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ARTICLE INFO ABSTRACT

Handling Editor: Xing Chen Lutein (Lut) and zeaxanthin (Zx) are promising healthy food ingredients; however, the low solubilities, stabil-

ities, and bioavailabilities limit their applications in the food and beverage industries. A protein-based complex

Keywords: represents an efficient protective carrier for hydrophobic ligands, and its ligand-binding properties are influ-
Xamhol’hyu_s ) enced by the formulation conditions, particularly the pH level. This study explored the effects of various pH
‘é\gﬁylzgtie;i isolate values (2.5-9.5) on the characteristics of whey protein isolate (WPI)-Lut/Zx complexes using multiple spec-
Funcpt)ional properties troscopic techniques, including ultraviolet-visible (UV-Vis), fluorescence, and Fourier transform infrared (FTIR)
pH changes spectroscopies and dynamic light scattering (DLS). UV-Vis and DLS spectra revealed that Lut/Zx were present as

H-aggregates in aqueous solutions, whereas WPI occurred as nanoparticles. The produced WPI-Lut/Zx complexes
exhibited binding constants of 10*-10° M, which gradually increased with increasing pH from 2.5 to 9.5. FTIR
spectra demonstrated that pH variations and Lut/Zx addition caused detectable changes in the secondary WPI
structure. Moreover, the WPI-Lut/Zx complexes effectively improved the physicochemical stabilities and anti-
oxidant activities of Lut/Zx aggregates during long-term storage and achieved bioaccessibilities above 70% in a
simulated gastrointestinal digestion process. The comprehensive data obtained in this study offer a basis for
formulating strategies that can be potentially used in developing commercially available WPI complex-based
xanthophyll-rich foods.

1. Introduction

Lutein (f,e-carotene-3,3'-diol, Lut) and zeaxanthin (p,B-carotene-
3,3'-diol, Zx) are critical xanthophyll carotenoids that are characterized
by the presence of multiple conjugated double bonds in polyenic chains
and dipolar terminally hydroxylated p- or e-ionone rings in their struc-
tures. They are also known as macular pigments because of their ability
to cross the blood-retina barrier and accumulate in the macular region
of the retina. Several studies have shown that a supplementary intake of
Lut and Zx effectively protects the eyes from high-energy light- and
oxidative stress-induced retinal damage, further reducing the risk of
macular degeneration (Mares-Perlman et al., 2001). Other benefits of
Lut and Zx include maintaining human cognitive health and preventing
cardiovascular diseases and several types of cancer (Kim and Shin, 2022;
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Xu et al., 2022), which render Lut and Zx promising natural nutrients.
However, as extremely hydrophobic compounds, Lut and Zx are not
easily released from the food matrix into the digestive lumen, which
limits their bioaccessibilities (Steiner et al., 2018; Zhang et al., 2024).
Furthermore, as food supplements, Lut and Zx are sensitive to oxygen,
acid, light, and heat; thus, they are easily degraded during food pro-
duction, storage, and digestion. Therefore, the oral bioavailabilities of
Lut and Zx are considerably limited by their hydrophobic and unstable
chemical structures (Becerra et al., 2020).

Protein-based encapsulation and complexation are promising
methods for enhancing the solubilities and stabilities of carotenoids
(Cheng et al., 2023). Whey protein isolate (WPI) is a critical source of
nutritious functional peptides, which is widely utilized in the food
processing industry because of its excellent solubilization,
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emulsification, and film formability properties and broad application
range (Akbarbaglu et al., 2021). WPI comprises multiple globular pro-
teins, predominantly including p-lactoglobulin (~60%) and o-lactal-
bumin (~22%) (Allahdad et al., 2019). Their surfaces contain abundant
binding sites, enabling non-covalent interactions with various
small-molecule ligands, such as anthocyanins, flavonoids, polyphenols,
and vitamins (Akbarbaglu et al.,, 2021). WPI has also been widely
investigated for its potential use in protecting and delivering carotenoid
compounds, including Lut, -carotene, fucoxanthin, lycopene, bixin, and
norbixin (Mantovani et al., 2021). These studies revealed the existence
of strong interactions between WPI and carotenoids, which are primarily
driven by hydrophobic forces. Yi et al. (2016) studied WPI-Lut com-
plexes in an aqueous environment at pH = 7.4 and found that the
chemical stability of Lut was significantly improved over a storage
period of 16 d due to its binding to WPL.

pH is a critical parameter in preparing food and beverage products
that significantly affects the conformations and charge characteristics of
food proteins, further influencing complexation with other bioactive
molecules (Allahdad et al., 2019; Lelis et al., 2023). The influence of pH
changes on the binding affinity of small molecules to proteins varies
significantly owing to the differences in binding sites between various
ligand molecules. Liang and Subirade (2012) found that decreasing pH
from 7.4 to 2.0 reduced the binding strengths of folic acid and tocoph-
erol to f-lactoglobulin, while the binding strength of resveratrol
remained unaffected. Allahdad et al. (2019) investigated the in-
teractions between WPI and f-carotene across the pH range of 4-9. They
observed a significant increase in their binding affinity only at pH = 9
compared with the other pH conditions. Zhu et al. (2020) reported that
the affinity between p-lactoglobulin and apigenin decreased in the order
of pH6.2 > 8.2 > 7.1 > 2.6. Liu et al. (2022) found that the interaction
strength between p-lactoglobulin and epigallocatechin-3-gallate
increased gradually as the pH increased from 2.5 to 7.0. Additionally,
pH is one of the most important factors affecting the chemical stability of
nutritional compounds. For instance, Lut and Zx are chemically more
stable under neutral and alkaline conditions than under acidic condi-
tions (Becerra et al., 2020). Meanwhile, pH variations may influence the
binding mechanisms by inducing alterations in the chemical states of
small molecules. For instance, norbixin dissolves under neutral and
alkaline conditions and forms stable aggregates under acidic conditions
(Mgller et al., 2020), which may affect its binding to WPIL.

