount needed
to bind just one binding site, which corresponds to 0.7 mg of iron per gram of LF
(NSD80_100_0.7); b) the iron amount needed to bind both binding sites in the LF molecule which
corresponds to 1.4 mg of iron per gram of LF (NSD80_100_1.4) (Bokkhim et al., 2014; Sharma,
2019); and c) the iron amount needed to bind both binding sites and has an excess of iron, which
corresponds to 2.8 mg of iron per gram of LF (NSD80_100_2.8). The iron sulphate amount was

calculated based on the iron content.
2.2 Nano Spray Dryer

Nano Spray Dryer B-90 HP (Blichi, Switzerland) with an open circuit (open loop) was used to
dry the different LF solutions (loaded and unloaded). The drying temperatures were selected
considering the reported denaturation temperature of LF. It has been reported that native LF has
two denaturation temperatures, 60 °C and 90 °C (Bokkhim et al., 2013; Bourbon et al., 2020;
Goulding et al., 2021; Wang et al., 2017b, 2019). Therefore, the first temperature considered was
60 °C (NSD60). The second selected drying temperature was 80 °C (NSD80) which is between
both denaturation temperatures for LF. The last temperature evaluated was 100 °C (NSD100)

which is above both denaturation temperatures.
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The other parameters were previously optimized and kept constant for all the solutions: Frequency
120 kHz, the gas flow of 100 mg.mL™, pump 40%, and the spray 80%. After drying all the
solutions, the powder was collected from the cylinder and stored in a desiccator with a relative
humidity (RH) of 0%.

2.3 Particles size and morphology

The size and morphology of the obtained powder were evaluated by scanning electron microscopy
(SEM) (Quanta 650FEG (FEI Europe B.V., Eindhoven, Netherlands)). The powder was spread
onto a carbon tape and then sputtered with gold until achieving a thickness of approximately
10 nm. Samples were examined at 5 kV, spot 3, and a magnification of around 5000x. Particle
size distribution was obtained from three different pictures of each sample, measured with Image
J 1.52a (Java 1.8.0), and calculated using the software OriginLab - Origin 9 (version 90E)
(OriginLab Corporation, Northampton, MA, USA). At least 900 particles were measured for each

condition.
2.4 Circular dichroism

Circular dichroism (CD) was used to determine the secondary and tertiary structural changes of
the protein after the drying process in the NSD. Obtained powder from NSD was re-hydrated in
ultra-pure water and stirred until total dissolution. CD spectra were collected using the CD
spectrophotometer Jasco J-1500 (Jasco Inc., Tokyo, Japan). The CD average spectrum of the
blank was subtracted from each recorded spectrum. The analyses were performed at room

temperature (~22 °C).

For the secondary structure study, the following parameters were used: wavelength ranging from
185 nm to 260 nm, with a scanning speed of 20 nm.min*; a bandwidth of 1 nm; data pitch of
0.5 nm, adigital integration time (D.1.T) of 1 s and 5 accumulations. Samples with a concentration
of 0.1 mg.mL™* were analyzed in a 1 mm path length quartz cell. Samples were studied with a gas

flow (N.) of approximately 10 L.min™.

In the tertiary structure study, the following parameters were used: a wavelength ranging from
250 nm to 350 nm, on a 10 mm path length quartz cell and solutions with a concentration of
1 mg.mL™. A scanning speed of 20 nm.min™, a bandwidth of 1 nm; a data pitch of 0.5 nm, a
response D.1.T of 1s and 5 accumulations, and a gas flow (N.) ranged between 3 to 5 L.min™ was

used.

To study changes in the LF structure after the iron addition, 5 mg.mL™ samples were analyzed in

the CD equipment with a wavelength ranging between 300 nm to 600 nm. Samples were placed
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in a 10 mm path length quartz cell. The following parameters were used during analysis: a
scanning rate of 50 nm.min, 5 accumulations, a response D.1.T of 1s and 5 accumulations. Also,

was used a gas flow (N,) rate of approximately 3 L.min™ to 5 L.min™.
2.5 Native polyacrylamide gel electrophoresis (Native — PAGE)

In order to evaluate NSD temperature effect on the protein structure, Native-PAGE
electrophoresis was performed in: LF native samples (LF Nat), LF after drying in NSD
(NSD60_10, NSD60_50, NSD60_100; NSD80_10, NSD80_50, NSD80_100; NSD100_10,
NSD100_50, and NSD100_100), and also after iron addition (NSD80_100_0.7, NSD80_100_1.4,
NSD80_100_2.8). Standard maker Fisher BioReagent EZ-Run Rec Protein Ladder (10-200 kD)
(Thermo Fisher Scientific, Massachusetts, EUA) was used to identify the molecular weight of
samples.

Native-PAGE electrophoresis was carried out using Mini-Protean Tetra system cell equipped with
a PowerPAC Basic power supply (Bio-Rad Laboratories, Hercules, Ca, USA), and 12 wells Mini-
Protean TGX precast gels containing 4-15% of polyacrylamide Bio-rad (Bio-Rad Laboratories,
Hercules, Ca, USA).

