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Spray-dried whey protein isolate (WPI) powders were prepared at pilot-scale from solutions without
heat (WPIUH), heated (WPIH) or heated with calcium (WPIHCa), which were analysed and compared
with a control sample (WPIC). WPIC, WPIUH, WPIH and WPIHCa solutions had whey protein denat-
uration levels of 0.0, 3.2, 64.4 and 74.4%, respectively. Computerised tomography scanning showed
that 52.6, 84.0, 74.5 and 41.9% of WPIC, WPIUH, WPIH and WPIHCa powder particles had diame-
ters of ≤30 µm. WPIHCa and WPIH powders were cohesive, while WPIC and WPIUH powders were
easy flowing. Marked differences in microstructure were observed between WPIH and WPIHCa.
There were no measured differences in wall friction, bulk density or colour.
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INTRODUCTION

In the food industry, demand for high-protein
dairy powders, such as whey protein isolate
(WPI), has been increasing over the last decade
(Lagrange et al. 2015). This is because these
powders provide a high-quality protein source
and have a wide range of functional properties
desired during processing and in finished pro-
duct applications. However, multiple factors,
including instability to heat and pH, low bulk
density, poor wettability and powder solubility,
have limited the applications of these ingredi-
ents. Uncontrolled denaturation and aggregation
of whey proteins during thermal processing
influence powder microstructure, which nega-
tively impacts powder solubility and bulk han-
dling properties (Nuzzo et al. 2017; Both et al.
2018). Controlling the size of aggregates by
thermal processing is a key strategy to address
heat-induced instability of whey proteins (C�akir-
Fuller 2015), with production of aggregated
whey protein structures allowing for tailored
properties that may improve heat stability and/or
the rehydration properties of resultant powders.

Whey proteins, like most globular proteins,
rely on a combination of hydrophobic, covalent
and hydrogen bonds to maintain their three-
dimensional structures. Additionally, the func-
tional properties of whey protein ingredients are
often altered by modifying b-lactoglobulin (b-
lg), which is highly heat-labile and a major con-
stituent of whey protein (Foegeding et al. 2002).
Heat- and mineral-induced aggregation of b-lg
allows for disulphide bonding and electrostatic
shielding/salt bridges to form within and
between whey protein molecules. Consequent
changes to the structure of whey proteins alter
the behaviour of such protein ingredients during
processing and in finished products (Bouaouina
et al. 2006; Sinha et al. 2007) as well as
changes to the physical properties of resultant
powders (Hogan and O’Callaghan 2013). Nota-
bly, whey proteins can form different structures
(e.g. strands, fibrils) depending on the exact
thermal processing parameters employed
(Akkermans et al. 2008).
Previous work has demonstrated that

microstructural properties of WPI powders can
influence their physicochemical and functional
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properties (Barone et al. 2019). Generally, a high proportion
of native whey proteins on the exterior of whey protein con-
centrate (WPC) and WPI powders results in smooth powder
particle surfaces, while higher proportions of denatured
whey proteins result in microwrinkles on the surfaces of
such powders (Both et al. 2018). Furthermore, denaturation
and aggregation of whey proteins increase the hydrophobic-
ity of powder surfaces (Gaiani et al. 2010). Therefore,
understanding how powder microstructure is affected by
denaturation and aggregation of whey proteins will help
with controlling and predicting the physical and flow prop-
erties thereof.
The poor wetting performance of WPI powders is greatly

influenced by physical properties, such as occluded air, par-
ticle size and density. Furthermore, WPI typically is dried at
a lower total solid content (~20%) compared with more tra-
ditional dairy ingredients like skim and whole milk powder
(~50%), which in turn influences the powder density, parti-
cle size and levels of occluded air. The traditional methodol-
ogy used to measure occluded and interstitial air uses
density (bulk, tapped and particle) through gas displacement
measurements (Schuck et al. 2007). Computerised tomogra-
phy (CT) generates high-quality images by applying X-rays
to measure air voids, which are then differentiated into
occluded and interstitial air; this differentiation could further
our understanding of the impact of microstructure on
occluded air content of next-generation dairy protein pow-
ders. Additional physical properties, such as density, particle
size and microstructure, influence flowability, a key quality
attribute of powders (Kim et al. 2005a).
Previous studies have focused on how increasing the outlet

