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ABSTRACT

The focus of this research was to evaluate changes in
the secondary structure of B-LG induced by supercritical
CO, (ScCO,) treatment of whole milk powder (WMP).
Processing conditions of 63°C/200 bar and 75°C/300
bar were chosen for further investigation because they
produced the highest reduction in antigenicity, 42.9% +
2.83% (£SD) at 63°C/200 bar and 54.75% + 2.43% at
75°C/300 bar, respectively, via sandwich ELISA. Orbi-
trap fusion liquid chromatography-MS/MS detected the
presence of capric acid under processing conditions of
63°C/200 bar and lactose molecules at 75°C/300 bar,
and these post translational modifications were estab-
lished to be unique to ScCO, processing. The B-LG was
isolated from reconstituted WMP via isoelectric precipi-
tation and membrane filtration, and secondary structure
analysis was conducted via UV-absorption, intrinsic and
extrinsic, circular dichroism, and Fourier-transform mid
infrared spectroscopy. Results indicated the unfolding
of the -LG molecule, with exposure of Trp residuals to
the exterior and an increase in surface hydrophobicity
of the protein molecule. Circular dichroism spectros-
copy results highlighted an increase in a-helices and
random coils with a reduction in B-sheets characteristic
to B-LG and thus highlighting significant changes in the
secondary structure of the protein. Glycoprotein forma-
tion and caprylation had the most significant effects on
the amide I and II regions of B-LG, indicative of post-
translational modifications and were found to be unique
to ScCO, processing.

Key words: supercritical CO,, beta-lactoglobulin,
fluorescence spectroscopy, circular dichroism, Fourier-
transform mid infrared spectroscopy

Received February 3, 2025.
Accepted March 11, 2025.
*Corresponding author: jimenez-flores. | @osu.edu

INTRODUCTION

Cow milk is the most frequently encountered dietary al-
lergen in early infancy when the immune system is imma-
ture and susceptible to sensitization from environmental
allergens (Crittenden and Bennett, 2005). One of the most
prevalent allergens in cow milk is believed to be B-LG,
although caseins have also been known to induce immu-
nological responses with a significantly lower prevalence
(Villa et al., 2018). The most common approach to tackle
allergenicity is high heat treatment, which is known to
produce severe protein denaturation with a potential loss
in functionality and impairment of sensory attributes
(Achouri and Boye, 2013). To overcome these problems,
it is imperative to explore other novel processing methods
to produce hypoallergenic products.

The usage of supercritical fluid (SCF) technology
has been increasing tremendously over the years, with
a myriad of applications in the food industry. The dairy
industry also has been implementing SCF as a potential
processing method for a number of applications, such as
fat extraction and fractionation, milk pasteurization, and
microbial inactivation (Singh et al., 2018). Bonnaillie
and Tomasula (2012) and Yver et al. (2011) developed
a pilot scale process to fractionate whey proteins from
whey protein isolate (WPI) using ScCO,. Xu et al. (2011)
reported an increase in particle size and turbidity of WPI
solutions upon ScCO, treatment at 60°C owing to protein
unfolding and aggregation. Fourier-transform mid infra-
red (FT-MIR) spectroscopy results were instrumental
in establishing that the secondary structure of WPI was
characterized with a decrease in a-helix content and in-
crease in B-sheets (Xu et al., 2011). During the SCF pro-
cess, carbonic acid is formed within the extraction vessel,
triggering a binding between milk proteins and calcium
ions, disrupting the stability of casein micelles, which
may be beneficial in cheesemaking (Amaral et al., 2017).
A study by Garcia-Cano et al. (2021) observed a 50%
reduction in the antigenicity of B-LG via ScCO, treat-
ment at 75°C/250 bar along with a 25% lower inflamma-
tory response in Caco-2 cells. The primary mechanism
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identified in this study was lactosylation. In our previous
report (Venkatram et al., 2024), we evaluated the effect
of ScCO, treatment on the antigenic response of B-LG in
whole milk powder (WMP) and observed a reduction in
antibody recognition (antigenicity) via ELISA as a func-
tion of lactosylation and caprylation, which were found
to be unique to this processing condition. Our results also
indicated small changes in functionality, which is key for
dairy applications.

The objective of this study was to evaluate changes in
the secondary structure of B-LG as a function of ScCO,
processing, which led to a reduction in the antigenic-
ity of the protein via caprylation and lactosylation as
2 unique identified pathways. Secondary structure of
proteins plays an instrumental role in antigen-antibody
recognition (Pedroza-Escobar et al., 2023), and the aim
of this study was to determine changes in the secondary
structure as a function of antigenicity. For the purpose
of this study, we compare B-LG isolated from WMP
to that under ScCO, conditions. A thermal control has
also been included to understand the role of heat in the
presence and absence of hydrophobic ScCO,, and the
role it plays in secondary structure modification. We hy-
pothesize that ScCO, processing would impart a unique
denaturation mechanism or conformational change to
B-LG, different from dry heating, which is also known to
produce conformational changes in proteins. The inher-
ent hydrophobicity of ScCO, would provide a conducive
medium to trigger irreversible folding of the f-LG mol-
ecule, exposing these hydrophobic domains that could
potentially instigate interactions with other components
present in the matrix.