Samples were prepared with a concentration of 2 mg.mL™ and 15 pL was added. Electrophoresis
was performed at 20 mA. Then gels were stained using a Comassie Stain Blue solution (Bio-Rad
Laboratories, Hercules, Ca, USA).

2.6 Fluorescence determination

Fluorescence determinations were conducted using the fluorescence instrument Aqualog (Horiba-
Jobin Yvon, Inc. Japan). Intrinsic and extrinsic fluorescence was determined. For intrinsic
fluorescence was used a 1 g.L™* sample solution, and analysis were made with an excitation
wavelength of 280 nm in order to determine the intrinsic fluorescence by exciting the aromatic
pool and amino acids present in the protein. The emission from 290 nm to 450 nm was collected
(Rodrigues et al., 2020).

Extrinsic fluorescence was determined by adding the 8-Anilino-1-naphthalenesulfonic acid
(ANS). ANS solution was previously prepared in methanol with a concentration of 1.5 mM and
was stored protected from the light at 4 °C. ANS added to the protein allows access to the protein’s
hydrophobic sites. ANS was added to the protein solution until a final concentration of 75 uM
and then was left to stabilize for 30 minutes at room temperature (~22 °C). After that, ANS —
protein complex fluorescence was analyzed at an excitation wavelength of 370 nm, and the

emission spectra were collected from 400 nm to 650 nm.
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2.7 Thermogravimetric analyzes (TGA)

TGA was performed using a Shimadzu TGA 50 (Shimadzu Corporation, Kyoto, Japan). Each
sample, with a weight of around 10 mg, was placed in the equipment crucible on top of the balance
system. Samples were heated from 25 °C to 600 °C, with a heating rate of 10 °C.min™, under a

nitrogen atmosphere. For each sample, at least two repetitions were made.

2.8 Iron quantification by Inductively coupled plasma-optical emission spectrometer — ICP-
OES

The total iron content in LF was measured by using the equipment ICP, the analysis conditions
were based on the work of Majka et al. (2013) and Martins et al. (2016). To digest LF-iron
samples, 0.5 g of each sample was added to 9.5 mL to HNO; 65%, with the exception of
NSD80_100_2.8 in which was used 0.2 g with 9.8 mL of HNOs (this sample was very reactive
and with a quantity of 0.5 g the reactor was unstable). Samples were then digested using the
Microwave Digestion System SpeedWave4 (Berghof, Germany) with the following conditions
99 kW power, 15 min ramp, followed by a 20 min hold with a rate of 0.4 bar s* up to 50 bar, at

220 °C. Then samples were diluted until a concentration of HNO3 of 2% was obtained.

Iron content in each digested sample was determined with the ICP technique using the equipment
Spectrometer ICPE-9000 (Shimadzu, Japan) with the following conditions: plasma viewing mode
was radial and the wavelength used to quantify the iron was 238.204 nm. Also, before sample
analyzes, a calibration curve (0 mg.L*; 0.025 mg.L*; 0.05 mg.L™%; 0.1 mg.L™?; 0.5 mg.L?;
0.75 mg.L%; 1 mg.L™) was made. The measurement unit of the total released iron concentration

ismg.L™.
2.9 Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR)

ATR-FTIR analyzes were made to the LF powder of the native form, after NSD and after iron
addition and NSD process. FTIR analyzes were performed using an ALPHA I1I- Bruker
spectrometer (Ettlingen, Germany) in the wavelength region between 4000 and 400 cm?, at a
resolution of 4 cm™, and 64 scans were conducted for each sample. Each spectrum was baseline

corrected and the absorbance was normalized.
2.10  Iron release at different pH

The behavior of iron-loaded protein-based carriers was evaluated in different media, simulating
the pH during gastrointestinal digestion, and for that, release tests were performed at pH 2 and

7.4 to mimic the stomach and intestinal pH, respectively. 2.86 g of NSD80_100_1.4 LF particles
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(corresponding to 4 mg of iron) were placed in SpectraPor® Biotech dialysis membrane with a
porosity of 500 Da (Repligen, Massachusetts, USA) previously washed with ultra-pure water.
The dialysis membranes with the particles were placed in jacketed reactors with a temperature of
37 °C with two different media, an acidic medium of HCL-KCL buffer with a pH=2, and
phosphate buffered saline (PBS) medium with a pH=7.4. To avoid bacterial spoilage, 2 mg.mL™*
of sodium azide was added to each medium. Membranes with the particles inside were placed in
the mediums and 500 pL was taken at defined time intervals.