temperature of spray-drying increases whey protein denatura-
tion in resultant powders (Anandharamakrishnan et al. 2007),
the stability of whey protein aggregates produced from WPI
and b-lg in salt solutions (Ryan et al. 2012) and characteris-
tics of whey protein aggregates made from WPC solutions
(Meza et al. 2019). Furthermore, other studies have examined
the effects of temperature and the addition of calcium on the
formation of whey protein aggregates (Ooi 2015; Buggy et al.
2018) and the implications of differences therein for viscosity
and colloidal stability of nutritional beverages (e.g. infant for-
mula) (Joyce et al. 2017). However, no information is avail-
able in the published literature on the effects of controlled
denaturation and aggregation on the physicochemical proper-
ties of WPI powders.
The overall objective of this study was to determine the

influence of heat- and mineral-induced denaturation and
aggregation of whey proteins on the physicochemical prop-
erties of WPI powders. The physical properties (e.g. particle
size, flowability, bulk density) of WPI powders prepared
from whey protein solutions treated at 90 °C, with or with-
out 2.5 mM added calcium chloride (i.e. with or without
colloidally stable nanoparticulated whey protein aggregates),
were assessed to determine how controlling whey protein

aggregate size would impact the physicochemical properties
of resultant powders. This new knowledge will underpin the
targeted modification of physical properties of WPI powders
to better suit selected applications.

MATERIALS AND METHODS

Materials
Whey protein isolate (WPI; BiPro�), with 94.4 � 1.61%
protein, was provided by Agropur (Granby, Quebec,
Canada). Calcium chloride (1 M) and all other chemicals
and reagents were obtained from Sigma-Aldrich (St. Louis,
MO, USA).

Preparation of whey protein solutions
Whey protein isolate powder was dissolved in stock calcium
chloride solutions with calcium concentration in the range
0.0–4.5 mM (increasing in 0.5 mM increments) in ultrapure
water at 8 and 10% protein (w/v). After the pH was mea-
sured and adjusted to pH 7.00 (�0.01), the dispersions were
allowed to rehydrate fully for 18 h at 4 °C. The solutions
were then prepared to volume and pH re-adjusted to 7.00
(�0.01), as required.

Thermal processing of whey protein solutions
Whey protein isolate solutions with different calcium con-
centrations were heated using a controlled-stress rheometer
(AR-G2, TA Instruments, New Castle, DE, USA) equipped
with a starch pasting cell; samples were conditioned at
20 °C and with a constant shear of 15 s�1 throughout,
heated using a ramp of 10 °C/min until the peak tempera-
ture (80, 85 or 90 °C) was achieved and held for 30, 60, 90
or 120 s, after which samples were cooled at 10 °C/min to
20 °C following the method of Joyce et al. (2017).

Whey protein denaturation
Whey protein denaturation was measured using high-
performance liquid chromatography based on a variant of
the methodology of Huppertz et al. (2004), as described in
detail by Joyce et al. (2017).

Whey protein particle size
The effects of heat- and mineral-induced aggregation on the
particle size distribution of whey protein solutions were
determined by dynamic light scattering using a Zetasizer
Nano ZS (Malvern Instruments, Malvern, UK) particle size
analyser, equipped with Malvern Zetasizer software 7.02.
Samples were diluted 1:200 in ultrapure water, measured at
25 °C, using a viscosity parameter of 0.8872 cP, refractive
index of 1.45 and absorbance of 0.001.