As critical food ingredients, the physicochemical properties of
macromolecular WPI and small-molecule Lut/Zx are affected by changes
in pH, which may influence the interactions and stabilities of WPI-Lut/
Zx complexes; however, related studies have not been conducted yet. In
this work, WPI-Lut/Zx complexes were prepared in the pH range
2.5-9.5 and their performance characteristics and interactions were
examined using multiple spectroscopic techniques, including ultra-
violet-visible (UV-Vis), fluorescence spectroscopy, and dynamic light
scattering (DLS). The stabilities of Lut and Zx in the WPI-Lut/Zx com-
plexes under different pH conditions and their bioaccessibilities were
evaluated. The surface hydrophobicities and secondary structures of
these complexes helped achieve a better understanding of the changes in
the chemical stabilities and bioaccessibilities of the two xanthophylls.

2. Materials and methods
2.1. Materials

Lut (CAS# 127-40-2; UV purity: 90%) and Zx (CAS# 144-68-3; UV
purity: 90%) were purchased from Shandong Tianyin Biotechnology
(Zibo, China), and Lut (LOT#00012453-3B1) and Zx (LOT#00026504-
3E) standards used in quantitative analysis were acquired from Chro-
maDex (Los Angeles, CA, USA). WPI (EuriNutri 90) was purchased from
Eurial Ingredients and Nutrition (Nantes, France), and deionized water
was obtained using a Milli-Q Advantage A10 water purification system
(MilliporeSigma, Burlington, MA, USA). Chromatography-grade
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acetonitrile and methanol were purchased from Thermo Fisher Scientific
(Waltham, MA, USA), and dimethyl sulfoxide (DMSO), 6-propionyl-2-
(N,N-dimethylamino) naphthalene (PRODAN), and other reagents were
purchased from Sinopharm Chemical Reagent (Shanghai, China). A total
antioxidant capacity assay kit (T-AOC; LOT#R24146) was obtained
from Shanghai Yuanye Bio-Technology (Shanghai, China).

2.2. Sample preparation

WPI was dissolved in phosphate-buffered saline (PBS, 10 mM, pH =
7.5) at 25 °C and gently stirred overnight at 4 °C for complete hydration.
The obtained WPI solution was adjusted to a required pH value (2.5, 5.5,
7.5, or 9.5) using aqueous hydrochloric acid (1 M) or sodium hydroxide
(1 M) and diluted with PBS to yield a 50 pM WPI stock solution. The
apparent relative molecular mass of WPI was 20 kDa (Meng et al., 2021).
Crude Lut and Zx powders were dissolved in DMSO to yield 100-450 pM
stock solutions. To prepare WPI-Lut/Zx complexes, a Lut or Zx stock
solution (5 vol%) was slowly added to the WPI solution under slow
stirring, and the Lut/Zx concentrations in the final systems ranged from
5 to 22.5 pM. The WPI working concentrations utilized in spectroscopic
analysis and stability studies were 5 and 22.5 pM, respectively. DMSO
was used as a dispersing adjuvant for Lut/Zx, and its concentration was
maintained at 5 vol% to avoid substantial changes in the WPI state, as
determined by the protein size distribution (Fig. S1).

2.3. Spectral analysis

2.3.1. UV-Vis spectroscopy
UV-Vis spectroscopy was conducted using a UV-2401PC spectrom-
eter (Shimadzu, Kyoto, Japan).

2.3.2. DLS

The particle size distributions of the WPI working solutions (22.5
pM) with and without DMSO (5 vol%) were measured via DLS using a
Zetasizer Nano ZSP system (Malvern Panalytical, Malvern, UK).

2.3.3. Fluorescence spectroscopy

Fluorescence spectroscopy was performed using an F-7000 fluores-
cence spectrophotometer (Hitachi, Tokyo, Japan) equipped with a
temperature controller. The WPI-Lut/Zx complexes were prepared
under different pH conditions according to the method described in
Section 2.2, yielding protein-to-xanthophyll molar ratios of 1:0, 1:1,
1:1.5, 1:2, 1:2.5, 1:3, 1:3.5, 1:4, and 1:4.5. The samples were excited at
280 nm after incubation for 30 min at 25 °C, and fluorescence spectra
were recorded in the range 300-500 nm. The slit widths used during
excitation and emission were set to 5 nm, and the scan rate was 1200 nm
min~!. The influences of the solvent and inner filter effects of the studied
complexes were eliminated according to the procedure developed by Yi
et al. (2016).

2.3.4. Fourier transform infrared spectroscopy

Fourier transform infrared (FTIR) spectra (4000-500 cm_l) of WPI
with and without Lut/Zx were recorded using a Nicolet iS10 FTIR
spectrometer (Thermo Fisher Scientific). Solutions of WPI-Lut/Zx
complexes were prepared with the concentration of each component
equal to 22.5 pM. The complex solutions were incubated for 30 min at
25 °C and lyophilized to yield dry powders (2.0 mg) that were ground
with potassium bromide powder (100 mg) and pressed into flakes for
FTIR studies. The protein secondary structure content was calculated
based on the secondary derivative in the 1600-1700 cm ' amide I re-
gion using PeakFit 4.12 software (Inpixon, Palo Alto, CA, USA) (Cui
et al., 2021).

