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Abstract

B-lactoglobulin (B-Lg) is the major protein fraction of bovine whey serum and its principal gelling
agent. Its gelation capacity enables conformational changes associated with protein-protein
interactions that allow the design of structures with different properties and morphologies. Thus,
the aim of this work was to successfully use B-Lg, purified from a commercial whey protein
isolate, to develop food-grade micro- (with diameters between 200-300 nm) and nano- (with
diameters < 100 nm) structures. For this purpose, the phenomena involved in B-Lg gelation
were studied under combined effects of concentrations (from 5 to 15 mg mL?), heating
temperature (from 60 to 80 °C) and heating time (from 5 to 25 min) for pH values of 3, 4, 6 and
7. The effects of such conditions on B-Lg structures were evaluated and the protein was fully
characterized in terms of size polydispersity and charge (by dynamic light scattering — DLS),
morphology (by transmission electron microscopy - TEM) and conformational structure (circular
dichroism, intrinsic and extrinsic fluorescence). Results have shown that B-Lg nanostructures
were formed at pH 3 (with diameters of 12.1 for 22.3) and at 7 (with diameters of 8.9, for 35.3).
At pH 4 structures were obtained at macroscale (i.e. = 6 um) for all B-Lg concentrations when
heated at 70 and 80 °C, independent of the time of heating. For pH 6, it was possible to obtain
B-Lg structures either at micro- (245.0 to 266.4 nm) or nanoscale (£ 100 nm) with the lowest
PDI values (< 0.25), in accordance with TEM analyses, for heating at 80 °C for 15 min. Intrinsic
and extrinsic fluorescence data and far-UV circular dichroism spectra measurements revealed
conformational changes on -Lg structure that support these evidences. A strict control of the
physical and environmental conditions is crucial for developing B-Lg structures with the desired
characteristics, thus calling for the understanding of the mechanisms of protein aggregation and

intermolecular interaction when designing B-Lg structures with novel functionalities.

Keywords: Purification; Bio-based structures; Globular proteins; Whey proteins; protein

interaction; Aggregation
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1. Introduction

Bovine B-lactoglobulin (3-Lg) is a globular protein obtained from milk and the main fraction of
whey proteins (ca. 50 % of its protein content), widely used as functional and nutritional
ingredient in food, cosmetic and pharmaceutical industry (Pereira et al., 2015; Rodrigues et
al., 2015). Whey proteins are obtained from whey, which is a byproduct of cheese production,
relatively inexpensive and classified as a GRAS (generally regarded as safe) material
(Madalena et al., 2016).

The interest in B-Lg from both the scientific community and food and pharmaceutical industries
is essentially due to its high nutritional value as a consequence of the rich level of aminoacids,
resistance to proteolytic degradation in the stomach, biological (e.g. digestibility, sensory
characteristics and high biological value) properties, and gelation capacity — which is
particularly important since it allows the formation of structures with different properties and
morphologies (Ramos et al., 2012). However, B-Lg at high purity levels, is commercially
available only at high cost, therefore obtaining it from cheaper commercial protein solutions is
a more feasible alternative to allow a full understanding of the mechanisms behind the protein
gelation that lead to structural conformational changes and thus to the formation of different
structures (Ramos, Pereira, Rodrigues, et al., 2015; Ramos et al., 2014).

Thermally induced gelation usually consists in the unfolding of polypeptide chains of protein in
native state with concomitant exposure of initially buried hydrophobic aminoacid residues, and
subsequent self-aggregation of protein molecules through physical (electrostatic and
hydrophobic) and chemical (disulphide) interactions (Delahaije, Wierenga, Giuseppin, &
Gruppen, 2015; Teng, Xu, & Wang, 2015). The extent and behavior of protein aggregation
depends on the environmental conditions (e.g. heating temperature, time of heating, pH,
protein concentration and ionic strength) (Ramos et al., 2015), and can result in different
structures with various sizes, shapes, morphologies and charge.

Several researchers have focused their work on understanding the structural gelation of B-Lg
but only under limited physical and environmental conditions. For instance, Dombrowski et al.,
(2017) showed the formation of soluble B-Lg aggregates with a diameter of 50 nm and
displaying an increased surface hydrophobicity for -Lg at 1.0 % and pH 6.8, when treated at

80 °C for 90 min, as compared to native B-Lg. Perez et al. (2014) studied the development -
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Lg aggregates as carriers systems, for protein at 1.0 % and pH values ranging from 6.5 to 7.5,
upon heat treatment at 85 °C for distinct heating times from 0 to 60 min. The authors reported
that B-Lg aggregates were formed at pH 6.5 with increased surface hydrophobicity, thus
suggesting a binding ability, being their behavior dependent of production conditions (pH,
heating time and/or a combination of those). Despite these studies on B-Lg structures
formation and discussions about the structural modifications over distinct conditions, there are
limited data about how these conditions affect 3-Lg morphology and are related with protein
denaturation and aggregation phenomena. In another study, Delahaije et al., (2015) evaluated
the kinetics of B-Lg heat-induced aggregation under various conditions (pH, ionic strength,
concentration, and temperature), but tested separately. They concluded that electrostatic
repulsion between proteins was a crucial factor for B-Lg aggregates’ formation and that
particle size or aggregates structure was not strongly affected by protein concentration and
temperature. Nonetheless, these findings did not consider the effect of various environmental
conditions combined, neither their relation with the formation of micro- and nanostructures.