Spray-drying of whey protein solutions
Whey protein solutions required for pilot-scale production
of corresponding powders were prepared as described in
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preparation of whey protein solutions, with some modifica-
tions based on the results from preliminary trials. The ther-
mal treatment chosen to achieve extensive controlled
nanoparticulation of whey proteins prior to spray-drying
was 10% protein, 2.5 mM calcium, 90 °C peak temperature
and 30 s hold time (WPIHCa). A heated control powder
(WPIH) was prepared using conditions of 0.0 mM calcium,
90 °C peak temperature and 30 s hold time, while an
unheated control sample (WPIUH) was also prepared. Ther-
mal processing was applied to WPI solutions using a high-
temperature short-time Microthermics instrument (Microther-
mics, Raleigh, NC, USA), at a batch size of 60 L using a
constant flow rate of 1 L/min. All three whey protein solu-
tions (i.e. WPIUH, WPIH and WPIHCa) were then spray-dried
using a Niro 25 single-stage spray-dryer (GEA, Søborg,
Denmark) with inlet and outlet temperatures of 180 °C and
80 °C, respectively. The total solid content of the feed mate-
rial was ~10.6%, and evaporation was not used in the pro-
duction to prevent any further heat-induced aggregation.
The original WPI powder was included in subsequent analy-
sis as a reference sample (WPIC).

Compositional analysis
Protein and moisture were determined using the Kjeldahl
nitrogen analysis method with a nitrogen to protein conver-
sion factor of 6.38 (IDF 2014) and oven-drying at 103 °C
(IDF 2004), respectively. Fat content was determined by
hydrolysing powders in 4 M HCl, with fat extracted from
the filtrates through an ST 255 Soxtec 230 V (Foss Analyt-
ics, Hillerød, Denmark) with a 5:2 petroleum ether:absolute
alcohol mixture. Ash was determined by dry-ashing using a
muffle furnace at 800 °C for 8 h (Gaucheron 2010), and
carbohydrate was determined by difference.

Colour
Colour of WPI powders was measured using a CR-400 col-
orimeter (Konica Minolta, Tokyo, Japan) with data for L*
(0 = black, 100 = white), a* (positive = red, nega-
tive = green) and b* (positive = yellow, negative = blue) col-
our chromaticity coordinates reported. The powder was
analysed in a custom-designed cell, and photographswere taken
as described by Amagliani et al. (2016). DE was calculated
using the Commission on illumination (CIE) 2000 equation.

Powder microstructure
All microstructural analyses of the WPI powders were per-
formed at Ulster University’s Bio-Imaging Core Facility
Unit (Northern Ireland, UK) using a FEI QuantaTM 200 (FEI
Company, Eindhoven, the Netherlands) scanning electron
microscope (SEM). Powders were dried at 102 °C for 4 h
in a moisture oven to remove moisture, coated with
gold/palladium using a Polaron E5100 sputter coating unit
(Quorum Technologies Ltd., Sussex, UK) and imaged as
described by Bulut-Solak et al. (2017). All micrographs

were captured using the integrated imaging software xT
microscope control and a charge-coupled device camera.

Powder physical properties and key quality attributes
Interstitial air, occluded air and powder particle size were
measured using traditional methodology as described in
GEA Niro (2006, A11a). Particle density was measured
using a gas pycnometer (Teunou et al. 1999). A novel
method, computerised tomography (CT) scanning, was used
to measure particle size, interstitial and occluded air, and
the data were compared with that obtained using the tradi-
tional approach. For CT scanning analysis, powder samples
were transferred to plastic cylindrical containers mounted on
a glass rod and stabilised for 1 h at 22 °C. The sample was
then mounted on the sample stage in the X-ray microtomog-
raphy chamber, and images were obtained using a GE Vto-
mex L300 CT scanner (Baker Hughes Company, Houston,
Texas, USA). The X-rays were emitted at a voltage of
70 kV and a current of 220 µA from a tungsten target on a
diamond window with an exposure time of 500 ms. The
sample was rotated 360° and during this time 1500 radio-
graphs were recorded and transferred to a computer for
reconstruction. The sample was placed 6.5 mm from the
180 kV transmission tube, while the detector was located
800 mm from the tube, which resulted in a 1209 magnifica-
tion of the sample and the resolution of the scan was
between 1.63 and 1.69 µm. The differentiation of powder
particle and air was completed using ambient occlusion
algorithms. Ambient occlusion is a model that uses a fixed
number of rays with a predefined length from each back-
ground voxel (values in a normal 3D grid), and this pro-
duces a binary scalar field in all directions and counts the
number of rays touching the foreground, while also comput-
ing the intersection points of the rays with the foreground
(Baum and Titschack 2016; Titschack et al. 2018). Powder
flow function, bulk density, wall friction and compressibility
index were measured using a Brookfield powder flow tester
(Brookfield Engineering Laboratories, Inc., Middleboro,
MA, USA) using the 5-inch cell in accordance with the
methodology of Crowley et al. (2014).