MATERIALS AND METHODS
Supercritical CO, Processing

Whole milk powder was processed using ScCO,, as
previously described by Venkatram et al. (2024). Pro-
cessing conditions of 63°C/200 bar and 75°C/300 bar
were chosen for further investigation in this study owing
to the highest reduction of antigenicity and identifica-
tion of 2 unique pathways to reduce antigenicity of B-LG
via caprylation at 63°C/200 bar and lactosylation at
75°C/300 bar.

Isolation of B-LG from WMP

The B-LG was isolated from WMP using the method
suggested by Fox et al. (1967). This method mainly re-
lies on the resistance of B-LG toward precipitation in
the presence of trichloroacetic acid. Whole milk powder
was first prepared as a 10% wt/vol suspension, as previ-
ously described in Venkatram et al. (2024). After over-
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night hydration, this suspension was heated to 37°C in a
water bath, after which its pH was reduced to 4.6 using
6 M HCI (Thermo Fisher Scientific, Waltham, MA) with
continuous agitation. The pH was monitored using a
SevenExcellence pH meter (Mettler Toledo, Columbus,
OH) before the addition of 6M HCI. Then, 150 mL of the
WMP suspension was acid treated and upon observable
precipitation at pH 4.6, was then transferred to 50 mL
graduated centrifugal tubes and centrifuged at 4,500 x
g for 30 min at room temperature to eliminate casein
precipitates. The supernatant was then collected, pH re-
adjusted to that of the original suspension and combined
with an equal volume of 6% tricholoroacetic acid solu-
tion (Sigma Aldrich, St. Louis, MO), and the mixture
was allowed to react at room temperature for a total du-
ration of 30 min. The mixture was then transferred to 50
mL centrifugal tubes following centrifugation at 4,500
x g for 30 min at room temperature. The supernatant
was collected and filtered using 10 kDa Amicon Ultra
Centrifugal Filters (Merck Millipore) to remove any un-
reacted chloride ions. The retentate was then dispensed
into a dialysis tubing cellulose membrane (molecular
weight cutoff: 14 kDa, Sigma Aldrich), 12 cm in length,
and this solution was dialyzed against distilled water at
4°C for 24 h with water changes every 4 h. This process
was allowed to continue until a negative chloride ion
test was obtained using a chloride ion reflectometric
test (Millipore Sigma). After completion of dialysis, the
solution was concentrated using Vacufuge plus (Eppen-
dorf, Hamburg, Germany) to yield a final concentration
of 1 mg/mL determined using a Micro Bicinchoninic
Acid Assay Kit (Thermo Fisher).

UV-Absorption Spectrum Analysis

The UV-absorption spectra of B-LG isolated from
WMP was analyzed using a SpectraMax M2 Absorbance
and Fluorescence Microplate reader (Molecular Devices,
San Jose, CA). Samples at a concentration of 1 mg/mL
were homogenized and dispensed as aliquots of 250 pL
on Nunc 96-well UV Transparent Microplates (Thermo
Fisher Scientific). Samples were read at wavelengths
between 270 and 400 nm with increments of 2 nm. The
spectral analysis was performed at 25 = 1°C. Each sample
was analyzed in triplicate.

Intrinsic Fluorescence Spectrum Analysis

The intrinsic fluorescence of B-LG, which is due to the
natural fluorescence of aromatic side chains in its AA
composition (Wang et al., 2015b), was evaluated using
a SpectraMax M2 Absorbance and Fluorescence Micro-
plate reader (Molecular Devices) through endogenous
fluorescence spectroscopy. Samples at a concentration of
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Figure 1. Intrinsic fluorescence of B-LG isolated from whole milk
powder under varied supercritical and thermal treatment conditions. a.u.
= absorbance unit.

1 mg/mL were homogenized and dispensed as aliquots
of 250 pL on Nunc 96-well UV Transparent Microplates
(Thermo Fisher Scientific). Samples were excited at a
wavelength of 280 nm, and the emission was recorded
between wavelengths of 360 and 420 nm with increments
of 2 nm. The spectral analysis was performed at 25 +
1°C. Sample analysis was performed in triplicate.

Extrinsic Fluorescence Spectrum Analysis

The extrinsic fluorescence of B-LG, which is caused
by an added fluorescent probe, was determined using
8-anilino-1-naphthalenesulfonic acid (ANS), as previ-
ously described by Meng et al. (2017). First, 20 puL of
0.05 M ANS (0.015 g ANS in 0.05 M PBS, pH 6.8; Fisher
Scientific) was combined with 4 mL of 0.1 mg/mL B-LG.
The mixture was allowed to incubate at 25 = 1°C for a
duration of 1 h. After incubation, 250 pL aliquots of the
mixture was dispensed onto Nunc 96-well UV Transpar-
ent Microplates (Thermo Fisher Scientific), excited at
375 nm, and the emission was recorded between wave-
lengths of 400 and 650 nm with 5 nm increments. The
spectral analysis was performed at 25 + 1°C, and samples
were analyzed in triplicate. As previously described by
Kato and Nakai (1980), Nakai (1983), Li et al. (2007),
Xiang et al. (2011), surface hydrophobicity was defined
as the ratio of its extrinsic fluorescence to the protein
concentration. The surface hydrophobicity of the samples
was expressed as the ratio of the spectra obtained to the
whey protein concentration.