In this context, and due to the high cost of commercial 3-Lg, a whey protein fractionation
process was employed to obtain a B-Lg with a purity level similar to that of commercial protein.
Purified B-Lg was extensively characterized and the protein structural (conformational)
changes were assessed upon thermal gelation, under combined physical and environmental
conditions (various 3-Lg concentrations, heating temperatures and times) at distinct pH values
(3 to 7), to design food-grade micro- (200 — 300 nm) and nanostructures (< 100 nm). The
small size of micro- and nanostructures can impart significant changes to physicochemical
properties, among them a high surface/volume ratio, smaller pore size and increase in the
solubility when compared with macroscale structures formed from the same proteins (Aklakur,
Rather, & Kumar, 2016; Monteiro et al., 2016). In this regard, the effects of several conditions
on [B-Lg structures were evaluated through a complementary set of characterization
techniques in order to provide detailed information about the specific conditions that lead to
the formation of B-Lg structures at micro- and nanoscale, which hold potential to be used as

delivery systems for bioactive compounds.



99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128

2. Material and methods

2.1. Feedstocks and chemicals

Whey Protein Isolate (WPI) powder (Lacprodan DI-9212), kindly supplied by Arla Foods
Ingredients (Viby, Denmark), has a B-lg content of ca. 87 %, in a total protein content of 91 %
(in dry weight), moisture content of ca. 6 % and vestiges of lactose (max. 0.5 %) and fat (max.
0.2 %). B-Lg was obtained as a commercial lyophilized powder from bovine milk (Sigma
L0130), containing variants A and B (36.0 kDa) with a purity of 90 % (L0130).
Tris(hydroxymethyl)aminomethane, ammonium persulfate (APS), Coomassie Brilliant Blue (R-
250), bromophenol blue and tetramethylethylenediamine were purchased from Sigma Aldrich
(St. Louis MO, USA). Sodium hydroxide, phosphoric and acetic acids were obtained from
Merck (Merck KGaA, Darmstadt, Germany). Hydrochloric acid, glycine and monosodium
phosphate were purchased from Panreac (Barcelona, Spain), whereas sodium phosphate
dibasic and methanol were obtained from Chem-Lab (Zedelgem, Belgium). Acrylamide was
purchased from Bio-Rad (California, USA) and glycerol was obtained from Himedia (Mumbai,
India). All other chemicals used in this study were reagent-grade or higher, and were used

without further purification.

2.2. B-Lg purification method

Purified 3-Lg was obtained from WPI by using the salting out method as described by Maté &
Krochta (1994) with modifications according with Konrad, Lieske, & Faber (2000). B-Lg was
freeze dried to obtain a lyophilized powder. The purity and conformational properties of
purified B-Lg were compared with commercial B-Lg lyophilized powder from Sigma. For this
purpose, both protein solutions were prepared by dispersing 10 mg mL?* of B-Lg powder
(Jannika Dombrowski, Johler, Warncke, & Kulozik, 2016; Donato, Schmitt, Bovetto, & Rouvet,
2009; Kosters, Wierenga, De Vries, & Gruppen, 2011; Schmitt et al., 2009) in 25 mmol L
sodium phosphate buffer at pH 6. The pH of solutions was adjusted with 0.5 mol L1 of H3POa4
or 1 mol Lt of NaOH, as necessary. The solutions were then stirred continuously with a
rotation speed of 400 rpm, for 2 h at room temperature (ca. 25 °C). Afterward, B-Lg solutions
were stored at refrigeration temperature (5 °C) overnight to ensure the full rehydration of

protein. The B-Lg solutions were then filtered through a 0.2 pm membrane filter (VWR
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International, USA) to remove any protein aggregates or impurities. Subsequently, B-Lg
morphology, purity, secondary structure and conformational state properties were evaluated
for both commercial and purified B-Lg, through dynamic light scattering, SDS-PAGE, turbidity,
circular dichroism, intrinsic and extrinsic fluorescence analyses and then comparisons were

drawn.

2.3. Measurements

2.3.1. Particle size, polydispersity index, and {-potential

Samples of B-Lg were characterized in terms of particle size, polydispersity index (PDI) and -
potential by Dynamic Light Scattering (DLS) apparatus (Zetasizer Nano ZS, Malvern
Instruments, UK) equipped with He-Ne laser at a wavelength of 633 nm, at 25 °C (Bourbon,
Pinheiro, Cerqueira, & Vicente, 2016). Particle size was determined by the method of
cumulants fit and was translated into average particle diameters (Z-value) using the Stokes-
Einstein relationship (Rodrigues et al., 2015). PDI emerged from cumulants analysis of the
measurements and describes the width or the relative variance of the particle diameter
distribution. The ¢-potential determines the charge at the surface of the structure and was
performed with an angle of 17° (Madalena et al., 2016). Samples (1.5 mL) were poured into
disposable sizing cuvettes with a path length of 10 mm for particle size and PDI analyses, and
into a folded capillary cell for {-potential measurements. All measurements were carried out at

25 °C and the results reported as the average + standard deviation of at least three replicates.