Statistical data analysis
All experimental analyses were conducted in triplicate. CT
particle size distributions were calculated for each dimen-
sion from a summation of their respective size classes and
categorised into 10-µm fractions. Where applicable, the data
generated were subjected to one-way ANOVA. Tukey’s hon-
est significant difference post hoc test was used to determine
statistically significant differences (P < 0.05) between mean
values for different samples. Mean values were determined
to have significant differences from one another at a 95%
confidence level. Results are expressed as mean � standard
deviation from triplicate analysis, and statistically significant
differences are identified using superscript letters.
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RESULTS AND DISCUSSION

Protein denaturation, aggregation and viscosity
development during thermal treatment
The protein denaturation of the unheated WPI powder
(WPIUH), heated (WPIH) and heated with calcium (WPIHCa),
including the levels of total denatured protein, a-lactalbumin
and b-lg content relative to the control (WPIC), is shown in
Table 1. The total denatured protein levels were 3.2, 64.4
and 74.4% for WPIUH, WPIH and WPIHCa, respectively.
These values are in agreement to those reported in the work
of Joyce et al. (2017) who observed increasing whey pro-
tein denaturation as temperature increased in whey-
dominant infant formula systems. Viscosity is known to
increase with increasing severity of heat treatment and
added calcium due to denaturation and aggregation
(Wijayanti et al. 2014). All samples heated at 80 °C (Fig-
ure 1a,e,f) had comparable final viscosity regardless of cal-
cium and protein concentrations and thermal processing
hold time. Samples heated at 85 °C (Figure 1b) had signifi-
cantly higher (P < 0.05) final viscosity compared with sam-
ples heated at 80 °C (Figure 1a). For samples heated at
90 °C (Figure 1c,d), final viscosity increased with increas-
ing calcium concentration and hold time. Moreover, it was
found that samples with final viscosity >100 mPa.s gelled
within 24 h of thermal treatment (data not shown), which
coincides with previous findings of Joyce et al. (2018) and
Phan-Xuan et al. (2014), who investigated viscosity and
denaturation of thermally processed WPI and b-lg solutions
with added calcium, respectively. The particle size distribu-
tion profiles of the whey protein solutions were generally
monomodal, with mean particle size increasing from 65 to
205 nm, in general accordance with increasing severity of
heat treatment (Figure 2). All WPI solutions heated at
80 °C (Figure 2a,e,f) had comparable particle size distribu-
tions at different calcium concentrations, with the exception
of samples containing 2.5 mM calcium (8% protein, 80 °C,
30 s; Figure 2e). In contrast, WPI solutions heated at 85
(Figure 2b) and 90 °C (Figure 2c,d) had significantly higher
(P < 0.05) mean particle size, with the extent of these
increases being greater at higher calcium addition levels. In
addition, it was found that the particle size of solutions

generally did not change significantly after drying (D50:
WPIC 7 nm, WPIUH 7 nm, WPIH 114 nm and WPIHCa
132 nm). Furthermore, heat, calcium addition, protein con-
centration and hold time clearly affected whey protein
denaturation and aggregation.
A treatment that had (a) a significant amount of colloidal

aggregates, (b) did not undergo excessive aggregation post-
heat treatment and (c) had a particle size distribution of
130-170 nm was the criterion set for choosing a treatment
to advance to pilot-scale. Based on these requirements, a
treatment of 10% protein, 90 °C, 30 s peak hold time, with
2.5 mM added calcium was taken forward for further analy-
sis.