Collected samples from the release tests were diluted until a final volume of 5 mL with HNO3
2% (v/v), filtrated with nylon syringe filters, and analyzed by ICP, as described above, to quantify

the iron release during the time in two different media.
2.10.1 Mathematical modelling

An equation that considers both Fickian and Case Il transport (linear superposition model — LSM)
effects in hydrophilic matrices was used to evaluate iron release from LF carriers (Berens &
Hopfenberg, 1978):

My = Myp + Myg (Eq. 1)

where Mqr represents the contributions for the Fickian process and M;r the contributions of the
relaxation process, at time t (in minutes). Variable M is the overall mass released (mg) from the
polymeric structure. This equation can be simplified using the first term Taylor series, resulting
in equation 2 where Mg is the compound released at equilibrium and Kg is the Fickian diffusion

rate constant:

Mer = Mp[1——exp(Kz )] (Eq.2)

The swelling capacity of the polymer controls the polymer relaxation. Moreover, this is correlated
to the dissipation of stress caused by penetrant input, expressed as a distribution of relaxation

times, each assuming a first-order-type kinetic equation (Berens & Hopfenberg, 1978):
Mt,R = Zl MOO,Ri [1 - eXp(—KRl t)] (Eq 3)

with M, g, and K, representing the contribution of the relaxation processes to compound release

and the relaxation rate constants, respectively. When assuming a single major polymer relaxation

that influences release, i=1, equation 3 can be simplified as follows:

=L = My[1 - S exp(—Kp )] + (1 — Mg)[1 — exp(—Kgt)] (Eq4)

Moo
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where M represents the fraction of the compound released by the Fickian process and Mg is the
fraction of the compound released by the relaxation process. Thus, equation 4 can be used to

characterise LSM for iron release from LF carriers.

This model can be used to represent pure Fickian, anomalous (i.e. Fickian and polymer relaxation
phenomena), and Case Il (only polymer relaxation phenomena) release processes in biopolymeric
matrices. Eq. (2) (Fick's second law) and Eqg. (4) (LSM) were applied to the experimental data to

determine the release mechanism involved in the iron release from LF carriers at pH 2 and 7.4.
2.11  Statistical analysis

The data were fitted to Equation 2 and Equation 4 by non-linear regression, using the software
STATISTICA v7.0 (Statsoft. Inc, USA).

For the purpose of minimizing the least squares function, the Levenberg-Marquadt method was
applied. The determination coefficient, Radj?, the squared root mean square error, RMSE (i.e., the
square root of the sum of the squared residues (SSE) divided by the regression degrees of
freedom), and residuals visual inspection for randomness and normality were used to assess the
quality of the regressions. Radj’> and SSE values were obtained from the software. The
Standardised Halved Width (SHW%), which was defined as the ratio between the 90% Standard
Error (also obtained from the software) and the value of the estimate, was used to assess the

precision of the estimated parameters.

Software Origin 9.0 (OriginLab Corporation, Northampton, MA, USA) was used to perform
sample analysis of variance (ANOVA), followed by multiple comparisons by the Tukey test
(p<0.05).

3. Results and discussion
3.1 Unloaded carrier characterization
3.1.1 Particle size and morphology

Table 1 presents the size distribution of particles obtained at different drying temperature (60 °C,
80 °C, and 100 °C) and concentrations (10 mg.mL™?, 50 mg.mL™, and 100 mg.mL™), being
represented as NSDtemperature_concentration (e.g., NSD60_10). SEM images and size

distribution histogram are presented in Figure S1.

<Insert Table 1 here>
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SEM images (Figure S1) show that particles’ sizes and morphologies change according to the
conditions used. The particles for the drying temperature of 60 °C and a concentration of
10 mg.mL™* present a mean size of 1.103 + 0.588 pum (Table 1). Most of the obtained particles in
these conditions have a round surface, but there are some particles wrinkled, and others with holes
and doughnut-shape (Figure S1A). The particles produced with 50 mg.mL™ of LF at 60 °C present
a mean size of 0.944 = 0.470 um and a round shape and smooth surface, but there are some
particles with a doughnut-shape (Figure S1B). The doughnut shape particles can be explained by
the formation of glassy skin in the early stage of the drying process of solution droplets (Arpagaus
et al., 2017; Lee et al., 2011). This behavior was also observed by Lee et al. (2011) in particles
produced using bovine serum albumin (BSA). Also, using 60 °C but with a concentration of
100 mg.mL™* of LF, we obtained particles with a mean size of 0.925 + 0.465 pum, but in this case,

all the obtained particles have a round shape and a smooth surface (Figure S1C).

The particles produced with a drying temperature of 80 °C resulted in particles with a round shape
and a smooth surface, and just few particles with holes and doughnut-shape were obtained in the
particles produced with a concentration of 10 mg.mL™ and 50 mg.mL™. The particles presented
a mean size of 0.907 £ 0.453 um, 0.812 £ 0.433 um, 1.084 £ 0.550 um for the concentrations of
10 mg.mL?, 50 mg.mL* and 100 mg.mL"* (Figures S1D, S1E, S1F), respectively.

When the NSD was performed at 100 °C the obtained particles presented different morphologies
for each LF concentration. For the lower LF concentration (10 mg.mL™) the particles presented a
mean diameter of 0.677 £ 0.359 um (Figure S1G). In this case, the particles have a wrinkled
surface, due to the solution’s low concentration and the high drying temperature, which
immediately dries the solution droplets producing hollow particles (Arpagaus et al., 2017
Nandiyanto & Okuyama, 2011). When a concentration of 50 mg.mL™ was used, the particles
presented a mean size of 0.905 + 0.516 pum, a round shape, and smooth surface morphology, with
the presence of very few particles with holes (Figure S1H). Finally, the concentration of
100 mg.mL™ produced particles with a round shape and a smooth surface, presenting a mean
diameter of 1.184 + 0.541 um (Figure S1I).