2.4. Surface hydrophobicity determination

The surface hydrophobicity values (Hp) of WPI with and without
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Lut/Zx were determined at different pH values using the uncharged
fluorescent probe PRODAN (Haskard and Li-Chan, 1998). The WPI so-
lutions (0-22.5 pM) and corresponding complexes containing Lut/Zx (5
pM) were prepared at pH = 2.5, 5.5, 7.5, and 9.5. After incubation at
25 °C for 30 min, each sample (4 mL) was mixed with 10 pL of the
PRODAN solution (1.5 mM, DMSO) and then incubated for 15 min at
25 °C. The fluorescence intensity of each solution was measured using
the F-7000 spectrophotometer with the excitation/emission slits and
wavelengths set to 5/5 nm and 365/465 nm, respectively. The fluores-
cence intensity of the corresponding sample without PRODAN was
measured simultaneously and subtracted to yield the corrected fluo-
rescence. Hp was calculated using the slope of the linear regression of the
fluorescence intensity as a function of the WPI concentration.

2.5. Storage stability

2.5.1. Sample preparation

The storage stabilities of the WPI-Lut/Zx complexes over 30 d were
determined at different pH values using an MKF 720 climatic chamber
(Binder, Tuttlingen, Germany). The concentration of each component of
the WPI-Lut/Zx complexes was maintained at 22.5 pM, and sodium
azide (0.01 wt%) was added to prevent bacterial growth. Samples con-
taining only Lut or Zx were prepared as blank groups to enable a
physical stability comparison. The dispersant Tween 80 (0.01%, w/w)
was added to the blank samples as a control to enable a chemical sta-
bility comparison. This concentration of Tween 80 was used because its
aggregated form was comparable to those of the WPI-Lut/Zx complexes
(Fig. S2). The samples were placed in sealed glass vials and stored for 30
d at 40 °C.

2.5.2. Physical stability

The average particle sizes of the WPI-Lut/Zx complexes before and
after 30 d of storage were determined using the Zetasizer Nano ZSP
system (Malvern Panalytical) to assess their physical stabilities.

2.5.3. Appearance and color measurements

The appearances of the WPI-Lut/Zx complexes were recorded before
and after 30 d of storage using a digital camera with a 28-mm lens (Zfc,
Nikon, Tokyo, Japan) under white light irradiation with an illuminance
of approximately 100 Ix. Their color characteristics (L*, a*, and b*) were
measured using a CS-821N colorimeter (CHN Spec, Hangzhou, China) in
the reflectance mode. The total color difference (AE) was calculated
using the CIELAB color difference formula: AE = [(L* - Lo*)2 + (a* -
ao*)2 + (b* - bo"‘)z] 172 (Zahoor et al., 2023). L* (lightness), a* (red-green
chromaticity), and b* (blue-yellow chromaticity) denote the CIELAB
colorimetric values of the samples after 30 d of storage, and Ly*, ap*, and
bo* are their initial colorimetric values.

2.5.4. Chemical stability

During the 30-d storage period, sample aliquots (1 mL) were with-
drawn at predetermined time intervals. An organic solvent (hexane:
acetone = 2:1, v/v, total volume: 6 mL) was added to the filtered
aqueous sample (1 mL) to extract Lut/Zx species. After centrifugation at
2000xg for 2 min (25 °C), the organic phase was carefully collected and
dried under a stream of nitrogen gas. The extracted samples were re-
dissolved in methanol and analyzed using a Dionex UltiMate 3000
high-performance liquid chromatograph (Thermo Fisher Scientific) and
C18 analytical column (QuikSep SP ODS-A, 5 pm, 4.6 x 250 mm, H&E,
Beijing, China). The content of Lut/Zx was determined in the range
1-50 pM using a standard curve method. The retention rate (RR) was
calculated using the following equation: %RR = Ciime/Csample- Here,
Ctime denotes the residual amount (uM) at a specific sampling time
during 30 d of storage, and Csampe is the initial amount of Lut/Zx (22.5
pM).

The degradation kinetics of Lut/Zx were analyzed using the linear
decay equation: Yg = 100 — k X, where Yg, X, k, and 100 denote the
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retention rate (%) of Lut/Zx, storage time (d), degradation coefficient
(%/d), and initial rate of 100%, respectively.

2.6. Antioxidant activity

The antioxidant activities of the WPI-Lut/Zx complexes before and
after 30 d of storage were measured using T-AOC and the 2,2'-azino-bis
(3-ethylbenzothiazoline-6-sulfonic acid) ™ (ABTS)" method according to
manufacturer’s instructions. The ABTS radical stock solution was pre-
pared by mixing 7 mM ABTS—(NHy); and 2.45 mM potassium persulfate
solutions (1:1, v/v) for 16 h at 25 °C in the dark. An ABTS radical
working solution was obtained by diluting the stock solution with
ethanol until its absorbance reached 0.700 + 0.020 at 734 nm. One
hundred microliters of the complex sample or distilled water (blank)
were mixed with 100 pL of the ABTS working solution and incubated at
25 °C for 15 min in the dark. The absorbance of the prepared mixture
was measured at 734 nm using a BioTek ELX800 microplate reader
(Agilent Technologies, Santa Clara, CA, USA), and the scavenging ac-
tivity (%) was calculated using the following equation: ABTS scavenging
rate (%) = (Aplank _Asample)/Ablank x 100.

2.7. Bioaccessibility

In vitro simulated gastrointestinal digestion was performed to eval-
uate the effects of the WPI-Lut/Zx complexes on the bioavailabilities of
Lut and Zx. The simulation procedure was conducted using an SHA-CA
thermostatic water-bath oscillator (Putian Instruments, Changzhou,
China) according to the INFOGEST 2.0 protocol (Brodkorb et al., 2019)
with slight modifications (Iddir et al., 2020). A simulated gastric fluid
(SGF) was prepared as follows: a mixture of pepsin (6.4 mg mL™!) and
calcium chloride (0.15 mM) was adjusted to pH = 3.0. A simulated in-
testinal fluid (SIF) was a mixture of trypsin (2 mg mL’l), bile salts (6.8
mg mL’l), and calcium chloride (0.6 mM) adjusted to pH = 7.0. The
simulated digestion fluids were prewarmed at 37 °C prior to in vitro
digestion. Gastric digestion was simulated by mixing the samples and
SGF (1:1, v/v), adjusting the pH to 7.0, and then incubating for 2 h at 37
+ 0.5 °C with stirring at 100 rpm. After gastric digestion, the gastric
chyme was mixed with an equivalent volume of SIF, the pH was adjusted
to 7.0, and incubation was continued at 37 £ 0.5 °C for 2 h. The ob-
tained digest (12 mL) was immediately transferred to ice at the end of
the intestinal digestion process.