Colour
The treated powders had higher L* values, and there were
no significant differences (P < 0.05) between the treated
powders, while all powders had similar values for a* and
b* (Table 2). The DE values between WPIUH, WPIH and
WPIHCa were all <1, whereas when comparing WPIC to
WPIUH, WPIH and WPIHCa, they were 4.09, 4.18 and
3.58, respectively. In spite of these measured differences in
colour chromaticity coordinates between samples, the pow-
der samples were not visibly different (data not shown).
The values measured and the powder appearance in this
study coincide with those reported in the work of Barone
et al. (2019) who studied high-protein content WPC and
WPI powders. The results reported in this study demon-
strate that while there were heat- and mineral-induced dif-
ferences in denaturation and aggregation of whey proteins
in solution, these differences were not evident in the col-
our of resultant powders.

Microstructure
The overall surface morphology of the WPI powders was
analysed using scanning electron microscopy (SEM), and at
a magnification of 8009 (Figure 3), all samples appeared to
have a heterogeneous mix of discrete small, medium and
large particles. At higher magnification (1600 and 30009),
SEM analysis showed that WPIC had a large amount of fine
particulate material attached to the surface of the particles,
while the surfaces of particles in WPIUH, WPIH and WPIHCa

Table 1 Denatured protein content of whey protein isolate powders (WPI), control (WPIC), unheated (WPIUH), heated (WPIH) and heated with

calcium (WPIHCa).

Denaturation (%) WPIC WPIUH WPIH WPIHCa

Whey protein n/a 3.20 � 0.20a 64.4 � 1.40b 74.4 � 3.10c

a-Lactalbumin n/a 2.20 � 0.20a 44.5 � 3.10b 54.8 � 4.00c

b-Lactoglobulin n/a 3.60 � 0.20a 70.8 � 0.40b 80.7 � 2.50c

n/a = not applicable.
abcDifferent superscript letters, within a row, indicate statistically significant differences (P < 0.05).
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did not display any evidence of such particulates (Figure 3).
In general, powder particles in all samples displayed
spherical-type morphology, with holes evident in individual
powder particles, which is in agreement with the findings of
Barone et al. (2019) who investigated the microstructure of
agglomerated WPC 80 powder. Compared with WPIC, the
powder particles in samples WPIUH, WPIH and WPIHCa
appeared more hollow, with protrusions and holes. WPIHCa
and WPIH also displayed some evidence of cohesion

between powder particles. In the work of Kim et al.
(2005b), the authors showed that denatured b-lg in solution
had increased viscoelastic properties due to a decrease in a-
helix content and increased flexibility of the protein mole-
cule, which allowed for enhanced powder particle integrity,
thereby limiting hole formation during spray-drying. The
current study demonstrates that denaturation and aggregation
of whey proteins altered particle size and morphology of
spray-dried WPI powders.
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Figure 1 Temperature (solid lines) and viscosity (symbols) of whey protein isolate (WPIC) solutions (protein, w/v) during laboratory-scale trials pro-

cessed under different conditions for protein content, peak temperature and holding time, respectively: (a) 10%, 80 °C, 30 s; (b) 10%, 85 °C, 30 s;

(c) 10%, 90 °C, 30 s; (d) 10%, 90 °C, 60 s; (e) 8%, 80 °C, 30 s and (f) 8%, 80 °C, 120 s with varying amounts of calcium: 0.0 mM (●), 2.5 mM