These results agree with the work of Lee et al. (2011) that studied the effect of BSA protein
concentration (5 mg.mL™, 10 mg.mL™, and 20 mg.mL™) on the particles obtained by spray drying.
The authors concluded that the increase in protein concentration resulted in more smooth surface
particles. They also noticed that drying temperature has a minimal influence on the particles’
morphology (Lee et al., 2011). Similar conclusions were obtained by the laboratories Biichi that
observed the same behavior for BSA with a concentration of 1 mg.mL'l, 10 mg.mL'l, and
100 mg.mL™ (Biichi, 2017). Also Harsha et al. (2017) obtained similar results using albumin.
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They concluded that particle size and size distribution increase with the protein concentration in
the feed solution (Biichi, 2017; Harsha et al., 2017).

3.1.2  Circular dichroism
3.1.2.1 Secondary structure

The circular dichroism analysis in the Far-UV region (185 — 260 nm) was used to study the
conformational changes in the protein secondary structure after the drying process. The analysis
was based on the characteristic CD spectrum of the helices, B-sheet, and random coils CD
spectrum obtained for the protein secondary structure, providing an estimation of the LF
secondary structure composition after the drying process. The CD study can be used to evaluate
quantitatively the overall secondary structure content of the protein since the different forms of
regular secondary structure found in proteins exhibit distant spectra (Kelly & Price, 2005).

Obtained spectrum for each LF condition is represented in Figure 1a).

LF Native (LF Nat) profile shows a negative peak at 208.5 nm, representing a weak but broad
n—7* transition, which represents the a-helix configuration and is in agreement with other works
(Nunes et al., 2020; Wang et al., 2017a, 2017b). Also, it presents a positive and intense peak at
190 nm and a slight peak at 215 nm, representing p-sheet components.

The samples dried in NSD at different temperatures have a very similar spectra shape, even when
compared with the control (LF Nat), and no shifts were observed. However, ellipticity differences
were noticed at 208.5 nm in the CD spectra of the NSD samples, with an ellipticity decrease when
compared with the LF Nat. These differences are even more evident for the NSD samples at the
higher concentration (100 mg.mL™). The same behavior was obtained at 190 nm for the samples
with a higher concentration of LF and dried at higher temperatures (NSD80 and NSD100) which
present higher ellipticity. These results can be related to the formation of small protein aggregates
during the NSD process. Similar results were obtained by Wang et al. (2017b) when LF dried
using single droplet drying to simulate the spray drying process. Other work corroborates that
these changes in the spectra can be related to protein aggregation. Brisson et al. (2007) studied
LF aggregation in aqueous solutions with different temperatures and showed that LF Nat is heat
sensitive and at 60 °C can form intermolecular disulphide linkages resulting in protein aggregates
(Brisson et al., 2007; Zhang et al., 2015).

Obtained results show that the drying process using the NSD B-90 HP with temperatures of 60 °C,
80 °C, and 100 °C did not cause major changes in the secondary structure of the LF protein since
all the characteristics of the structures were maintained,. Although, during NSD, especially for
higher temperatures (80 °C and 100 °C) can be formed intermolecular disulphide linkages,

resulting in small changes on protein conformation.
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<Insert Figure 1 here>

3.1.2.2 Tertiary structure

The tertiary structure spectra can be evaluated in the region between 260 nm to 320 nm, which
assesses the aromatic amino acids. Each amino acid has a characteristic wavelength: the
tryptophan (Trp) with a peak between 290 and 300 nm, the tyrosine (Tyr) that shows a small peak
between 280 nm and 290 nm, and the phenylalanine (Phe) with a peak between 255 nm and
270 nm, and by their analysis is possible to identify changes in the protein tertiary structure (Kelly
et al., 2005). Figure 1b) presents the tertiary structure spectrum obtained by circular dichroism
for the LF native and for LF after the NSD process at different temperatures.

Comparing LF Native spectrum with the obtained spectra for dried samples, it is possible to
observe that there are no major differences in obtained results. The peaks are in the same
wavelength range for all samples, meaning that NSD process did not cause major changes in the
protein amino acids and the protein tertiary structure. However, in the Tyr peak, between 280 and
290 nm, there is a slight difference in the peak intensity. Samples after the drying process have
an increase in the intensity peak when compared with the LF Nat. This behavior is more evident
for the NSD80_10 and NSD100_10. This result is in agreement with the results obtained by other
authors that reported changes in the Tyr peak after the heating process (Liu et al., 2016; Xu et al.,
2019), which related them to small conformational changes due to the drying process and

consequent small aggregation formation (Brisson et al., 2007).

3.1.3 Electrophoresis

SDS-Page electrophoresis (Figure S2) was performed in order to evaluate potential changes in
the molecular structure and size of the LF after the drying process. The native form of LF (band
A) and samples dried with NSD process (bands B to J) present a major band that corresponds to

LF molecular mass (75 kDa).