2.3.2. Turbidity

The turbidity of B-Lg solutions (4 mL) prepared at 10 mg mL! was evaluated using a double-
beam UV/visible spectrophotometer at 500 nm (V-560, Jasco Inc., Tokyo, Japan). The
measurements were made at room temperature (ca. 25 °C) according with the procedure
reported by Pereira et al., 2015 resorting to a 10 mm path length cuvette, and with 25 mmol L1
sodium phosphate sodium buffer as blank. The measurements were performed in triplicate

and experimental values are presented as the average + standard deviation.

2.3.3. Intrinsic fluorescence
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Intrinsic fluorescence measurements of B-Lg dispersions from 5 — 15 mg mL* were obtained
at ambient temperature (ca. 25 °C) resorting to a spectrofluorimeter (Jasco FP6200, Tokyo,
Japan) equipped with a standard thermostated cell holder and a 10 mm path length quartz
cuvette (Hellma Analytics, Germany). The excitation wavelength was set at 295 nm to
quenching tryptophan (Trp) fluorescence (Madadlou, Floury, Pezennec, & Dupont, 2018) and
the emission spectra were recorded between 300 and 405 nm, and fluorescence intensities
were recorded every 2.25 nm. Spectra were baseline-corrected by subtracting blank spectra
(i.e. 25 mmol L sodium phosphate buffer) according the procedure adopted by Monteiro et
al. (2016) and normalized with unheated B-Lg. The maximum intrinsic fluorescence intensity

was given as the average of nine successive measurements.

2.3.4. Extrinsic fluorescence

The extrinsic fluorescence of B-Lg dispersions from 5 — 15 mg mL?1 was determined by
fluorescence spectroscopy (Jasco FP6200, Tokyo, Japan) using 8-anilinonaphtalene-1-
sulfonic acid ammonium salt (ANS) (Sigma-Aldrich, St. Louis, EUA) as the hydrophobic probe,
according to the methodology adopted by Wang, Zhong, & Hu (2013) with a few modifications.
The B-Lg solutions were incubated at 25 °C prepared ANS solution (at 1.36 mmol L in
methanol) for 10 min in the dark before the analysis. The resulting solution was excited at 370
nm and emission was collected between 400 and 600 nm at ambient temperature (ca. 25 °C),
using a 10 mm path length quartz cuvette. Spectra were baseline-corrected by subtracting
blank spectra (i.e. 25 mmol L?! sodium phosphate buffer and ANS solution). Micro- and
nanostructures maximum fluorescence intensity values were normalized by the lowest value
corresponding to the unheated B-Lg. The maximum ANS binding fluorescence intensity was

given as the average of nine successive measurements.

2.3.5. Circular dichroism

The secondary structure content of 3-Lg and the effect of heat treatment were evaluated by
circular dichroism (CD). CD spectra were obtained resorting to a Jasco J-1500
spectropolarimeter (Jasco International Co, Japan). For far-UV experiments, samples in

appropriate dilution and spectra were recorded at 25 °C, under constant nitrogen flush, using a
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quartz cuvette with an optical path length of 1.0 mm (Hellma Analytics, Germany), from 190
nm to 260 nm wavelength range with data pitch of 1.0 nm and accumulation of 3 scan,
following the procedure used by Bourbon et al., (2016). The CD baseline scan was recorded
using a standard solution of 25 mmol L! sodium phosphate buffer and then subtracted to

scans from B-Lg solutions.

2.3.6. Native polyacrylamide gel electrophoresis (Native—PAGE)

In order to compare the integrated intensities of B-Lg bands, samples were analyzed using
Native-PAGE or “nondenaturing” gel electrophoresis. Native-PAGE analyses were carried out
using the Mini-Protean II dual slab cell system equipped with a PAC 300 power supply (Bio-
Rad Laboratories, Hercules, CA, USA) (Bourbon et al., 2016). The resolving and stacking gel
contained 12.5 and 3.5 % of polyacrylamide, respectively. Non-reducing loading buffer of
tris(hydroxymethyl)aminomethane, 0.5 mol L1 at pH 6.8, 50 % of glycerol and 0.02 % of
bromophenol blue was mixed with p-Lg samples. The gels were stained with Coomassie
Brilliant Blue (R-250) solution, maintained overnight in 50 % and 10 % of methanol and acetic
acid solutions, respectively. Then, gels were destained with 30 % and 7 % of methanol and
acetic acid solutions, respectively (Rodrigues et al., 2015). Standard marker protein
PageRuler Unstained Broad Range Protein Ladder (Thermo Scientific) was employed to

identify samples by their molecular weight.

2.3.7. Fast protein liquid chromatography

B-Lg protein solutions were resolved and quantified by gel filtration chromatography using a
Superdex™ 200 10/300 GL column, connected to a fast protein liquid chromatography (FPLC)
AKTA-purifier system (GE). B-Lg lyophilized solutions (from Sigma) with concentrations
ranging from 5 — 15 mg mL-! were used to prepare a calibration curve, then 10 mg mL? of B-
Lg purified samples were analyzed.

The protein samples were then centrifuged at 20,000 g for 1 h at 25 °C, using a Sorvall
centrifuge, and 5 mL of the clarified liquid was carefully collected and filtered through 0.22 pm
filters prior to separation. The eluent was also filtered (0.22 ym) and degassed under vacuum

for 1 h before testing. Samples (100 uL) were injected into the column and eluted using 0.05
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mol L of sodium phosphate buffer (pH 7) containing 0.2 g L' of sodium azide, as
preservative, at a flow rate of 0.5 ml-mlt under a pressure of 1.5 — 2.0 MPa. Identification
(through similarity of retention times — RT) and quantification (by integration of peak area of
chromatograms) of the B-Lg present in the eluate was monitored at 280 nm following the
procedure previously described by Ramos et al., 2012. All measurements were performed at

least in duplicate.