FT-MIR Spectroscopic Measurements
and Chemometric Analysis

The FT-MIR spectral data were acquired using
a portable Agilent 4500 FTIR spectrometer (Santa
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Table 1. Purity of B-LG isolated from reconstituted whole milk powder
processed under thermal and supercritical CO, conditions'

Protein content  Protein content

(BSA standard  (B-LG standard
Sample [ng/mL]) [ng/mL]) B-LG purity (%)
Untreated B-LG 17.24£0.18" 16.74 £ 0.09* 97.10£0.21*
63°C/200 bar 17.72 £0.23° 17.07 £0.28° 96.33 +£0.07°
63°C thermal 17.41 £0.62° 16.93 £0.12% 97.30 £ 0.42%
75°C/300 bar 17.16 £0.11° 16.35+0.33 95.28+0.21°
75°C thermal 17.42 £0.08" 17.10 + 0.74° 98.16 £ 0.67*

“®Means not sharing a common superscript within a column are different
(P <0.05).

'Mean values of protein content of B-LG isolated from reconstituted
WMP via Bradford assay and purity before and after heat and ScCO,
treatment (£SD). Values are an average of triplicate treatment and tripli-
cate analysis.

Clara, CA) equipped with a triple reflection diamond
crystal attenuated total reflectance (ATR) accessory
and thermoelectrically cooled deuterated-triglycine
sulfate (DTGS) detector. Spectra of untreated, ther-
mally treated, and supercritically treated B-LG were
recorded using MicroLab software (v. 5.1, Agilent
Technologies, Santa Clara, CA) ranging from 4,000 to
700 cm™' with a resolution of 8 cm™', and the spectra is
the result of the average of 128 scans per sample. After
each measurement, the diamond crystal was cleaned
using 70% ethanol (Thermo Fisher). Background was
performed per each measurement, and every sample
was measured in triplicate.

Averaged FT-MIR spectral data were preprocessed
using mean centering, normalization, and second
derivative Savitzky-Golay (15-point window) using
Pirouette 4.5 software (Infometrix, Bothell, WA). The
FT-MIR spectra were preprocessed by transmission
to absorbance (log[1/T]), and further transformed by
standard normal variate, second derivative Savitzky-
Golay (9-point window), and finally preprocessed by
mean centering. Soft independent modeling of class
analogy (SIMCA), a supervised classification tech-
nique based on principal components analysis (Vanden
Branden and Hubert, 2005), was used to build a 2- and
3-class algorithm to discriminate untreated (class 1),
thermal-treated (class 2), and processed using ScCO,
(class 3). A 2-class model was used to compare effects
of heat and ScCO, treatment to the untreated sample, as
well as identifying differences between heat and ScCO,
treatment. We then used a 3-class model to compare
protein structure variations across the 3 sample sets.
The SIMCA model was evaluated based on class pro-
jections, loadings, misclassifications, discriminating
power, and interclass distances (Wang et al., 2015a). If
the object is located within a restricted space of a train-
ing class, defined by its orthogonal and Mahalanobis
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Figure 2. (A) Extent of protein unfolding determined by 8-anilino-
I-naphthalenesulfonic acid binding and (B) surface hydrophobicity of
B-LG isolated from whole milk powder under varied supercritical CO,
and thermal treatment conditions. WMP = whole milk powder; a.u. =
absorbance unit.

distances, then the object is assigned to that particular
class (Custers et al., 2015).

Circular Dichroism Spectroscopy

Circular dichroism (CD) spectroscopy is a form of
light absorbance spectroscopy that measures the differ-
ence in absorption of right and left circularly polarized
light of a protein in solution. Mathematical treatment
can be used to interpret changes in secondary structure.
The effect of supercritical and thermal treatment on the
secondary structure of B-LG was evaluated by means of
CD spectroscopy. The B-LG solutions were prepared in
ultrapure water (18 MQ-cm) as a 0.35 mg/mL solution
for far-UV analysis. The CD spectra was obtained at
25 £ 2°C using quartz cells (0.1 cm path length) and a
Jasco J-815 spectropolarimeter (Jasco, Japan). Far-UV
spectra covered 190 to 240 nm, with readings measured
every 1 nm and a scan rate of 100 nm/min. Each spec-
trum was reported as an average of 3 scans. The second-
ary structure of f-LG was estimated using an online CD
website (http://dichroweb.cryst.bbk.ac.uk). All spectra
were corrected by subtracting the baseline and convert-
ing to mean residue ellipticity (deg-cm*-dmol™") based
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Figure 3. The UV-visible absorption spectra of f-LG isolated from
whole milk powder under varied supercritical and thermal treatment
conditions. a.u. = absorbance unit.

on a mean AA residual weight of 114 (MRW,; Divsalar
et al., 2006). Spectral deconvolution was performed
using the CONTIL (Provencher and Gloeckner, 1981)
algorithm. Reference set used for this analysis was spe-
cific to wavelengths between 190 to 240 nm and were
used from the suite of programs available at the online
server DICHROWEB (http://dichroweb.cryst.bbk.ac
.uk; Lobley et al., 2002; Whitmore and Wallace, 2008;
Miles et al., 2021).

Statistical Analysis

All experiments were conducted with freshly pre-
pared ScCO, processed samples. Results are reported
as mean = SD of triplicate measurements. Statistical
analysis was performed using JMP Pro 15 (SAS Insti-
tute, Cary, NC) and GraphPad Prism (v9.0; GraphPad,
San Diego, CA, https://www.graphpad.com/). Experi-
ments were conducted and analyzed in triplicate unless
indicated otherwise.