After the NSD process (60 °C, 80 °C, and 100 °C) there are no changes in the intensity of the
major protein band, which suggests that there is no major molecular degradation of LF when dried
in the NSD. Although for the samples NSD60 50, NSD60 100, NSD80 50, NSD80 100,
NSD100 50, and NSD100_100, a minor band was obtained around 50 kDa and 30 kDa, which
suggests a minor molecular degradation of LF occurred to the NSD process. The slight band at
30 kDa can be due to residual a-lactalbumin, while the band around 50 kDa can be due to as2-

casein residues (Wang et al., 2017a). The small aggregations described above are not evident in
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the electrophoresis because they probably were broken in the presence of SDS (Brisson et al.,
2007).

3.1.4 Thermogravimetric analysis (TGA)

TGA provides information about the thermal degradation of the samples. Table S1 presents the
thermal events and respective weight loss of the samples. The thermal profile of each sample is

presented in Figure 2.

LF samples dried at different temperatures presented two major thermal degradation events. The
first one occurred between 27 °C and 145 °C and the other one between 150 °C and 500 °C. The
weight loss of the first thermal event can be attributed to water evaporation. The LF Nat sample
presents a higher weight loss (9.42 + 0.13%) while the sample dried at 60 °C presents a weight
loss of 7.82 + 0.67%, and the ones dried at NSD80 and NSD100 result in a weight loss of 6.10 +
0.16% and 5.33 £ 0.12%, respectively. Lower weight loss was obtained for the high drying
temperature (100 °C), which shows that the use of higher temperatures during the NSD are more
effective in lowering the samples’ moisture.

In the second event, between 150 °C and 500 °C, all the samples have a high weight loss that can
be attributed to protein degradation, i.e., degradation of the polypeptide structure. The similar
extent of mass loss in drying temperatures of 80 °C (60.90 £ 2.11%) and 60 °C (59.89 + 0.07%)
and in LF Nat (59.05 + 0.41%) indicates that the primary pyrolysis products of these two samples
are similar. Although the NSD 100 °C has a higher weight loss (63.82 + 0.41%), which can be
observed in the derivative curve, it shows a degradation peak at a higher temperature than the
other samples. This difference shows that LF dried at 100 °C is slightly more resistant to thermal
degradation than LF dried at 60 °C and 80 °C. This result indicates that drying LF at 60°C and 80
°C in NSD did not have an effect on the protein degradation, but 100 °C had. This behavior can
be related to the formation of non-covalently linked oligomers and therefore intermolecular
thiol/disulphide and non-covalent interactions during the drying process that can be more evident
at 100 °C. Since this temperature is higher than the LF denaturation temperature, more bond
cleavage and new interactions can be formed, resulting in a more resistant structure (Brisson et
al., 2007).

Results are in agreement with Bourbon et al. (2020), which concluded that NSD drying
temperature affects protein degradation, having more thermal degradation in higher NSD
temperatures. Results suggest that NSD drying temperature can have a small effect on protein

conformation.

<Insert Figure 2 here>
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3.2 lIron-loaded carriers characterization

After testing different drying conditions and studying the effect of three drying temperatures on
the protein structure, a drying temperature of 80 °C and a LF concentration of 100 mg.mL™ were
selected to develop the carrier of the mineral iron. The selection was based on particle
morphology, since at 80 °C the particles have a round shape and smooth surface. Particles with
holes and doughnut shapes were avoided since particles with this morphology have higher specific
surface when compared to spherical shape particles (Arpagaus et al., 2017). Based on the obtained
TGA results, for the drying temperature of 100 °C there is a higher weight loss which can be
related to conformation changes in the protein. Furthermore, samples dried at 80 °C present lower

moisture content that the ones dried at 60 °C.
3.2.1 Particles size and morphology

Figure 3 presents the SEM images of samples loaded with different iron concentrations and
Table 2 presents the size distribution for each sample. Results show particles with a round shape
and a smooth surface. The loaded particles have an average size similar to the control NSD80_100
(1.084 £ 0.550 pum) with particles size of 1.018 £ 0.576 um, 0.903 + 0.492 um and 0.987 £ 0.574
pm for NSD80_100 0.7, NSD80_100 1.4, and NSD80_100 2.8, respectively. Iron addition did

not cause changes in the obtained particles” morphology, shape, and size.
<Insert Figure 3 and Table 2 here>
3.2.2  Circular dichroism

Figure 4a) shows that the samples’ spectra presented the same shape, with a typical CD signal of
the LF. The obtained spectrum has the characteristic peaks of 190 nm and also a small peak at
215 nm, which correspond to the B-sheet and at 208.5 nm, which is related to the fingerprint of
a-helix.

Comparing the obtained spectrum for the control sample, NSD80_100, and the samples with iron
additions, there are just small differences in the ellipticity that can be due to small conformation

changes in the protein to bind to the mineral iron (Brisson et al., 2007).