2.3.8. Transmission electron microscopy

Transmission electron microscopy (TEM) imaging of -Lg micro- and nanostructures was
conducted on a Zeiss EM 902A (Thornwood, N.Y., USA) microscope at accelerating voltages
of 50 and 80 kV. A drop of sample dispersion was deposited onto a carbon support film
mounted on a TEM copper grid (Quantifoil, Germany).

The excess of solution was removed after 2 min using a filter paper and the grid let for air-
drying. The samples were then negatively stained with uranyl acetate (2 % w/w) (Merck,
Germany) for 15 s. The grid was finally air dried at room temperature before introducing it in
the electron microscope. These conditions were used based in procedures usually adopted by

our research group (Monteiro et al., 2016; Bourbon et al., 2015; Pinheiro et al., 2015)

2.4. Experimental design

Box-Behnken statistical experimental design was used to evaluate the effect of heating
temperature (X1), B-Lg concentration (X2) and holding time (Xs) (independent variables), upon
particle size (Y1), polydispersity index (Y2), intrinsic fluorescence (Y3) and extrinsic
fluorescence (Y4) intensities (dependent variables), on the development of optimized B-Lg
micro- and nanostructures at pH 3, 4, 6 and 7. A 3-factor, 3-level design was used because it
was the most appropriated for exploring quadratic response surfaces and constructing second
order polynomial models for optimization, thus allowing the use of less experiments. The
experimental design encompasses the repetition of center points and the set of points lying at
the midpoints of each edge of the multidimensional cube that defines the region of interest.
The pH values were selected based on the isoelectric point (pl) of B-Lg (Teng et al., 2015). As

shown in Table 1, the independent variables and levels (i.e. low, medium and high) were
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selected based in previous results from screening experiments. The design matrix was

performed in 15 trials flowing the procedure adopted by Monteiro et al. (2016).

«Table 1 to be placed here»

2.5. Development of B-Lg micro- and nanostructures

To study the effects of B-Lg concentration, temperature and time of heating upon the formation
of protein micro- and nanostructures at different pH values, the solution pH was adjusted to 3,
4, 6 and 7 with 0.5 mol L of HsPO4 or 1 mol L! of NaOH, as appropriate. Micro- and
nanostructures were formed by dispersing 5, 10 and 15 mg mL™? of 3-Lg purified powder in 25
mmol L sodium phosphate buffer at pH 3, 4, 6 and 7. The solutions were then stirred
continuously with a rotation speed of 400 rpm, for 2 h at room temperature (ca. 25 °C).
Afterward, B-Lg solutions were stored at refrigeration temperature (5 °C) overnight to ensure
the full rehydration of protein. The B-Lg solutions (5 mL) were then filtered through a 0.2 pm
membrane filter to remove any protein aggregates or impurities and were placed into
cylindrical screw-capped glass tubes (100 mm total length and diameter of 20 mm). Heat
treatments at different temperatures (i.e. 60 — 80 °C) and times (i.e. 5 - 25 min) were applied
through a temperature controlled water bath (MR Hei-Tec + Pt 1000, Heidolph) with samples
continuously stirred with magnetic agitation at a rotation speed of 400 rpm. After the heat
treatment, the resulting solutions were cooled in ice for 10 min. B-Lg structures were
characterized using the techniques described before. Unheated and native p-Lg suspensions

were used as control samples.

2.6. Statistical analyses

All statistical analyses involving experimental data were performed using Statistica package
software version 10.0.228.8 (StatSoft Inc., Tulsa, OK, USA). Statistical significance (at p <
0.05) was determined using ANOVA one-way, followed by Tukey’s tests. Unless otherwise

stated, all experiments were run at least in triplicate.

3. Results and discussion
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3.1. B-Lg purification

In order to evaluate the purification process, purified B-Lg was extensively characterized in
terms of physicochemical properties and the results obtained were compared with the
commercial B-Lg at the same conditions. Particle size distribution results of both B-Lg (purified
and commercial) are presented in Figure 1, showing a polymodal distribution of unheated B-Lg
for both purified and commercial protein with two predominant peaks: peak 1 with maximum
between 2 and 10 nm, which is attributed to non-aggregated proteins, and peak 2 associated
to native B-Lg aggregates. It is also possible to observe a third peak, but only for purified p-Lg,
which can be attributed to strands and clumps of small globular aggregates as result of the
purification process. This behavior has been previously reported elsewhere (Rodrigues et al.,
2015).

In particular for peak 1, measurements revealed a particle size and PDI values of 8.89 + 0.06
nm and of 0.363 + 0.004, respectively, for purified p-Lg, and of 6.83 + 0.16 nm and 0.169 +
0.031, respectively, for commercial 3-Lg. Statistically significant differences (p < 0.05) were
obtained between purified and commercial 3-Lg for both parameters. These differences may
be due to distinct intensities of intrinsic forces (i.e. electrostatic interactions, hydrogen and
disulphide bonds, hydration and hydrophobic effects) involved on the stability of the tertiary
folds (Ramos et al., 2014). On the other hand, regarding protein turbidity, purified and
commercial 3-Lg displayed statistically similar values (p > 0.05) — 0.0023 + 0.0003 and 0.0028
+ 0.0002, respectively — suggesting that both proteins are in identical “native” state, i.e. the

content of aggregated proteins is very small.