One-sample ¢-test was used to compare ScCO, and
heat-treated samples with the untreated (control) sample.
P-values <0.05 were considered to be significant.

RESULTS AND DISCUSSION
Purification of Proteins

The B-LG from untreated WMP and samples treated
under ScCO, and thermal conditions were isolated from
WMP suspensions. The concentration of B-LG was esti-
mated using a Pierce Coomassie (Bradford) Protein As-
say kit (Thermo Fisher Scientific). A standard curve was
prepared using BSA (Thermo Fisher Scientific) and B-LG
(Thermo Fisher Scientific), with concentrations ranging
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Figure 4. Far-UV circular dichroism spectra of B-LG isolated from
whole milk powder under varied supercritical and thermal treatment
conditions. WMP = whole milk powder; MRE = mean residual ellipticity.

between 5 to 30 pug/mL. The ratio of protein concentra-
tion obtained via the 2 standards was used to determine
the purity of B-LG in the isolate and is reported in Table
1. To confirm the efficacy of this isolation, the fraction
was also run through SDS-PAGE under reducing condi-
tions. Analyses, as previously discussed in Venkatram et
al. (2024), including ELISA, periodic staining, and pro-
teomics analysis were repeated to verify if the isolate had
reproducible results as when B-LG was a part of WMP.

Intrinsic Fluorescence

The Trp residues within proteins were chosen as intrin-
sic fluorescence probes to monitor structural modification
of proteins upon heat and supercritical treatment. Figure
1 illustrates the intrinsic Trp fluorescence of B-LG with
supercritical treatments at 63°C/200 bar, 75°C/300 bar,
and thermal treatments at 63°C and 75°C, respectively.
The untreated sample had an absorbance maximum of
980.46 absorbance units at 373 nm. Supercritical treat-
ment at 63°C/200 bar led to a 2-nm blue shift (373-371
nm) in the emission wavelength, whereas treatment at
75°C/300 bar produced a 2-nm red shift (373-375 nm).
In comparison to supercritical samples, both thermal
controls produced a red shift of 2 nm, with a reduction
in the maximum absorbance as the intensity of thermal
treatment was increased. The observed red shifts that oc-
curred in 3 of 4 treatment conditions indicate that the
microenvironment around Trp residues was undergoing
some kind of modification.

Previous studies by Manderson et al. (1998) and Moro
et al. (2011) confirm protein unfolding resulting from
partial protein denaturation, which caused a red shift on
the fluorescence emission spectrum. Protein unfolding
increases the exposure of the previously buried inner
hydrophobic groups (aliphatic and aromatic AA resi-
dues), which can then easily be detected by fluorescence
probes using appropriate aqueous solutions. This study
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Table 2. Percentage of different secondary structure components of
B-LG—untreated, thermally treated, and under ScCO, conditions'

% Random
Sample % Helix % B-strands % B-turns coils
Untreated 459+0.16 36.00+2.69 18.88+1.12 40.54+1.62
63°C/200 bar 5.78 £ 0.00* 31.78 £3.42* 18.31+£2.19*% 44.17+241*%
63°C thermal 4.90 +0.00* 35.30 +2.32* 18.60 + 0.00* 41.19 + 1.26*
75°C/300 bar 5.03 £0.22* 34.62+3.11* 18.12+ 1.52* 42.18 +1.31*
75°C thermal 4.54+0.18 35.64+3.44 1837+ 1.27* 41.43+£2.53*

"Mean values of secondary structure composition of B-LG before and
after heat and ScCO, treatment (£SD).

*Significant difference (P < 0.05) between that sample and the untreated
sample.

confirmed that intrinsic fluorescence intensity of B-LG
increased and the red shifts in the emission spectra are
apparently due to the unfolding of the B-LG that resulted
during heat and supercritical treatment. Such red shifts
indicate a change in the polarity of the Trp environment,
from a hydrophilic environment to a less hydrophilic
environment, thus our observations indicate that B-LG
might now be in a more hydrophobic environment (EI-
mnasser et al., 2008), which is consistent with our initial
hypothesis about exposure of hydrophobic regions and
also from our previous results where we detected the
presence of capric acid bound to -LG. Additionally, Kul-
myrzaev and Dufour (2002) also discussed the effect of
heat treatment on the potential red shift in the maximum
intrinsic Trp intensity due to partial denaturation and
formation of Maillard reaction products that we detected
in our earlier sections. Another aspect of discussion is
the emission quantum yields, which increased on ScCO,
presence but decreased on thermal treatments.

These observations can be primarily attributed to
changes in the conformation (Eftink, 1994; Andrade and
Costa, 2002). The B-LG has 2 Trp residues, Trp;o and
Trpg;. The Trp,g is located within the hydrophobic calyx
comprised by the antiparallel B-strands, whereas Trpg; is
in close proximity to the disulfide bond formed between
Cysgs and Cys; ¢ lying close to the protein surface (Papiz
et al., 1986). Based on our observations and previously
published literature, an increase in intensity quantum can
be attributed to exposure of Trp residues to the exterior,
which is predominant under ScCO, conditions due to
its inherent hydrophobicity, whereas its reduction under
thermal conditions could arise potentially due to aggre-
gation of B-LG molecules.