<Insert Figure 4 here >

Similar results were reported by Bokkhim et al. (2014), who obtained a spectrum with only minor
differences in magnitude for different iron concentrations in LF, supporting the fact that the

binding of iron to LF does not cause major secondary structure changes.
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Figure 4b) shows the tertiary structure spectrum for the protein in its native form, after NSD
process at 80 °C, and after iron addition in different concentrations. Similar to the results reported
above, all samples maintained the characteristic peaks of each amino acid. Although, for samples
with iron addition, a higher intensity for the Trp and Phe peaks is obtained. These results are
similar to the results obtained by Bokkhim et al. (2014) where LF samples without or with lower
iron concentration present a negative ellipticity for the Trp peak, while iron addition resulted in a
positive ellipticity in the same wavelength range. The change in the Trp peak is related to
conformational changes in the neighbor amino acids (Tyrosine, Tyrosine, Histidine, and

Asparagine) that allow the LF to bind to the mineral iron (Wang et al., 2019).

3.2.3 Visible CD (300 nm — 600 nm)

CD in the visible range (Vis-CD) (300 nm — 600 nm) allows evaluating the interaction between a
protein and a metal ion. Vis-CD spectra of transition metal ions are a result of a mixture of
absorption bands resulting from d-d electronic transitions. At these wavelengths, Vis-CD
spectrum is only obtained when the metal ion is in a chiral environment (Albetel & Outten, 2019;
Stanyon et al., 2014).

<Insert Figure 5 here>

Figure 5 shows the spectrum obtained for visible CD from 300 nm to 600 nm for the control
samples without iron addition and LF with three different iron concentrations. The obtained
spectra for LF Nat and NSD80_100 have a slightly positive peak at 334 nm and a slightly negative
peak at 448 nm. Although samples with iron addition have a different spectrum, in this case, was
obtained an intense positive peak at 330 nm, and an intense negative peak that increases with the
iron concentration, at 451 nm, 449.5 nm, and 448 nm for NSD80_100_ 0.7, NSD80_100 1.4, and
NSD80 100 2.8, respectively. Additionally, there is a difference between the spectrum with
different iron concentrations. The samples with lower iron concentration have a shoulder at
306 nm and the samples with higher iron concentration present a peak at 306 nm. These results
show that iron concentration leads to differences in the obtained spectrum. Also, the obtained
results confirmed the presence of an LF-iron interaction. Results are in accordance with the results
obtained by Bokkhim et al. (2014) which obtained a good correlation between the iron content

and the change in the samples’ spectra.

3.2.4  Electrophoresis

Results are very similar to those obtained after the NSD process reported in section 3.1.3. Iron

addition did not cause changes in the intensity of the major protein band, which suggests that
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there is no molecular degradation of LF when it is bonded to the mineral iron (Figure S3). Similar
results were obtained by Wang et al. (2017b), where different iron concentrations did not cause

LF degradation.

3.24. TGA

TGA analyzes were performed to evaluate the effect of iron addition on the thermal stability of
LF Nat and LF with different iron concentrations. The mass loss patterns and derivatives obtained
by thermogravimetric analysis of three forms of LF are presented in Figure 6. The first weight
loss event was until 145 °C, corresponding to moisture loss, are very similar for the three iron
concentrations, 7.04 £ 0.02%, 7.10 + 0.07%, and 6.89 + 0.66%, to the samples NSD80_100_0.7,
NSD80_100_1.4, and NSD80_100_2.8, respectively. These results are explained by the drying
temperature that was the same for all the samples, showing the water content in the samples after
the drying process is very similar.

After 150 °C and until 500 °C the weight loss in all the samples started to drop, which indicates
the degradation of polypeptide structure. The samples with NSD80_100_0.7 present the minimum
peak in the derivative at a lower temperature, at 323.58 °C compared with the 328.9 °C and
331.3 °C from the NSD80_100 1.4 and NSD80_100 2.8, respectively. The results show that LF
with higher concentrations of iron are more resistant due to the compact conformation of LF
bound with iron (Wang et al., 2017b).

<Insert Figure 6 here>

3.2.5. Intrinsic and extrinsic fluorescence

Changes in protein structure imposed by iron addition and the NSD process were assessed using
fluorescence spectroscopy of endogenous tryptophan. For that, two different ligand binding
studies were made, one with ANS to study the protein extrinsic fluorescence, and other where
protein intrinsic fluorescence was analyzed. The NSD process and iron addition decreased Trp
fluorescence intensity, which is more evident for higher iron concentrations. When compared
with the LF Nat, the NSD80_100 sample has less fluorescence intensity but no shift in the
fluorescence maximum was detected (328.77 nm), indicating that the NSD process does not cause
changes in the Trp microenvironment, and therefore the decrease in fluorescence observed must
be the result of an increased quenching of the neighbor amino acids due to small conformation
rearrangements or higher structural dynamics (Bhattacharjee & Das, 2000; Lakowicz, 2006;
Rodrigues et al., 2020).
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Figure 7a) shows that fluorescence intensity decreases with iron addition, which is more evident
for higher iron concentrations. The intensity goes from 15762 a.u. in the LF Nat, to 4269.88 a.u.
in the sample of LF with higher iron concentration. This decrease can be a result of an increased
guenching from the neighbor amino acids, which results from conformational rearrangements due
to iron binding (Brisson et al., 2007; Rodrigues et al., 2020). Also, there is a red-shift in the
maximum of Trp fluorescence with a broadening of the spectra to the right with the increase of
iron concentration, from 328.77 nm in the samples without iron, to 329.9, 332.19 and 333.33 hm
for the samples NSD80 100 0.7, NSD80 100 1.4, and NSD80_100 2.8, respectively.
Corresponding to a maximum red-shift of 4.56 nm, which indicates that tryptophan was exposed
to a more hydrophilic environment, which is justified by the conformational changes in the protein
when it binds to iron. Protein structure without iron is less stable and less compact when compared

with the LF-iron complex, which results in a more closed structure (Wang et al., 2013).