The digested samples were centrifuged at 3200xg for 1 h (4 °C) to
separate the micellar phase of the supernatant, and the intermediate
aqueous phase (2 mL) was collected and filtered through a 0.2-pm
membrane. The micellized Lut or Zx in the aqueous phase was further
extracted and analyzed as described in Section 2.5.4, and the bio-
accessibilities of the xanthophylls were calculated by dividing the
amount of the micellized Lut or Zx by the amount initially added to the
digestion model (Iddir et al., 2020).

2.8. Statistical analysis

All experiments were conducted in triplicate, and the results are
reported as means =+ standard deviations. Numerical data were
compared using t-tests in GraphPad Prism 9.5 (GraphPad Software,
Boston, MA, USA), and the statistical significance was set to P < 0.05.

3. Results and discussion
3.1. Oligomeric states of protein particles and small molecules

3.1.1. H-aggregation states of Lut/Zx

In previous studies on protein—carotenoid complexes, simplified
models have frequently been adopted to elucidate the mechanisms of
molecular interactions between the monomers of proteins and carot-
enoids (Rasera et al., 2023). The structural aspects of proteins and
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carotenoids and their influences on complex interactions may be easily
ignored (Mantovani et al., 2021; Lelis et al., 2023). The Lut/Zx form was
first examined via UV-Vis absorption spectroscopy. As typically hy-
drophobic compounds, carotenoids form only monodisperse states in
certain organic solvents, where carotenoid monomers exhibit visible
absorption in the range 425-525 nm corresponding to the Sy — So
electronic transitions of the conjugated polyene structures. Neverthe-
less, the absorption intensities of carotenoids in the polar aqueous phase
decrease significantly coupled with blue or red shifts, representing the
spectral characteristics of carotenoid H-type and J-type aggregates,
respectively (Zhu et al., 2019). Fig. S3 shows that Lut/Zx species in the
complexes exhibit the maximum absorption wavelengths of 383 and
390 nm. These species represent typical H-type aggregates, which are
characterized by the “card-packed” structures comprising several
carotenoid monomers (Fig. S4) (Hempel et al., 2016; Rasera et al.,
2023). In addition, the UV absorption spectra indicate that the Lut/Zx
absorption intensities increase linearly with increasing Lut/Zx concen-
tration (5-22.5 pM, R > 0.99) while no significant spectral shifts are
observed. Therefore, the aggregation states of Lut and Zx in these sam-
ples remain consistent.

3.1.2. WPI nanoaggregates

The nanoaggregate state of WPI was examined by measuring the
hydrodynamic diameter of 5 pM WPI in the aqueous solution via DLS.
Except for pH = 5.5, the particle size distributions of WPI at the other pH
levels exhibit similar dominant peaks at approximately 200 nm (Fig. S1).
However, owing to the attenuation of charge repulsion around the iso-
electric point (pI), WPI particles undergo further self-assembly at pH =
5.5 and form larger particles with sizes of 400 nm (Fig. S1). According to
the study of Allahdad et al. (2019), the diameter of WPI is 5.2 nm due to
the contributions from the main fractions, such as a-lactalbumin (3.4
nm), p-lactoglobulin (3.7 nm), and bovine serum albumin (5.5 nm).
Hence, the single dominant peak in the DLS profile obtained in this study
indicates that WPI produces nanoaggregates at a concentration of 5 pM
in aqueous media. Moreover, the size distribution is not significantly
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altered by the incorporation of DMSO (5%, v/V).

3.2. Binding interactions studied via fluorescence spectroscopy

3.2.1. Interactions between Lut/Zx and WPI

Fluorescence spectroscopy was used to characterize the interactions
between WPI and both xanthophylls. The fluorescence emission spectra
of WPI recorded at different concentrations of the two xanthophylls and
xanthophyll/protein molar ratios ranging from 0 to 4.5 are shown in
Fig. 1. During excitation at 280 nm, WPI exhibits a strong fluorescence
emission peak at 334 nm, which is attributed to its tryptophan (Trp)
residues (Yi et al., 2016). The incorporation of Lut/Zx leads to the
fluorescence quenching of WPI, and the fluorescence intensity decreases
progressively with increasing Lut/Zx concentration (Fig. 1). Fluores-
cence quenching may be caused by various processes, including
excited-state reactions, energy transfer, complex formation, and colli-
sion quenching (Allahdad et al., 2018). To elucidate the mechanism of
WPI quenching by Lut/Zx, the classic Stern-Volmer model was used to
fit the fluorescence data according to the following equation: Fo/F =1 +
Ksy [Q] =1 + Kq 7o [Q], where F and F are the fluorescence intensities
of WPI with and without Lut/Zx, respectively; Ksy and Kq represent the
dynamic Stern-Volmer and quenching rate constants, respectively; o is
the fluorescence lifetime of the protein, which is equal to approximately
1078 s; and [Q] is the Lut/Zx concentration. The fitting results reveal
that the Stern-Volmer curves of the fluorescence quenching of WPI by
Lut/Zx obtained at each pH value (2.5-7.5) are linear (R% > 0.99). The
calculated Kq values (3.62 x 10'2-7.91 x 102 L mol™! s’l) are two
orders of magnitude higher than the limiting diffusion quenching con-
stant (2.0x 10'° L mol ! s’l) for biological macromolecules, indicating
that the mechanism of WPI quenching by Lut/Zx is static (Ren et al.,
2022).