The intrinsic fluorescence of supercritical samples
was higher than the untreated sample, whereas dry
heating diminished its intrinsic fluorescence. This re-
sult brings us to a conclusion that hydrophobic ScCO,
treatment led to an unfolding of B-LG, exposing Trp
residues to the exterior and thus increasing its intrin-
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Figure 5. (A) Average attenuated total reflectance Fourier-transform mid infrared (ATR-FT-MIR) spectra acquired using portable mid-IR spec-
trometer and (B) soft independent modeling of class analogy (SIMCA) class projections of untreated B-LG, B-LG thermally treated at 63°C, and
B-LG under supercritical CO, condition of 63°C/200 bar samples. PC = principal component.

sic fluorescence. Here, capric acid binding with B-LG
produced a higher unfolding of the protein structure
compared to lactosylation, as seen previously. This
observation could also be due to stearic hindrance of
lactose moieties and its ability to block Trp residues
from energy absorption or emission. The intrinsic fluo-
rescence of heat-treated B-LG decreased with increased
heating temperature, indicating aggregation of protein
molecules, thereby burying Trp residues present in
B-LG. Thus, both heat treatment and ScCO, treat-
ment produce conformational changes in the protein
structure, the former leading to aggregation, whereas
the latter leads to a higher extent of protein unfold-
ing compared to the original (untreated) sample. This
change highlights the unique denaturation mechanism
of ScCO, compared to dry heating. Also, the red and
blue shifts observed indicate the change in hydropho-
bicity of the protein molecule. Thermal treatments and
ScCO, at 75°C/300 bar made the protein more hydro-
phobic (red shift), whereas treatment at 63°C/200 bar
made the protein more hydrophilic (blue shift).

Extrinsic Fluorescence

The ANS is a chemical that specifically binds to the
hydrophobic regions of proteins producing extrinsic
fluorescence. The increase in extrinsic fluorescence
generally indicates the exposure of previously buried
hydrophobic regions to the environments or the loosen-
ing of protein folding (Chen et al., 2018). Thus, the
fluorescence property of proteins is a unique property
that allows us to probe the conformational changes of
proteins caused by physical and chemical treatments
(Yanjun et al., 2014).
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Based on our observations illustrated in Figure 2, the
extrinsic fluorescence of B-LG under treatment condi-
tions of 63°C/200 bar was much higher compared to
untreated B-LG, indicating the structure became looser,
thereby allowing ANS molecules to enter to the protein’s
hydrophobic core. Additionally, B-LG binding with
capric acid does also affect the overall extrinsic fluo-
rescence. This observation is consistent with findings
of Sponton et al. (2015), who studied binding properties
between ovalbumin nanoparticles and linoleic acid and
observed a 6- to 8-fold increase in surface hydrophobic-
ity upon incorporation of linoleic acid molecules. Treat-
ment at 75°C/300 bar produced a significant reduction in
the surface hydrophobicity, implying that lactosylation
could partially unfold the structure of B-LG and shield
hydrophobic patches on the surface of B-LG molecule.
This observation is consistent with the findings of Yang
et al. (2017), who studied glycation of f-LG with man-
nose and Chen et al. (2016) with galactose. This result
could also be attributed to the blocking of Lys, or Arg
residues in the glycation conjugates because of the in-
creasing hydrophilic groups by conjugation between car-
bohydrates and the g-amino group of Lys during reaction,
or both (Jiménez-Castafio et al., 2007; Corzo-Martinez
et al., 2008). The reduction in the surface hydrophobic-
ity of B-LG from thermal control samples was found to
decrease, indicating protein aggregation. This aggrega-
tion protects the hydrophobic regions of the proteins.
The partially denatured proteins with increased surface
hydrophobicity might cause more extensive bonding and
then reduce surface hydrophobicity of these proteins
(Yanjun et al., 2014).

The ScCO, at 63°C/200 bar increased the overall
extrinsic fluorescence and surface hydrophobicity of
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B-LG that is contributed both by protein unfolding
and interaction with capric acid. Thereby exposure
of buried hydrophobic residues and binding with a
hydrophobic substance could increase the overall sur-
face hydrophobicity. The drastic decrease in surface
hydrophobicity under ScCO, conditions of 75°C/300
bar could be attributed to lactosylation and its block-
ing effect on hydrophobic patches, thereby restricting
access of ANS to these regions. Both heat treatments
produced a diminished extrinsic fluorescence, indicat-
ing aggregation which leads to burial of hydrophobic
patches and close association of protein molecules,
making them inaccessible to ANS. Thus, the 2 ScCO,
treatments produced unique modifications to the struc-
ture of B-LG based primarily on its binding with capric
acid or lactose. This observation was different from
thermal controls, where slight lactosylation was indi-
cated, although protein aggregation had a predominant
effect on its structural characteristics.

UV-Visible Absorption Spectra

The UV-absorption spectroscopy is used to get the
information about secondary (far-UV) and tertiary (near-
UV) structural change of proteins. The chromophores of
AA Trp, Try, and Phe showed specific electronic absorp-
tion bands in between 255 and 300 nm. The aromatic AA,
specifically Trp, display a peak close to 280 nm.