(○), 3.0 mM (□), 3.5 mM (◊), 4.0 mM (Δ), 4.5 mM (▲).
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Powder physical properties
Computerised tomography (CT) scan analysis (Figure 4)
showed that the proportion of powder particles with diame-
ter ≤30 µm was 52.6, 84.0, 74.5 and 41.9% for WPIC,
WPIUH, WPIH and WPIHCa, respectively. This indicates that
heat-induced aggregation and denaturation prior to spray-
drying influenced powder particle size distribution. The lar-
ger particle size of WPIC compared with WPIH and WPIHCa
is likely from the high total solid content used in its manu-
facturing. Moreover, the hollow particles visualised using
SEM are a direct result of the rotary atomiser used in this

experiment, which increased the incorporation of air into the
droplets due to air aspiration by the rotating wheel (O’Sulli-
van et al. 2019). These results are in agreement with previ-
ous studies which measured the particle size of WPI
powders (Caillard et al. 2012). The particle density,
occluded and interstitial air contents of the WPI powders
are shown in Table 2. The particle density of WPIUH, WPIH
and WPIHCa was comparable, while WPIC had a signifi-
cantly higher (P < 0.05) particle density, and overall, these
results are higher than values (1.06 � 0.01 g/cm3) reported
in previous studies (Ji et al. 2017). The use of the
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Figure 2 Particle size of whey protein isolate (WPIC) solutions processed under different conditions for protein content, peak temperature and hold-

ing time, respectively: (a) 10%, 80 °C, 30 s; (b) 10%, 85 °C, 30 s; (c) 10%, 90 °C, 30 s; (d) 10%, 90 °C, 60 s; (e) 8%, 80 °C, 30 s; and (f) 8%,

80 °C, 120 s with varying amounts of calcium: 0.0 mM (●), 2.5 mM (○), 3.0 mM (□), 3.5 mM (◊), 4.0 mM (Δ), 4.5 mM (▲).
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traditional GEA methodology (T) revealed that the volume
of occluded air in WPIUH, WPIH and WPIHCa was similar,
while the level was significantly lower (P < 0.05) in WPIC.

The lower particle density and higher volume of occluded
air in resultant WPI powders were caused by the use of a
rotary atomiser which increased the incorporation of air into

Table 2 Occluded and interstitial air, particle density, compressibility index and colour of whey protein isolate (WPI) powders, control (WPIC),

unheated (WPIUH), heated (WPIH) and heated with calcium (WPIHCa).

Powder properties Units Method WPIC WPIUH WPIH WPIHCa

Particle density g/cm3 GP 1.17 � 0.00a 1.12 � 0.09b 1.13 � 0.01b 1.12 � 0.01b

Occluded air % CT 3.8 � 0.4a 2.3 � 0.2b 3.8 � 0.3a 3.9 � 0.2a

Occluded air % T 2.0b 2.7a 2.6a 2.5a

Interstitial air % CT 36.5 � 0.7a 16.3 � 0.2c 24.5 � 0.9b 35.7 � 1.1a

Interstitial air % T 22.7d 62.5a 50.0b 46.7c

Compression index n/a PFT 41.0 � 2.5a 41.4 � 0.5a 42.8 � 2.5a 47.3 � 5.4a

Colour parameters

L* n/a C 69.4 � 0.31b 74.8 � 0.60a 74.9 � 0.57a 74.1 � 0.03a

a* n/a C �0.97 � 0.01a �0.84 � 0.03a �0.73 � 0.05a �1.18 � 0.02a

b* n/a C 5.67 � 0.02a 5.17 � 0.02a 5.08 � 0.01a 5.35 � 0.01a

T = traditional method, CT = computerised tomography, GP = gas pycnometry, PFT = powder flow tester, C = colorimeter, n/a = not applicable,

° = degrees.
abcDifferent superscript letters, within a row, indicate statistically significant differences (P < 0.05).