For static quenching, the binding constant (Kp) and number of
binding sites (n) were determined using the linear relationship log(Fo/F
—1) as a function of log[Q]: log(Fo/F — 1) = logK}p + nlog[Q] (Fig. S5 and
Table 1). In this study, the K values of Lut and Zx binding to WPI at
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Fig. 1. Normalized fluorescence spectra of 5 pM whey protein isolate (WPI) with various concentrations of lutein (Lut) or zeaxanthin (Zx) at different pH levels (A-D:

Lut-WPI at pH 2.5-9.5; E-H: Zx-WPI at pH 2.5-9.5).
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Table 1

Quenching (K,) and binding constants (K3) of the interactions between whey
protein isolate (WPI) and lutein/zeaxanthin (Lut/Zx) and the number of binding
sites (n) under different pH conditions.

Complex pH Kq(x10%M's™) Ky (x 10°M™) N

WPI-Lut 2.5 7.91 + 0.20 2.17 £ 0.15 0.88 + 0.03
5.5 4.76 £ 0.13 1.19 £ 0.15 0.87 + 0.03
7.5 3.62 + 0.09 2.21 £0.19 0.96 + 0.04
9.5 3.77 £ 0.10 3.87 £ 0.14 1.00 £+ 0.03
WPI-Zx 2.5 5.76 + 0.07 3.77 £ 0.07 0.96 + 0.01
5.5 6.34 £ 0.16 2.29 £ 0.18 0.91 + 0.04
7.5 493 +0.11 12.36 + 0.10 1.09 £ 0.02
9.5 5.63 + 0.17 15.45 +0.13 1.10 £+ 0.03

different pH levels are 1.19 x 10%-3.87 x 10* and 2.29 x 10*-15.45 x
10* M™%, respectively. Therefore, these WPI-xanthophyll complexes
exhibit strong non-covalent binding interactions, and the complexes of
Zx with WPI exhibit higher affinities than those of Lut with WPI under
the same conditions. The K} values of the WPI-xanthophylls obtained in
this study are lower than those reported by Yi et al. (2016) who inves-
tigated the interactions of WPI with Lut at pH = 7.4 and obtained Kj
values of 2.4 x 10°-3.5 x 10°> M ! because of the higher concentration
of protein (~25 pM), which attenuated the aggregation of Lut and
promoted its binding to proteins. Hence, Allahdad et al. (2019) obtained
a lower Kj value (0.52 x 104 M’l) at pH = 7.0 in a study on the in-
teractions between f-carotene and WPI, which was conducted at a lower
WPI concentration of 1 pM.

3.2.2. Effect of pH on molecular interactions

The effects of pH on the K3, values of WPI and Lut/Zx are illustrated in
Table 1. When the pH value is reduced from alkaline (9.5) to acidic (2.5),
Kp gradually decreases (Table 1), indicating that Lut/Zx binds more
strongly to WPI in alkaline aqueous environments. Specific pH condi-
tions influence the protein structure and charge characteristics, which
affect the binding of WPI and Lut/Zx. Our findings are generally
consistent with those of several previous studies, which reported
stronger binding between milk proteins and hydrophobic compounds,
such as p-lactoglobulin and bikinin (Zhang et al., 2013) and WPI and
p-carotene (Allahdad et al., 2019), at higher pH values. These results
suggest that protein molecules are more loosely structured at higher pH
levels, exposing more hydrophobic regions and thus facilitating the
attachment of hydrophobic compounds. Previous studies on the
B-lactoglobulin structure conducted at different pH values revealed that
at higher pH values, the E-F loop in the p-lactoglobulin structure rear-
ranged to expose the hydrophobic calyx, resulting in a protein confor-
mational exchange from the closed to open conformations (Uhrinova
et al., 2000). Remarkably, the lowest K; values were obtained for WPI
and Lut/Zx at pH = 5.5 because protein molecules underwent
self-aggregation via hydrophobic interactions when the pH of the
environment was close to the pI of WPI, thus decreasing the number of
exposed hydrophobic cavities that might capture small molecules.

3.3. Secondary structure of WPI determined by FTIR

FTIR spectroscopy is a commonly used technique for studying the
secondary structures of proteins and their conformational changes. To
investigate the effects of pH and xanthophyll addition on the protein
secondary structure, WPI and WPI-Lut/Zx complexes were analyzed in
terms of the amide I regions (1600-1700 cm’l) of their FTIR spectra
recorded at different pH values (2.5, 5.5, 7.5, and 9.5; see Fig. S6). The
calculated contents of a-helices, B-sheets, p-turns, and random coils are
listed in Table 2. As the pH increases from 2.5 to 9.5, the p-sheet contents
of WPI and WPI-Lut/Zx complexes gradually decrease, whereas their
random coil contents increase. Similar phenomena were observed by
Wang et al. (2023), who reported that a higher pH level decreased the
B-sheet contents and increased the random coil contents of
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Table 2
Secondary structures of whey protein isolate (WPI) in the absence and presence
of lutein/zeaxanthin (Lut/Zx) under different pH conditions.