As seen in Figure 3, the maximum absorbance was ob-
served close to 280 nm, originating primarily from Trp.
There was no apparent blue or red shift upon thermal
or supercritical treatment. Another peak observed was
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observed close to 330 nm, which could be deduced to
indicate the presence of sugars, as indicated in a previ-
ous study by Chevalier et al. (2001). This peak at 330
nm arising due to the presence of sugar residues was
maximum for 75°C/300 bar, which agreed with previous
studies that this condition produced the highest extent of
lactosylation. The maximum absorbance of the untreated
B-LG sample was 2.86 at 280 nm, 2.78 for the 75°C ther-
mal sample, 2.89 for 75°C/300 bar, 2.65 for 63°C ther-
mal sample, and 3.35 for 63°C/200 bar condition. This
overall variation with respect to the peak intensity of Trp
can be attributed to the change in conformation of B-LG
(Al-Shabib et al., 2018). The increase in peak intensity
at 280 nm for the 63°C/200 bar treatment could primar-
ily be attributed to the presence of capric acid. Such a
similar observation was also reported by Al-Shabib et al.
(2018), who studied the binding of rutin with B-LG. The
decrease in Trp maximum intensity could be partly at-
tributed to aggregation of -LG molecules, whose effects
were predominant in both our thermal controls. Such a
similar observation was also made by Zhong et al. (2012)
and Liu et al. (2011), who observed a reduction in the UV
absorption and attributed it to the aggregation of B-LG
molecules, although their studies focused on the applica-
tion of dynamic high pressure microfluidization.

The ScCO, treatment at 63°C/200 bar produced the
highest changes in the protein secondary structure,
whereas its effect at 75°C/300 bar was comparable to
the untreated sample, indicating minimal changes. Heat
treatments produced a lower maximum absorption than
the untreated sample, with its effects pronounced at
elevated operating temperatures. This result indicates
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Table 3. Interclass distances generated from B-LG isolated from whole
milk powder under different processing conditions at 63°C using Fourier-
transform mid infrared spectral data'
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Table 4. Interclass distances generated from B-LG isolated from whole
milk powder under different processing conditions using 4500 series
attenuated total reflectance midinfrared spectra spectrometer’

Sample Untreated @4  63°C thermal @3 63°C/200 bar @5 Sample Untreated @5  75°C thermal @4  75°C/300 bar @5
Untreated 0.00 — — Untreated 0.00 — —

63°C thermal 6.43 0.00 — 75°C thermal 2.87 0.00 —
63°C/200 bar 8.98 9.87 0.00 75°C/300 bar 14.47 12.82 0.00

'"Untreated @4 means 4 factors are used in soft independent modeling of
class analogy (SIMCA) model. Thermal @3 means 3 factors used in the
SIMCA model, and 63°C/200 bar @5 means 5 factors were used in the
SIMCA model.

that the environments around the AA residues were
changing significantly.

CD

The far-UV spectra of untreated, thermally, and
ScCO,-treated B-LG are illustrated in Figure 4. As we
know, B-LG is predominantly a -sheet protein, consist-
ing of 9 antiparallel B-strands and 1 major a-helix at the
C-terminus of the molecule (Shibayama, 2008). The far-
UV CD spectrum of native B-LG is typical of a protein
with an antiparallel B-structure with a broad negative
minimum at 215 nm, as has been reported by several au-
thors (Mehraban et al., 2013; Mohammadi et al., 2015).
Among the 5 samples, the spectra for 63°C/200 bar was
found to be the most different from others with respect
to peak intensity and wavelength. The 63°C/200 bar
had a peak negative at 199 nm in comparison to other
treatments which produced a peak negative in the 215 to
216 nm range. The extreme positive peak for all samples
ranged between 208 to 210 nm. The variation in intensity
and wavelength of peak maxima is a representation of
the B-strands, which is found to vary significantly in the
63°C/200 bar, with very small changes at other condi-
tions compared to the untreated sample.

The percent secondary structure of untreated B-LG
and under thermal and supercritical treatments were
calculated by an online CD website (http://dichroweb
.cryst.bbk.ac.uk).

The average secondary structure composition of
untreated B-LG was 4.589% o-helix, 36% B-strands,
18.878% B-turns, and 40.544% random coils, which was
similar to observations by Kanakis et al. (2013) and Li
et al. (2020). As seen in Table 2, there were significant
increases in the relative contents of a-helix when heated
at 63°C and under both ScCO, treatments. This increase
in the content of a-helix was comparable between the
75°C/300 bar sample and the 63°C thermal control,
whereas the highest increase was observed under ScCO,
conditions of 63°C/200 bar. At this condition, there was
a significant reduction in the content of B-strands and an
increase in the relative content of random coils, these
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"Untreated@5 means 5 factors are used in soft independent modeling
of class analogy (SIMCA) model. Thermal @4 means 4 factors, and
75°C/300bar @5 means 5 factors used in the SIMCA model, respectively.

observations could be attributed to partial destabiliza-
tion of B-LG conformation by binding of the capric acid
within the hydrophobic pocket, located in the interior of
the B-barrel. Although slight variations with respect to
a-helix content were observed, the remaining treatments
did not produce a significant variation in the content
of other structural components. Considine et al. (2007)
reported that the trough at 216 nm gradually broadened
and deepened, accompanied by B-LG unfolding. As seen
in Figure 4, this trough is seen to widen under all condi-
tions compared to the untreated sample, and its effect
is most pronounced at 63°C/200 bar, indicating a high
extent of structural modifications. Zhong et al. (2015)
studied the effect of nystose and fructofuranosyl nystose
on the antigenicity of B-LG via glycation and observed
an increase in the content of a-helix in the presence of
1F-B-fructofuranosyl nystose, but this decreased upon
glycation with nystose, indicating that the nature of
sugar affects the secondary structure and conformation
of B-LG. Our results agree with a previous report by Luo
et al. (2022), who studied the Maillard reaction between
B-LG and polydextrose and observed minimal changes
on the secondary structure of B-LG via CD, however,
significant changes in the tertiary structure were found
using Trp fluorescence spectroscopy. Berino et al.
(2019) studied the interaction of vitamin D3 with B-LG
and concluded that this binding mainly affected the 8-
sheets more than the a-helix, which is fairly consistent
with our data, where the major changes in B-strands
were observed at 63°C/200 bar, where we observed an
increased binding to capric acid.