Similar results were obtained by Wang et al. (2013) that analyzed the effect of different iron
saturation (1%, 9%, 38%, 58%, and 96%) on the LF fluorescence, and observed that there is an
intensity decrease and a wavelength increase (red-shift) for lower concentrations of iron. These
results corroborate the occurrence of substantial structural changes resulting in different Trp local

environment and solvent accessibility.
<Insert Figure 7 here>

The obtained emission spectra for ANS-LF complex are presented in Figure 7b). Results show an
intensity decrease and a small blue-shift for the sample with a higher concentration of iron; while
for other samples no shifts are observed. Results obtained for LF Nat and LF after NSD process
present the same behavior. Iron addition leads to a decrease in fluorescence and a blue-shift
(1.17 nm) for the sample NSD80_100_2.8. Samples with iron addition display lower fluorescence
intensities than the samples without iron addition resulting from a lower affinity to ANS. The
decrease in ANS fluorescence may arise from a decreased binding affinity or from less exposure
to hydrophobic regions due to higher structural changes caused by iron binding and hydrophobic
pocket occlusion. From the results can be concluded that the increase in iron concentration leads
to fewer places available for the ANS to bind to the protein. This behavior results from a
conformational change in the protein caused by iron binding, also observed by tertiary structure

analysis by CD.
3.2.6. Fourier Transform Infrared spectroscopy (FTIR)

Figure 8 shows the obtained spectra for samples with and without iron addition. LF Nat spectrum

shows the characteristic protein absorption peaks, the amide | at 1637 cm™ due to the C=0
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stretching vibration of the peptide group, and the amide Il at 1525 cm™ due to N-H bending with
a contribution of C-N stretching vibrations. The absorbance peak at 3258 cm™ represents the O-
H stretching, indicating the presence of water in the sample; this peak has a lower intensity in
samples that were dried in the NSD when compared with the LF Nat, which is in agreement with
the obtained results for TGA.

<Insert Figure 8 here>

The peaks observed between 2800-3000 cm™ are related to C-H stretching vibration,
corresponding to the symmetrical and asymmetrical stretching in the —CH, and —CHs groups
(Martins et al., 2016). The peak that corresponds to amide | observed at 1637 cm™ region gives
information about the protein secondary structure, and shows no shifts and changes in the amide
I and consequently in the protein secondary structures (Duca et al., 2018; Martins et al., 2016).
Regarding the amide 11 peak, observed at 1525 cm™ for the LF Nat, starts to differentiate into two
peaks for the NSD samples with higher drying temperatures (NSD80 and NSD100), obtained one
peak at 1522 cm™* and another at 1540 cm™. The differences in amide 11 peak were also obtained
by the author Wang et al. (2017a) for spray dried LF particles at 70 °C and 95 °C.

The observed band around 1064 cm™ is assigned to N=C or C=C stretch and C-H deformation
vibrations of tryptophan (Duca et al., 2018). The obtained results show a small shift in the Trp
peak, from 1063 cm™in the LF Nat for 1065 cm™ for samples after the NSD process and to
1066 cm™ after iron addition. These results can be related to small protein conformation
rearrangement as described before in the secondary and tertiary protein structure and fluorescence

analysis.

The spectrum obtained for each sample shows they all have the typical protein bands, and only
small shifts in the peaks were obtained. These results are in agreement with the results obtained
by Martins et al. (2016) and Wang et al. (2017a) that obtained only small shifts in amide 1l
observed by FTIR after LF-iron particles production and LF particles by spray drying,

respectively
3.2.7. lron release in different pH

The behavior of iron-loaded carriers was evaluated at two different pH (2 and 7.4). They can give
information about the behavior of the carrier in the gastrointestinal tract (e.g., stomach and small
intestine) but also in acidic and neutral foods (Martins et al., 2016; Nunes et al., 2020).

Figure 9a) shows the iron release from LF particles at pH 2 and pH 7.4, at 37 °C. Results show

that at pH 7.4 there is no iron release, while at acidic pH the iron is released from the LF particles.
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At pH 7.4 the LF remains bounded to iron, indicating a good capacity of LF to keep its structure
and bound to iron at neutral pH. On the other hand, at pH 2, the LF structure starts to denature,
and iron starts to be released from the carrier because at these conditions, the pH is very different
from 8.5, the LF’s isoelectric point. This behavior was described by Baker & Baker, (2004), that
analyzed the pH dependence of the iron release process from LF and concluded that LF retains
iron at pH ~3.0, while at pH 7 there is no iron release. The results are in agreement with the
results obtained by Martins et al. (2016) that analyzed the iron released from LF gels at similar
pH.