Sample pH a-helix (%) B-sheet (%) Turn (%) Random coil (%)
WPI 2.5 18.5+ 0.6 31.1 £0.1 31.7 £ 0.2 18.7 £ 0.7
5.5 18.6 + 0.3 28.9 + 0.4 34.7 + 0.8 17.8 +1.1
7.5 19.4 + 0.4 249 +0.2 35.2 + 0.5 20.5 +0.5
9.5 22.3 +0.4 19.7 £ 0.3 37.5+0.8 20.4 £ 0.9
WPI-Lut 2.5 18.6 + 0.3 31.2 + 0.6 32.1 +0.2 18.1 + 0.9
5.5 18.2+ 0.4 28.7 £ 0.6 34.7 £ 0.2 18.4 + 0.7
7.5 20.2 + 0.3 24.7 £ 0.8 35.1 + 0.4 20.0 £ 0.3
9.5 22.4 +0.9 19.1 + 0.7 38.4 + 0.6 20.1 +£0.7
WPI-Zx 2.5 18.7 £ 0.5 31.3 £ 0.4 319 +0.1 18.1 + 0.3
5.5 19.5 + 0.3 28.3 £ 0.4 33.6 + 0.6 18.6 + 0.1
7.5 19.8 + 0.3 22.5+0.7 38.6 £ 0.1 19.1 £ 0.6
9.5 23.1 +£0.9 18.6 + 0.2 38.0 + 0.4 20.3 +£0.5

lysogel/gelatin proteins. These trends reveal a higher degree of struc-
tural unfolding of proteins at the higher pH levels (He et al., 2021).
Unlike WPI, most WPI-Lut/Zx complexes do not exhibit significant
changes in their content distributions of the protein secondary structures
because Lut/Zx binds to the hydrophobic protein surface as H-aggre-
gates. Nevertheless, the incorporation of Zx at the higher pH levels of 7.5
and 9.5 slightly decreases the f-sheet content of WPI. The fluorescence
analysis results confirmed that the WPI-Zx complexes exhibited the high
binding constants of 10° M ! at the higher pH levels of 7.5 and 9.5. The
higher affinities between WPI and Zx benefit from the more open
conformation of WPI at the larger pH values. Thus, the stronger binding
between Zx and WPI at the high pH levels may slightly change the WPI
conformation. Zhao et al. (2022) investigated the interactions between
Lut and red bean proteins. The -sheet contents of the resulting red bean
protein-Lut complexes decreased to 29.5% as compared with that of the
pure protein of 31.9%. Similar effects were observed for p-lactoglobulin
upon binding to several polyphenolic compounds (Qie et al., 2020; Meng
and Li, 2021).

3.4. Surface hydrophobicity of complexes

The surface hydrophobicity values (Hp) of WPI and the WPI-Lut/Zx
complexes formed in this study are shown in Fig. 2. A gradual increase in
H, is observed with increasing pH from acidic to neutral to basic. This
trend is consistent with that reported by Alizadeh-Pasdar and Li-Chan
(2000), who measured the Hy values of WPI and bovine serum albu-
min using the same fluorescence method based on PRODAN. At the
higher pH levels, the structures of WPI molecules become looser, and
more surface hydrophobic groups are exposed, while binding between
carotenoids and natural proteins is mainly mediated by hydrophobic
interactions. Thus, the observed increase in Hy with increasing pH is
consistent with the K; values; however, the Hy values of all samples at
pH = 9.5 decrease slightly as compared with those at pH = 7.5. This may
be due to the enhancement of protein self-assembly caused by the larger
exposed hydrophobic regions at a higher WPI concentration of 25 pM
used in the Hy study.

As shown in Fig. 2, the Hp of WPI is significantly reduced after
binding to Lut/Zx (P < 0.05). Hydrophobic compounds form hydro-
phobic interactions with specific amino acid residues of the protein
polypeptide chain (e.g., tryptophan residues). As the higher fraction of
surface hydrophobic residues is covered with Lut/Zx, the number of
PRODAN bound to WPI decreases, resulting in a lower Hy value (Cui
etal., 2021). In addition, the interaction of Lut/Zx with WPI changes the
structural conformation of the protein, exposing several hidden hydro-
philic regions, which may be another cause of the reduced Hy value of
WPI (Kroll et al., 2000; Rawel et al., 2002).
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Fig. 2. Surface hydrophobicities (Hp) of whey protein isolate (WPI) under different pH conditions [A: pure protein; B: WPI-lutein (Lut) complexes; C: WPI-zeaxanthin

(Zx) complexes].

3.5. Storage stability

3.5.1. Physical and color stability

To investigate the effect of WPI complexation on the physical sta-
bility of Lut/Zx, changes in the particle sizes of the WPI-Lut/Zx com-
plexes and blank and control groups were examined over 30 d of storage
(Table 3). The results obtained for the blank group (formulations
without stabilizers) are not shown because of the severe agglomeration
of Lut/Zx particles with micrometer-scale sizes (0 d: 2.89-9.28 pm; 30 d:
3.26-19.13 pm). In the control group (formulations with Tween 80), the
Lut/Zx particle sizes increase from the initial 98.3-114.6 nm to
203.5-266.4 nm after 30 d. Hence, the application of the low-
concentration surfactant can help generate suitable Lut/Zx particle
sizes during preparation but insufficient for maintaining their physical
stabilities during long-term storage. In addition, the results obtained for
the control groups reveal that the Lut/Zx particle sizes are unaffected by
the pH levels of 2.5-9.5. The particle sizes of the WPI-Lut/Zx complexes
at each pH level remain constant after 30 d of storage. In particular, the
particle sizes of the complexes at pH = 5.5 are maintained at a high
value of 400 nm because of protein particle aggregation, and those ob-
tained at the other pH values are approximately 200 nm. Therefore, the
addition of WPI increases the physical stability of Lut/Zx.

The color of a liquid food is one of the most important characteristics
influencing consumer’s choice, and the initial appearances of the eval-
uated samples under different pH conditions are shown in Fig. S7. The
fresh formulations containing Zx display darker yellow colors than those
of the formulations containing Lut. The difference in pH produces no
detectable effects on the visual appearances of similar formulations.
Compared with the control group, the complexes are slightly paler in
color, which may be related to the light-shading effects of protein par-
ticles. The blank samples without stabilizers display the lightest colors
because of the aggregation of xanthophyll particles. The colors of these
samples observed after 30 d of storage at 40 °C are shown in Fig. 3. After
the accelerated stability study, the samples exhibit different degrees of

Table 3
Particle size (PS) stabilities of the different formulations containing lutein (Lut)
and zeaxanthin (Zx) under different pH conditions over 30 d of storage at 40 °C.