In agreement with the observations from previous
sections, ScCO, treatment at 63°C/200 bar produced the
most variation in the secondary structure of B-LG, with
a significant reduction in B-sheets and a simultaneous
increase in random coils contributed primarily by the
unfolding of the protein molecule and its interaction
with capric acid.

FT-MIR Spectroscopy

The FT-MIR spectroscopy provides complementary
information about changes in the structure of B-LG upon
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Figure 7. (A) Average attenuated total reflectance-Fourier-transform mid infrared (ATR-FT-MIR) spectra acquired using portable mid-IR spec-
trometer and (B) soft independent modeling of class analogy (SIMCA) classification plots untreated p-LG, B-LG thermally treated at 75°C, and B-LG

under supercritical CO, condition of 75°C/300 bar samples.

heat and supercritical treatment. Figure 5 shows average
spectra and SIMCA class projection plots for untreated
B-LG, B-LG thermally treated at 63°C, and B-LG under
supercritical CO, conditions of 63°C/200 bar.

The SIMCA class projection plots showed well-sep-
arated grouping of the samples analyzed in a 3-dimen-
sional pattern. Clusters permitted tight clustering and
clear differentiation between the 3 sample sets. Interclass
distances (ICD) are Euclidian distances between centers
of clusters, and above 3.0 are considered significant to
identify 2 clusters as different classes (Dunn and Wold,
1995). The ICD values reported in Table 3 and as shown
in Figure 5 varied from 6.40 to 9.87, showing significant
chemical differences between the samples compared.

The discrimination power plot provides information
about spectral patterns (specificity) and band intensity
that are important for classification (discrimination or
recognition). The major discriminating bands between
the untreated, 63°C heat-treated, and 63°C/200 bar B-LG
were observed at wavenumbers 1,660, 1,540, 1,430,
1,330, 1,135, 900, and 830 cm . The absorbance at 1,660
cm ' is attributed to the amide I band region, which is
predominantly due to the C=0 stretching vibration, with
minor contributions from the out-of-phase CN stretching
vibration, the CCN deformation, and the N-H in-plane
bend (Barth, 2007). The discriminating band at 1,540
cm ' belongs to amide II. The shoulder at the 1,540 cm ™
peak arises from the antisymmetric COO  stretching vi-
brations of the carboxylate moiety of the AA side chain
groups of glutamate and aspartate (Fabian and Vogel,
2002). The peak at 1,430 cm ™' corresponds to the stretch-
ing of C=0 in the COO groups present in AA (Coates,
2006; Erukhimovitch et al., 2006). The discriminating
wavenumbers at 1,330 cm ' can be attributed to the amide
III region, the in-phase combination of the N-H bending,
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and the C-N stretching vibration, with small contribu-
tions from the C—O in-plane bending and the C—C stretch-
ing vibration. The band at 1,135 cm™' can be attributed
to the C—H bending and the C—O stretching of fat (Chen
and Irudayaraj, 1998). As per Koztowicz et al. (2020),
the absorbance at 900 cm ™' arises predominantly due to
the stretching vibrations of C—O in the C—OH group and
the stretching of C—C, and 830 cm™' from the deforma-
tion vibrations of C—H and C—C groups in sugars. Figure
6 represents discriminating bands from comparisons of
B-LG under temperature conditions of 63°C. Comparing
the untreated and 63°C/200 bar sample, discriminations
were predominantly due to the amide I, II, and III bands
and corresponding to the COO™ group of AA indicative
of a conformational change. This result matched with the
fact that regular structures of protein will convert into
more unfolded and random structures with increasing
heating temperature (Stanciuc et al., 2012). Dry heating
of WMP produced changes in the amide I and 1I regions,
while also highlighting 2 bands at 900 and 830 cm ',
indicative of sugar moiety presence. Thus, dry heating
of WMP led to slight lactosylation. This is consistent
with the findings of Bosman et al. (2021), who reported
lactosylation of B-LG when heated at 65°C with lactose
for different time intervals. Comparing the 63°C/200
bar supercritical CO, sample with dry heating at 63°C,
discriminating bands were in the amide I and III regions,
with a shoulder at 1,135 cm™' indicating the presence of
a fatty acid moiety along with bands corresponding to
the presence of sugars. Based on this comparison, we
can conclude that fatty acid binding was important in
discriminating the 63°C/200 bar condition from thermal
heating, where lactosylation was also observed. This re-
sult agreed with our observations from proteomics analy-
sis, wherein caprylation was observed in the untreated
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Figure 8. Soft independent modeling of class analogy (SIMCA) discriminating power based on the attenuated total reflectance-Fourier-transform
mid infrared (ATR-FT-MIR) spectra of control, thermally, and supercritical CO,-processed f-LG at 75°C acquired using portable mid-IR spectrom-
eter. This figure is based on a 2-class SIMCA comparing 2 given sets of processing methods (untreated vs. ScCO, or untreated vs. thermal or thermal
vs. ScCO,) and also includes a 3-class SIMCA comparing the 3 samples (untreated vs. thermal vs. ScCO,).

and supercritical CO, sample but not in the heat control.
Finally, comparing the 3 samples, discriminating bands
were associated with amide II region, from stretching of
COO  groups present in AA and deformation vibrations
in C—H and C-C groups of sugars.