«Figure 1 to be placed here»

In order to evaluate the protein stability promoted by electrostatic interactions, {-potential
values were determined. Purified and commercial B-Lg solutions showed a statistically similar
(p > 0.05) C-potential of -9.34 + 0.71 mV and -7.93 + 0.99 mV, respectively. These values
suggest that p-Lg, in its native state, is a relatively unstable system under the measured
conditions. According to Ghalandari, Divsalar, Saboury, & Parivar (2015) and von Staszewski

et al. (2012), a colloidal system is considered stable when displaying {-potential values above
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+30 mV or below -30 mV, thus meaning that the charge between particles (i.e. repulsion) is
enough to prevent aggregation. The protein conformational changes are widely accessed
through intrinsic tryptophan fluorescence measurements (Stanciuc, Aprodu, Répeanu, &
Bahrim, 2012; Vivian & Callis, 2001). This analysis was performed in order to investigate if
there is any change in protein structure and dynamics between both B-Lg proteins. The main
responsible for B-Lg fluorescence are two tryptophan (Trp) residues (i.e. Trp-19 and Trp-61),
being the intrinsic fluorescence of the protein mostly attributed to Trp-19, since it is found in
the hydrophobic calyx of B-Lg, while Trp-61 is located in an external loop, close to protein
surface (Simion et al., 2015). Figure 2A presents the intrinsic fluorescence intensity results of
purified and commercial B-Lg solutions exhibiting both a maximum intensity peak at 333 nm.
Typically, B-Lg has a maximum intrinsic fluorescence emission around 335 nm (Diarrassouba,
Liang, Remondetto, & Subirade, 2013), so this result corresponds to a blue shift behavior, thus
suggesting that chromophoric groups of both samples are more buried in the interior of
protein, i.e. hydrophobic groups were protected from the agqueous environment (Perez et al.,
2014).

The extrinsic fluorescence, by means of the ANS fluorescent probe that binds to hydrophobic
sites of proteins, provide information about changes of protein-probe interactions and on
variation of the accessible hydrophobic areas (Stanciuc et al., 2012). Figure 2B shows a
higher intensity (p < 0.05) in the peak emission of commercial B-Lg than that of purified p-Lg,
thus suggesting that the latter -Lg was less prone to bind to ANS than commercial ones.
Probably, the purification process, which has resulted in a significant higher particle size of B-
Lg as mentioned before, led for one hand, to a lower surface-area-to-volume ratio to react with
ANS, and for other hand to less change at the conformational level, thus making these
hydrophobic groups less exposed to ANS (Perez et al., 2014; Simion et al., 2015). Circular
dichroism (CD) spectroscopy provides information on the main secondary structural elements
(i.e. a-helix, B-sheet and coil) of proteins, through measurement of polarized light absorbed by
peptide bonds (Monteiro et al., 2016). The a-helix structure is characterized by displaying an
intense and positive band at 190 nm and negative peaks at 208 and 220 nm, B-sheet by
presenting a negative peak with a minimum in the 215 nm region, while random coil structures

display a positive peak close to 215 nm and a negative one near to 200 nm (Furtado, Pereira,
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Vicente, & Cunha, 2018). The values recorded at 190 - 260 nm for purified and commercial -
Lg in native state is depicted in Figure 2C, displaying similar spectra in terms of CD intensity
and shape. Average scans exhibited a negative dichroic peak with a minimum at 217 nm (i.e.
in the 215 nm region), indicating that the secondary structure of these proteins is rich in -
sheet (Estévez et al., 2017; Fan, Zhang, Yokoyama, & Yi, 2017; Yi, Lam, Yokoyama, Cheng,
& Zhong, 2014).

Electrophoresis analysis from Figure 2D shows two sets of results, composed by three lanes,
where it is possible observe an identical profile for purified and commercial 3-Lg. Given that
unbound dye is removed by long gel washing gel process, the amount of bound dye is
proportional to the protein concentration in the sample (Rodrigues et al., 2015). Both B-Lg
samples were characterized by the presence of two high molecular weight bands. The higher
molecular weight band with molecular mass between 30 — 40 kDa indicates the presence of §3-
Lg in dimer form, whereas the lower molecular weight band with molecular mass between 15 —
20 kDa corresponds to B-Lg in monomer form, in agreement with previous research on B-Lg

(Halder, Chakraborty, Das, & Bose, 2012; Madalena et al., 2016).

«Figure 2 to be placed here»

Fast Protein Liquid Chromatography (FPLC) is the preferential methodology employed for
separation and quantification of proteins, essential due to the good resolution and low
variability associated to this technique (Ramos et al., 2012). In this regard, FPLC was used to
compare both purified and commercial B-Lg in terms of protein content. For this purpose, an
appropriate calibration curve (y = 120.1x + 2.8) was obtained with R? = 0.999 using several
concentrations of commercial B-Lg, where y is protein content and x is B-Lg concentration.
Peak area integration of purified and commercial B-Lg samples at 10 mg mL? showed
statistically similar (p > 0.05) concentration values for both proteins, at 123.10 + 1.90 and

120.70 + 0.80 AU mL™ for purified and commercial proteins, respectively.