WPIC

800x

1600x

3000x

WPI
UH

WPI
H

WPI
HCa

Figure 3 Scanning electron micrographs of whey protein isolate control powder (WPIC), unheated (WPIUH), heated to 90 °C for 30 s (WPIH) and

heated to 90 °C for 30 s with 2.5 mM calcium addition (WPIHCa) at 3 different magnifications (800, 1600 and 30009).
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the droplets due to air aspiration, thereby decreasing particle
density (O’Sullivan et al. 2019). Furthermore, the CT scan-
ning approach showed that the volumes of occluded air in
WPIC, WPIH and WPIHCa were similar, while WPIUH had
significantly lower (P < 0.05) volumes of occluded air. The

volumes of interstitial air, as measured using the CT scan-
ning approach, increased with powder particle size
(WPIUH < WPIH < WPIHCa), while the volume of intersti-
tial air measured using the traditional approach did not fol-
low a corresponding trend (WPIHCa < WPIH < WPIUH).

Figure 4 Powder particle size distributions using computerised tomography (CT) scanning of the control powder (WPIC; ○), unheated (WPIUH; □),

heated (WPIH; ◊) and heated with 2.5 mM calcium addition (WPIHCa; Δ).

Figure 5 Flow function (a), bulk density (b) and wall friction (c) of a control whey protein isolate powder (WPIC; ○) and unheated (WPIUH; □),

heated (WPIH; ◊) and heated with 2.5 mM calcium addition (WPIHCa; Δ).
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These differences in measured values of occluded and inter-
stitial air may be attributed to the fact that CT scanning uti-
lises high-quality 3D images from 2D slices to differentiate
air volumes, whereas the traditional methodology uses den-
sity to calculate air volumes. The data generated for
occluded and interstitial air utilising the traditional method-
ology agreed with the results reported by Sadek et al.
(2014). It is evident that further investigation is needed on
the application of CT scanning to differentiate and measure
occluded and interstitial air in dairy powders. Furthermore,
CT scanning can be used to determine the physical proper-
ties through high-quality images. This is beneficial when
analysing dairy powders, which can vary in size and
microstructure based on formulation, unit operation and pro-
cessing parameters used.

Powder bulk handling properties
Flow function, bulk density and wall friction properties of
WPI powders are shown in Figure 5. At low uniaxial force,
all samples were easy flowing as indicated by the inverse
slope of the flow function (4 < flow factor (FF) < 10),
whereas, when the force applied was increased, WPIH and
WPIHCa became cohesive (2 < FF < 4), and WPIC and
WPIUH remained easy flowing (4 < FF < 10). This indicates
that denaturation and aggregation of whey protein increased
cohesiveness of WPI powders. The findings of this study
are in agreement to those from the work of Schmidmeier
et al. (2019) and Barone et al. (2019) which reported the
flowability of agglomerated whey protein concentrate pow-
ders, with powders in the latter study having altered protein
profiles. In addition, the bulk density of WPIUH, WPIH and
WPIHCa was similar. Furthermore, the angle of wall friction
and the compressibility index were comparable for all sam-
ples (Table 2), with values for bulk density, angle of wall
friction and compressibility being in agreement with results
from previous studies (Schuck et al. 2012). In general, char-
acteristics that influence flow properties of powders include
particle size (Figure 4) and shape (Figure 3), bulk and parti-
cle density (Table 2), surface structure (Figure 3) and com-
position, moisture and fat content (Kim et al. 2005a;
Schuck et al. 2012). The results of the present study clearly
show that controlled whey protein denaturation and aggrega-
tion altered powder particle surface structures, thereby
increasing interparticle interactions and decreasing the
flowability of WPI powders.

CONCLUSIONS

In this study, whey protein particle size was modulated by
heat- and mineral-induced aggregation followed by spray-
drying to investigate the effects of such changes on struc-
tural, physical and bulk handling properties of the resultant
powders. Increasing the levels of whey protein denaturation
and aggregation before spray-drying resulted in larger, less

dense, more porous powder particles, with bubble-like
microstructures and increased cohesiveness during powder
flow than powders with higher levels of native whey pro-
tein. The use of novel CT scanning methodology was com-
pared to more traditional approaches for measuring particle
size, powder structural and physical properties, and while
promising, additional research is needed to fully realise the
potential of this technique.
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