Sample  pH PSs of Lut-loaded samples (nm)  PSs of Zx-loaded samples (nm)
initial After 30 d initial After 30 d
Control 2.5 11224221 2358 + 38.6 104.7 £ 9.2 266.4 + 23.9
5.5 105.8 +13.4 216.5 + 23.3 114.6 +12.3 249.0 + 37.6
7.5 113.6 £+14.2  228.6 + 44.2 104.6 + 36.0  238.8 +19.9
9.5 983+17.3 203.5 + 33.2 102.4 + 7.5 214.6 + 16.6
WPI 2.5 196.0 £ 7.3 212.1 £15.1 189.2 +7.2 203.0 £+ 23.7
55 371.2+21.9 373.5+25.8 318.1 £33.5 318.6 +46.1
7.5 199.8 +£12.7 1921 + 14.2 197.7 +£23.3  198.5 + 20.4
9.5 198.4+23.6 207.2+18.3 1949 +£32.0 196.3 +£17.0

discoloration. Compared with the control group, the color losses of the
complexes are significantly reduced because of their relatively high Lut/
Zx contents owing to the protective effect of WPI. The color changes of
the samples before and after the stability study were quantified by
calculating their AE values (Fig. S8) (Zahoor et al., 2023). The AE values
of all the evaluated formulations increase gradually as the pH decreases
from 9.5 to 2.5. The control group exhibits the most distinct color
change with the AE values of 16.8-19.9 for Lut and 18.8-23.2 for Zx. The
AE values of the complexes decrease to 8.6-14.8 for Lut and 8.3-17.5 for
Zx. Similarly, the blank group displays clear color losses due to
xanthophyll degradation, which is consistent with the results of the
chemical stability assay of Lut/Zx.

3.5.2. Chemical stability

Fig. 4 shows the degradation kinetics of Lut and Zx in the different
formulations observed at pH levels of 2.5-9.5 over 30 d of storage. The
degradation curves of both xanthophylls over 30 d conform to the linear
decay model (R? = 0.8648-0.9988). The degradation coefficients k of
Lut and Zx calculated for all samples are listed in Table 4. In the control
groups, the k values of Lut and Zx determined at pH values ranging from
9.5to 2.5 are equal to 1.51-2.75 and 1.58-2.34 %/d, respectively. Based
on the results obtained for the control groups, Lut and Zx in their H-
aggregated states exhibit enhanced chemical stabilities at alkaline pH
values as compared with those observed under acidic conditions, and the
chemical stability of Zx under acidic conditions is significantly higher
than that of Lut. The additional 5',7'-conjugated double bond in the Zx
structure endows it with higher chemical stability as compared with Lut,
which contains a 4'-allylic hydroxyl group (Bernstein et al., 2016).
Compared with the control groups, the addition of WPI significantly
reduces the degradation rate of Lut/Zx with Lut and Zx exhibiting k
values of 1.13-1.90 and 1.03-1.55 %/d obtained in the pH range from
9.5 to 2.5, respectively. Furthermore, the protective effects of the WPI
complexes on the chemical stability of Lut/Zx are more distinct at pH =
7.5 with the highest Ak values of 0.90 and 0.87 obtained for Lut and Zx,
respectively. This result is associated with the higher binding affinities
of xanthophylls to WPI at elevated pH values (Table 1). In addition, the
blank groups without stabilizers exhibit lower k values (1.15-1.45 %/d
for Lut and 0.99-1.30 %/d for Zx), which may be due to the barrier
protective effects caused by the excessive self-aggregation of Lut and Zx.

3.6. ABTS " radical scavenging activity

The antioxidant activities of the WPI-Lut/Zx complexes under
different pH conditions and those of the blank and control samples were
evaluated after 30 d of storage using the ABTS™ assay (Fig. 5). The
ABTS" radical scavenging activities of the studied samples positively
correlate with the xanthophyll concentration. The ABTS™ free radical
scavenging rates of the control groups in the pH range from 2.5 to 9.5 are
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Fig. 3. Appearance development of the different formulations containing lutein/zeaxanthin (Lut/Zx, 22.5 pM) under different pH conditions (Blank formulations do
not contain protein or stabilizers; control formulations contain 0.01 wt% Tween 80; WPI indicates the WPI-Lut/Zx complexes).
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Fig. 4. Chemical stabilities of lutein/zeaxanthin (Lut/Zx, 22.5 pM) in the absence and presence of whey protein isolate (WPI, 22.5 uM) under different pH conditions
over 30 d of storage at 40 °C (A-D: formulations containing Lut at pH 2.5-9.5; E-H: formulations containing Zx at pH 2.5-9.5; blank formulations do not contain
protein or a stabilizer; control formulations contain 0.01 wt% Tween 80).

only 11.0-14.4% for Lut and 26.6-33.9% for Zx. Meanwhile, the free complexes increases the xanthophyll dispersity in liquid systems, which
radical scavenging rates of the complexes increase to 43.4-83.4% for Lut promotes the release of Lut/Zx and their ability to exert antioxidative
and 53.0-87.1% for Zx, respectively, indicating that WPI binding effects. In contrast, the blank samples display lower free radical scav-
effectively preserves the chemical stability of Lut/Zx and thus maintains enging capacities (16.0-25.1% for Lut and 41.1-47.1% for Zx) despite
their antioxidative properties. In addition, the formation of WPI their high Lut/Zx retention rates, which are attributed to the excessive
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Table 4
Degradation coefficients k of lutein (Lut) and zeaxanthin (Zx) in the different
formulations over 30 d of storage at 40 °C.