3.2. Development of micro- and nanostructures
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In order to understand the influence of B-Lg concentration and thermal treatment on the
formation of micro- and nanostructures, various combined effects (including different
concentrations of B-Lg, heating temperatures and times) were carried out to induce protein
aggregation. An experimental design, shown in Table 2, was used to evaluate the combined
effect of three B-Lg concentrations (5, 10 and 15 mg mL1), three temperatures (60, 70 and 80
°C), and three holding times (5, 15 and 25 min) on the particle size distribution, polydispersity
index, and intrinsic and extrinsic fluorescence intensity of $-Lg solutions prepared at four

different pH values (3, 4, 6 and 7).

«Table 2 to be placed here»

These results show that performing the B-Lg gelation process in different combinations of
environmental conditions allows obtaining B-Lg structures at nanoscale (i.e. with particle sizes
below 50 nm), by changing pH to 3 and 7, independently of the protein concentration (5 - 15
mg mL-1), heating temperature (60 — 80 °C) and holding time (5 — 25 min) used. This could be
related to the fact that bovine B-Lg at pH values <3 and > 7 exists as a monomer due to the
intermolecular electrostatic repulsions that govern protein interactions at those pH values, thus
leading to the formation of low patrticle size structures under those conditions (Diarrassouba et
al.,, 2013; Ramos et al., 2015). Based on this, we believe that B-Lg structures with small
particle sizes (i.e. < 50 nm) can be obtained at pH values far from B-Lg’s pl (i.e. 4.6) (Schmitt
et al., 2009), since at these conditions the protein is governed by electrostatic repulsions that
hamper the aggregation process (Dombrowski et al., 2017).

Regarding fluorescence intensity, at pH 3 for all tested conditions and at pH 7 for heating
temperatures of 60 °C and 70 °C, B-Lg structures were characterized by relatively low intrinsic
and extrinsic fluorescence intensities with maxima recorded at 1.96 and 2.22 (Table 2),
respectively. Concerning the structural conformation, the low intrinsic fluorescence intensity
obtained suggests that either 3-Lg was not completely unfold or the tryptophan residue was
not sufficiently exposed, being buried within the native protein structure (Ramos et al., 2015).
Regarding extrinsic fluorescence intensity, determined by means of ANS fluorescence probe,

it was possible to verify a low accessibility of ANS to hydrophobic areas of B-Lg, translated by
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a low extrinsic fluorescence intensity emitted (Schmitt et al., 2009). This result corroborates
the intrinsic fluorescence observations, thus showing that at these conditions, B-Lg is slightly
unfolded, therefore either the tryptophan residues or the hydrophobic groups of B-Lg were less
exposed, thus limiting the aggregation process.

Within heating treatments at pH 4, it was possible to obtain structures at macroscale (i.e.
particles size = 6 um) independently of the B-Lg concentration, for heating temperatures of 70
and 80 °C (Table 2). Under some combined conditions at 80 °C particles formed a sediment,
which indicates that the protein at these conditions is completely unfolded, giving rise to the
formation of aggregates. This can be also inferred by the high PDI value (i.e. PDI = 1), and the
relatively high extrinsic fluorescence (i.e. ranging from 5.64 to 15.00) (Table 2) obtained,
suggesting more hydrophobic sites available for ANS binding are exposed at these conditions
(Schmitt et al., 2009). A similar behavior was also observed for intrinsic fluorescence with
relatively higher intensity values recorded at this pH for 80 °C, in particular for 15 min holding
time (Table 2); thus implying that tryptophan residues, originally buried in the interior of protein
chain, are more exposed and so more likely to interact with bioactive molecules (He, Chen, &
Moser, 2015).

At pH 4, which is relatively close to the pl of B-Lg, the net charge of protein is close to zero,
and so the repulsive electrostatic forces weaken and the protein tends to aggregate, thus
resulting in higher particle size values (Salgin, Salgin, & Bahadir, 2012). These observations
agree with those reported by Leeb et. al (2015), which showed the formation of 3-Lg (5 mg
mL?) particle sizes of 1332.1 £ 56.3 nm during thermal heating at 80 °C of at pH 5.1. In
another study, Schmitt et al. (2009), which obtained large aggregates with sizes above 1 um
for ! B-Lg (1 mg mL™1) treated at 80 °C for 15 min at pH 4.

At pH 6 B-Lg is in a structural transition phase, when the temperature is taken to 80 °C, which
is above the B-Lg denaturation temperature — i.e. 76 °C —, it is possible to obtain structures
with particle size below and above 100 nm with relatively low PDI values — Table 2. In order to
be able to draw conclusions regarding pH 6 on (-Lg physicochemical behavior, a full
experiment was performed for these conditions, i.e., pH 6 and heating temperature of 80 °C,
and the combined effects of B-Lg concentration and holding time (Figure 3) were evaluated to

verify if we were able to produce B-Lg structures with desired properties — i.e. particle sizes
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within micro- (between 200 and 300 nm) and nano- (£ 100 nm) scales and with relatively low

PDI values (i.e. < 0.25).