<Insert Figure 9 here>

In order to evaluate the mechanism of iron release from the particles, the data were fitted to Fick’s
second law (Eg. 2) and LSM (Eq. 4). Results are represented in Figure 9b), where are presented
the experimental values and the Fick’s fitting and the LSM fitting for iron release at pH 2. At
neutral pH, there is no iron released, which makes it impossible to apply these models. The values
for Fick’s constant and relaxation constant are presented in Table S2. Results show that Fick’s
model does not fit the experimental data and consequently does not describe the iron release
mechanism at pH 2 (Figure 9b)). However, LSM adequately fits the experimental data
(Radj?=0.9879). The value of Mg was 21.5627 mg, which means that polymer relaxation (Case Il
transport) was the major release mechanism responsible for the iron release. In the case of Fick’s
mechanism (diffusion mechanism), it was obtained a M; of 0.0349 mg of iron was released. The
relaxation rate constant (Kg) is lower than the Fickian rate constant (Kg¢) showing that iron is
released more rapidly by Fick's diffusion than by polymer relaxation (Martins et al., 2016).
Results show that the release mechanism for iron-loaded protein-based carriers can be described
by the LSM model. Thus, the iron released comes from a combination of diffusion and
macromolecular swelling processes confirming that LF-iron particles are a hydrophilic and

swellable system.
4, Conclusions

With this work, it is possible to conclude that NSD is an alternative technology to obtain dried
and stable LF particles. Despite being used at high temperatures, this process does not denature
the protein as proved by CD analysis and SDS-page electrophoresis results. Only small ellipticity
changes were obtained in the secondary and tertiary structure CD analysis, probably due to small
formed aggregations in the protein. This technology allows the production of round shape and
smooth surface particles with sizes ranging from 38.8 nm to 4533.6 nm.

Iron addition does not cause protein degradation as observed in the obtained results for the

secondary structure analysis by CD, but leads to changes in protein conformation as proved by
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the results obtained in the tertiary structure that shows higher ellipticity for Trp peak.
Fluorescence results are also in agreement with obtained results for tertiary structure in CD, which
shows that iron binds to LF, causing conformational changes in the neighbor amino acids. LF-
iron interaction was also confirmed by Vis-CD.

Stability tests at pH 2 and pH 7.4, show that LF-iron carries are stable at neutral pH, and no iron
is released in this condition. On the other hand, at pH 2, the iron is released over time and polymer
relaxation is the governing phenomenon.

This work presents promising results for the use of NSD technology for the development of iron
delivery systems aiming the development of fortified foods, showing a simple, easy, and quick
technology for dried particle production suitable even for temperature-sensitive materials like

proteins.
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Table 1 — Particles diameter mean * standard deviation. . Different letters mean statistically

significant differences between values (p<0.05)

Sample Particles diameter (um)
NSD60_10 1.103 + 0.588°
NSD60_50 0.944 + 0.470°
NSD60_100 0.925 + 0.465°
NSD80_10 0.907 + 0.453°
NSD80_50 0.812 £ 0.433°
NSD80_100 1.084 + 0.55°
NSD100_10 0.677 + 0.359"
NSD100_50 0.905 + 0.516°
NSD100_100 1.184 + 0.541°
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Figure 1 — a) Circular dichroism spectrum obtained for the secondary structure of the different LF
concentrations and drying temperatures. b) Circular dichroism spectrum obtained for the tertiary
structure of the different LF concentrations and drying temperatures.
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Figure 3 — SEM images and corresponding size distribution graphs: A) NSD80_100_0.7; B)
NSD80_100_1.4; C) NSD80_100_2.8.

Table 2 — Particles diameter mean + standard deviation for samples with iron addition. - . Different

letters mean statistically significant differences between values (p<0.05)

Samples Particles diameter (um)
NSD80_100 1.084 £ 0.550°
NSD80_100_0.7 1.018 £ 0.576 *¢
NSD80 100 1.4 0.903 + 0.492°
NSD80_100 2.8 0.987 +0.574°¢
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Figure 4 —Circular dichroism spectra of LF 100 mg.mL™ after drying process at 80 °C with the addition
of iron at different concentrations: a) Secondary structure spectra for LF Nat, NSD80 100;
NSD80_100 0.7, NSD80 100 1.4, and NSD80_100 2.8; b) Tertiary structure spectra for LF Nat,
NSD80_100; NSD80_100_0.7, NSD80_100_1.4, and NSD80_100_2.8.
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Figure 5 — Visible CD spectra (300 nm — 600 nm) to evaluate iron binding capacity to LF.
NSD80_100 at different iron concentrations (0.7, 1.4 and 2.8 mg of iron per gram of LF).
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Figure 7 — a) Fluorescence emission spectra (excitation at 280 nm) of LF Nat and NSD80_100 with

different iron concentrations (0.7, 1.4 and 2.8 mg of iron per gram of LF); b) ANS fluorescence emission
spectra (excitation 370 nm) of LF Nat and NSD80_100 with different iron concentrations (0.7, 1.4 and

2.8 mg of iron per gram of LF).
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Highlights

Nano Spray Dryer is a suitable technology to dry protein-based carriers
Nano Spray Dryer does not promote lactoferrin (LF) denaturation

LF protein can be used as an iron carrier

Iron release from LF-based carriers was pH-responsive
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