Sample Lut (%/d) Zx (Y%o/d)
pH pH pH pH pH pH pH pH
2.5 5.5 7.5 9.5 2.5 5.5 7.5 9.5
Blank 1.45 1.45 1.18 1.15 1.30 1.11 0.95  0.99
Control 2.75 239 219 1.51 234 218 2.00 1.58
Complex  1.90 1.52 1.29 1.13 1.55 1.40 1.13 1.03
Ak ® 0.85 087 0.9 0.38 079  0.78 0.87  0.55

@ Ak is the difference between the degradation coefficients of the control and
complex samples, and it represents the improvement in the chemical stability of
Lut/Zx via complexation with WPI.

aggregation of Lut/Zx species. The large aggregates in the blank samples
prevented the release of Lut/Zx molecules, inhibiting their antioxidant
activities.

3.7. Bioaccessibility

Xanthophylls entering the gastrointestinal tract should undergo
release, emulsification, and micellization for the uptake by enterocytes
(Kopec and Failla, 2018), and the proportion of micellized xanthophylls
represents the amount of xanthophylls that may be absorbed or bio-
accessible in the gut (Desmarchelier and Borel, 2017; Mantovani et al.,
2022). Generally, the bioavailabilities of carotenoids depend on their
bioaccessibilities (Nwachukwu et al., 2016; Becerra et al., 2020);
therefore, improving the bioaccessibilities and thus bioavailabilities of
xanthophylls is a critical objective in developing oral xanthophyll
products. Fig. 6 shows the bioaccessibilities of Lut and Zx in the
WPI-Lut/Zx complexes as well as those in the blank and control groups
determined after in vitro digestion. Differences in the initial pH levels do
not influence xanthophyll bioaccessibility in the same formulation
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because after mixing with the SGF, all the studied samples have a uni-
form pH environment. The bioaccessibilities of Lut (73.3-77.2%) and Zx
(78.4-80.3%) combined with WPI improve significantly relative to
those of the blank samples (38.2-41.5% for Lut and 42.0-47.7% for Zx),
and these values are comparable to those of the control groups
(69.9-77.2% for Lut and 74.5-77.4% for Zx). Proteins are amphiphilic
molecules with surface activities and emulsifying properties, which
enhance the dispersion and release of liposoluble components in
aqueous media and promote emulsification and micellization during
gastrointestinal digestion (McClements and Li., 2010; Cheng et al.,
2023). Zhao et al. (2022) reported the beneficial effects of red bean
protein-Lut complexes on the bioaccessibility of Lut, which resulted in a
71.0% release during simulated gastrointestinal digestion. However,
high protein concentrations may decrease the bioaccessibilities of lipo-
philic components, particularly when these components are incorpo-
rated into lipid droplets via emulsion (Qiu et al., 2015). Iddir et al.
(2020) reported that the presence of 3-7.5 mg mL~' WPI decreased the
bioaccessibility of lutein in an emulsion system. In this case, excess
protein molecules are adsorbed on the oily droplet surface and form a
barrier resistant to digestion, hindering the release of the lipophilic
constituents. In this study, the bioaccessibilities of the xanthophylls are
significantly enhanced at a WPI-Lut complex concentration of 22.5 pM
(~0.45 mg mL 1),

4. Conclusion

This study investigated the interactions between Lut/Zx and WPI
influenced by the pH of the aqueous medium and the effects of these
interactions on the antioxidant activities, storage stabilities, and bio-
accessibilities of the two xanthophylls. The obtained UV and DLS spectra
indicated that the xanthophylls and WPI existed in the forms of H-ag-
gregates and nanoparticles, respectively, in their aqueous solutions. The
fluorescence spectroscopy data revealed that the quenching of WPI by

C 100- PH 7.5 D 100- pH 9.5
= a = a
&S X
z 751 z 751
Q Q
© ©
[ = B
m© ©
S 504 S 504
oo o
= =
& @ c
c c = b
g 254 b g 25
© ©
Q Q
: 1A
0- 0 : .
"\ X "\ "\ '\ "\
\\) \/\) N \’\) \,\) /\,\)
S & & & & N
P Qoé‘ N NG & N
G 100, pH Z:= H 100- B35
Z 754 > 754
2 -
e b g b
S 504 S 504
e c a0 c
=] £
= =
g 257 g 251
© ©
Q Q
(%] wv
0' G T T
+ + + + +
& F o &F F G
* &L \V\Q X &L R
o & O &

Fig. 5. ABTS " scavenging activities of the different formulations containing lutein/zeaxanthin (Lut/Zx, 22.5 pM) under different pH conditions after 30 d of storage
at 40 °C (A-D: Formulations containing Lut at pH 2.5-9.5; E-H: Formulations containing Zx at pH 2.5-9.5; blank formulations do not contain protein or stabilizers;

control formulations contain 0.01 wt% Tween 80).
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Fig. 6. Bioaccessibilities of lutein (Lut) and zeaxanthin (Zx) in the different formulations prepared under different pH conditions (A-D: Formulations containing Lut
at pH 2.5-9.5; E-H: Formulations containing Zx at pH 2.5-9.5; blank formulations without protein or stabilizers; control formulations containing 0.01 wt%

Tween 80).

Lut/Zx was mainly static and that their binding affinities generally
increased with increasing pH from 2.5 to 9.5. The FTIR spectroscopy
analysis of the protein secondary structures demonstrated that
increasing the pH level caused the unfolding of the WPI structure,
resulting in the exposure of more hydrophobic regions, which was
consistent with the results of the Hy assay. The performance evaluation
of WPI-Lut/Zx indicated that the presence of WPI significantly protected
the xanthophylls against aggregation and degradation, thus improving
their bioactivity and accessibility. Our study provides a theoretical basis
and experimental data for the development of an effective WPI-based
xanthophyll delivery system, which can be applied in the industrial
production of healthy beverage products.
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