«Figure 3 to be placed here»

In terms of particle size (Figure 3A), B-Lg structures ranged from 65 nm to 267 nm with
relatively constant surface charge (between -15.6 and -18.0 mV) (p > 0.05) (Figure 3C), as -
Lg concentration or holding time increased. Results showed that B-Lg nanostructures
(particles size < 100 nm) can be obtained at 5 mg mL-! for a heating time up to 25 min, at 10
mg mL? for a heating time up to 15 min and at 15 mg mL for a holding time of 5 min, without
statistically significant differences (p < 0.05) being found between particles size values.
Results also show that large size particles (i.e. microstructures with sizes between 200 and
300 nm) can be obtained at 15 mg mL! for heating times = 15 min. In fact, the effect of protein
concentration and heating time on particles size has been already reported by other authors
(Bourbon et al., 2015; Hu, Yu, & Yao, 2007), which pointed to an increase in particles diameter
with increased biopolymer concentration and heating time. Furthermore, it is possible to
observe that 3-Lg solutions present the best PDI values (< 0.25) when heated for time periods
= 15 min, independently of the B-Lg concentration used (Figure 3B), thus suggesting that the
aggregation process originated a relatively monodisperse particle size distribution (Schmitt et
al., 2009).

According with previously published results, as pH moves away from the protein pl (i.e.
between pH 5.2 and 7), B-Lg exhibits an increasing net charge on each molecule and it results
in the presence of more dimers (with a molecular weight of approximately 36 700 Da, than
monomers (with a molecular weight of 18 277 Da and usually at pH values below 3.0 or above
8.0), thus favoring the association and formation of structures with larger particle size (Png et
al., 2009). This may be the reason for the higher particle size values observed for 3-Lg at pH 6
than at pH 3 and 7, when heated at 80 °C — Table 2. This result agrees with a study conducted
by Zufiiga et. al (2010), which showed the production of spherical aggregates with an average

diameter of 96 nm at pH 6 and linear aggregates with an average diameter of 42 nm at pH 6.8.
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The changes in the fluorescence intensity of the maximum intrinsic and extrinsic fluorescence
spectra (Amax) Were used to follow structural changes of the protein induced by protein
concentration and heating time at 80 °C. For intrinsic fluorescence an increase of fluorescence
intensity at Amax Was observed as the heating time increased, particularly for periods > 15 min
(Figure 3D). This difference in fluorescence intensity as a function of heating time may be
related to changes in the compactness of the protein molecule due to local molecular
unfolding, thus increasing the accessibility of buried tryptophan residues (Royer, 2006). This
behavior has been also observed by Bourbon et al. (2015) for lactoferrin and lactoferrin-GMP
nanohydrogels when heated at 80 °C up to 20 min and by Furtado et al. (2018) for lactoferrin
solutions when heated at 90 °C up to 30 min. For extrinsic fluorencence (Figure 3E) it is
possible to see that an increase in heating time (from 5 to 25 min) was accompanied by a
significant (p < 0.05) increase in the intensity of ANS fluorescence, independently of the B-Lg
concentration used. This increase in extrinsic fluorescence intensity is in line with intrinsic
fluorescence results.

Taking in consideration the best results obtained before, unheated B-Lg at 5, 10 and 15 mg
mL? and heated B-Lg at 5, 10 and 15 mg mL at 80 °C for heating times of 15 and 25 min
were evaluated by circular dichroism in the far-UV region (190 — 260 nm) — Figure 4. This
technique was used to evaluate the influence of selected conditions of heating time in (B-Lg
secondary structure content in order to establish the best conditions that form structures at
micro- (particle size between 200 — 300 nm) and nanoscale (particle size < 100 nm) (Ghorbani

Goriji et al., 2015).

«Figure 4 to be placed here»

The unheated B-Lg CD scans displayed a negative ellipticity minimum near 216 nm,
suggesting that its structure is rich in B-sheet, which is consistent with previously reported
results (Dave et al., 2013; Delahaije et al., 2016; Gomaa, Nsonzi, Sedman, & Ismail, 2016).
Figure 4 also shows an increase in the magnitude of ellipticity as B-Lg concentration
increased. This technique is only sensitive to proteins that are fully-dissolved in the solution,

so the increase in ellipticity intensity could be due to the fact that more protein is soluble with
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the increase in B-Lg concentration, consequently more amide chromophores of the peptide
bonds can be measured by far—UV CD (Miles & Wallace, 2016). This result is in agreement
with that reported by loannou et. al (2015), which showed an increase in the magnitude of
ellipticity as the concentration of B-Lg increased from 1 mg mL-1 to 40 mg mL1.

Regarding the thermal gelation process, a statistically significant difference (p < 0.05) is
observed in the intensity of the negative peak of heated -Lg in relation to the unheated B-Lg,
independently of protein concentration. This can be related with structural changes due to
aggregation phenomena (Jia, Gao, Hao, & Tang, 2017), which is consistent with intrinsic
fluorescence data. Native 3-Lg is characterized by having most of the hydrophobic amino acid
residues buried inside the molecule (Wada, Fujita, & Kitabatake, 2006), so when the protein is
subjected to thermal treatment, hydrophobic interactions responsible for maintaining the
stability and conformational structure of B-Lg, may be disrupted, thus affecting B-Lg
conformational state, resulting in loss of magnitude of the negative chirality of the CD signal
(Ramos et al., 2015).

Simultaneously, B-Lg aggregation was accompanied by statistically significant differences (p <
0.05) in the red shift of zero-crossing, which suggests the formation of new regular secondary
structures during thermal treatment. This result was in agreement with the data reported by
Wada et al. (2006), which showed a CD spectra with a decrease of magnitude of the negative
ellipticity for -Lg heated at 80 °C when prepared at 0.5 mg mL* and at pH 7.5. These authors
also observed a zero-crossing shift to shorter wavelengths, which have been attributed to the
increase a-helix structure content in the detriment of B-sheets content.