The average raw spectra and SIMCA class projec-
tion plots for untreated B-LG, B-LG thermally treated
at 75°C, and B-LG under supercritical CO, conditions
of 75°C/300 bar can be seen in Figure 7. The major
discriminating bands between the untreated, 75°C heat-
treated, and 75°C/300 bar B-LG, as seen in Figure 8,
were observed at wavenumbers 1,676, 1,540, 1,430,
1,011, and 834 cm™'. The bands at 1,676 and 1,540,
and 1,430 cm ™' represent amide I and II regions (Barth,
2007). The peak at 1,430 cm ™' represents C=0 stretching
in the COO ™ groups present in AA, whereas the peak at
1,011 em™" is due to the C—O and C—C stretching modes
of sugars (Irudayaraj and Tewari, 2003), and at 834 cm '
due to deformation vibrations of C—H and C-C groups
in sugars. Comparing the untreated and 75°C/300 bar
supercritical CO,-treated sample, the major discriminat-
ing bands correspond to amide I and II regions, followed
by a band at 1,430 cm' indicating protonation of the
carboxylic group. Bands at 1,011 and 834 cm ™' indicate
the presence of sugars. This result was consistent with
our findings that lactosylation was highest at 75°C/300
bar, which had a pronounced effect on the antigenicity
of B-LG. Very small discriminating bands were observed
on comparing the untreated and 75°C thermal samples,
indicating minor conformational changes.

The ICD is the critical parameter determined by mea-
suring the distance between the geometric centers of 2
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clusters (Albano et al., 1978), and this is conducted by
the comparison of the F-statistic with a given CI, which
is normally 95% (Meza-Marquez et al., 2010). The ICD
greater than 3 are considered significant for the identifi-
cation of data points as members of a group (Kvalheim
and Karstang, 1992). As seen in Table 4 and Figure 7, the
ICD between the untreated and thermally treated sample
was 2.87, which concurs with the spectral findings that
very small changes were produced under this treatment
condition. All discriminating bands had a significance on
comparing the 75°C/300 bar supercritical sample with
the 75°C thermal sample. This indicates variations with
respect to confirmation, as well as glycoprotein forma-
tion. Here the significant discriminating bands corre-
spond to amide I region and COO ™ protonation alongside
vibrations involved within the sugar molecule (1,011 and
834 cm ). Finally, on comparing the 3 samples together,
bands of differentiation were found in the amide I and
Il regions, with contribution arising from stretching
of COO groups and vibrations contributed by sugar
moieties, indicating that both structural conformational
changes and glycoprotein formation were driving factors
in producing these spectral variations.

As seen in the 2 comparisons under processing tem-
peratures of 63°C and 75°C, thermal treatment mainly
produced a significant variation with respect to the back-
bone structure of B-LG, as reflected in the amide I and III
bands. However, ScCO, treatments not only modified the
protein structure but also produced significant variations
with regard to the functional groups of AA, as reflected
in the amide II structure. Additionally, protonation of
COO" groups at wavenumber 1,430 cm™' was observed as
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a discriminating factor when compared against untreated
and respective thermal controls. This observation could
be attributed to interactions within functional groups of
the constituent AA primarily via condensation and di-
sulfide interactions, which can be attributed to protein
aggregation, lactosylation, or caprylation.

Except for the comparison of thermal treatment at
75°C to untreated B-LG (2.87), all other treatments un-
der thermal and supercritical conditions produced ICD
higher than 3.0 when compared to differently treated
B-LG samples. This result indicates that under varied ef-
fects of pressure and temperature, the structure of B-LG
undergoes significant conformational changes, including
aggregation, denaturation, lactosylation, or caprylation,
which, in turn, would have an effect on its antigenicity
(Zhong et al., 2012).

CONCLUSIONS

Secondary structure analysis of heat and supercritical
CO,-treated B-LG indicated conformational changes with
exposure of hydrophobic groups, as reflected via fluo-
rescence studies. Circular dichroism indicated changes
in the secondary structure composition, with the highest
changes encountered at 63°C/200 bar with a significant
reduction of beta-sheet and formation of random coils,
thereby concurring with our hypothesis of a unique dena-
turation mechanism. The FT-MIR studies indicated struc-
tural variations in the protein backbone, variations with
regard to functional groups associated with AA residues,
as well as the presence of sugar and fat moieties which
identified lactosylation (75°C/300 bar) and caprylation
(63°C/200 bar) as post translational modifications. This
study helps correlate structure of an antigen (protein) to
its recognition by a conjugate antibody. Evaluating IgE
binding of ScCO,-treated B-LG would help us to under-
stand the role of secondary structure characteristics to the
allergenicity of a protein, thus paving a path to produce
hypoallergenic dairy products. Moreover, secondary
structure components, primarily a-helices and B-sheets,
play an important role in functional properties, such as
solubility, texture, emulsification, and gelling. Elucidat-
ing the effect of processing conditions on secondary
structure of proteins would be key in producing novel
dairy ingredients for food applications.
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