The results shown in Figure 4 also indicate that heating time (15 and 25 min) did not
significantly affect (p > 0.05) the negative signal intensity, independently of the B-Lg
concentration used. These results are in accordance with DLS data, in which protein
aggregation is shown to form structures without significance differences of particle size (p >
0.05), and are also in agreement with the data reported by Delahaije et al. (2016) when B-Lg
at 20 mg mL* and at pH 7.0 was heated at 80 °Cup 30 min, and by Dave et al. (2013) when (3-
Lg at for 10 mg mL* and at pH 2 was heated at 80 °C up to 30 min. Both authors reported that
the far-UV CD spectra of (B-Lg heated at 80 °C remained approximately constant during

heating time.
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«Figure 5 to be placed here»

The morphology of B-Lg in its native state, and that of micro- and nanostructures was
observed by TEM and the respective microphotographs are provided as an insert in Figure 5.
Figure 5A indicates that B-Lg in its native state is spherical and heterogeneous, with sizes
ranging from 6 to 111.13 nm, which corroborate DLS data for high PDI value (> 0.36). This
figure also shows aggregates form a black mass as a result of the negative staining procedure
(Zudiga, Tolkach, Kulozik, & Aguilera, 2010). The particle size of B-Lg microstructures (Figure
5B) as measured by TEM is around 140.8 nm, whereas DLS shown size values 245.0 nm. It
has been reported that differences between techniques for particle size measurement can be
attributed to a sample drying effect for TEM analysis (Bourbon et al., 2016; Machado et al.,
2012). However, B-Lg nanostructures (Figure 5C) show a mean particle size of 61.6 nm, which
corresponds well with DLS measurements. Micro- (Figure 3B) and nanostructures (Figure 3C)
are uniform and homogenous, therefore the low PDI value (< 0.22) is well justified by the TEM
images. Regarding micro- and nanostructures’ shape, images do not reveal a visible and clear
limit, but aggregates appear to be spherical and there seem to be clusters present. Clusters
can be caused by the negative staining process, in which uranyl ions can be associated to -
Lg (Pinto et al., 2014). These features are consistent with TEM images by Zlfiiga et.al (2010)
for B-Lg aggregates obtained for protein concentration of 5 % w/v at pH 6, heated at 80 °C

during 15 min.

4. Conclusions

B-Lg obtained from whey protein isolate was successfully purified and the method proposed is
robust and reproducible. Experimental results at pH 3 and 7, independently of protein
concentration, heating temperature and holding time, show that it is possible to produce
structures with a particle size lower than 100 nm. Tryptophan fluorescence and surface
hydrophobicity results suggest that the extent of unfolding and aggregation rate at those
conditions are reduced due to the increase of electrostatic repulsion. Conversely, at pH 4

unstable structures were obtained, once this pH value is near the protein’s pl.
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Homogeneous and stable B-Lg micro- and nanostructures are formed at pH 6, after gelation
process takes place at 80 °C (i.e. above denaturation temperature) during 15 min: using B-Lg
at 5 mg mL* and 15 mg mL* allows obtaining nano- and microscale structures with particles
sizes of 70 nm and 250 nm, respectively. Furthermore, intrinsic and extrinsic fluorescence
reveled structural changes and suitable environmental conditions to aggregation, while CD
spectroscopy showed secondary structure changes with decrease of B-sheet and increase of
a-helix contents.

The results obtained here represent a significant contribution to enrich the knowledge about
the impact of several environmental conditions on [B-Lg bio-based delivery systems’
characteristics, and point at the possibility to tailor such characteristics as a function of the

intended final application, e.g. in the food or pharmaceutical industries.
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Figures Caption

Figure 1. Typical particle size distribution curve (by intensity) obtained for purified and
commercial unheated B-Lg, prepared at 10 mg mL1 and pH 6.

Figure 2. Comparison between ( * ) purified B-Lg and ( A ) commercial B-Lg solutions. (A)
Intrinsic fluorescence emission spectra at 295 nm; (B) extrinsic fluorescence emission spectra
at 370 nm; (C) Far-UV CD spectra; (D) Native-PAGE. Standard deviation is represented by
error bars.

Figure 3. Values of particle size (A), polydispersity (PDI) (B), surface charge (C), normalized
maximum peak of intrinsic fluorescence at 295 nm (D) and normalized maximum peak of
extrinsic fluorescence intensity at 370 nm (E) of p-Lg structures formed at pH 6 after heating at
80 °C for 5, 10 and 25 min at protein concentrations of 5, 10 and 15 mg mL-1. Each data point
is the average of nine successive measurements and the error bars show the standard
deviation. Means labeled with the same letter do not statistically differ from each other
(p > 0.05).

Figure 4. Far-UV circular dichroism spectra of unheated -Lg at 5, 10 and 15 mg mL? and
heated (-Lg at 80 °C for 15 and 25 min for 5, 10 and 15 mg mL! at pH 6 (average + standard

deviation represented by error bars).

Figure 5. TEM images of B-Lg native state A), Bp-Lg microstructures B), and B-Lg

nanostructures C) (scale bar = 200 nm, magnification = 50.000 X).



