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A B S T R A C T   

Understanding the food protein binding to bioactive compounds is of utmost importance for the development of 
efficient protein-based delivery systems. The binding of lutein to sodium caseinate (NaCas) or native casein 
micelle (PPCN) was investigated at pH 7 to evaluate the effect of casein supramolecular structures on the 
interaction. Fluorescence quenching, UV–vis spectroscopy, and dynamic light scattering were carried out. Under 
the medium conditions of interaction analysis (DMSO-water and ethanol–water), lutein exists as H-type aggre-
gates. The investigation of lutein/casein interaction showed a predominantly static mechanism of fluorescence 
quenching and the presence of two fluorophore populations on NaCas and PPCN, but only one accessible to 
lutein. Moreover, the Scatchard plot indicated that lutein interacted with both caseins in one binding site. The 
interaction of lutein with caseins occurred with binding constant Kb of 105 M− 1, regardless of casein supramo-
lecular structure.   

1. Introduction 

As the proportion of elderly people of the world’s population in-
creases, the incidence of chronic-degenerative diseases, the major cause 
of functional disability among this specific population, also increases. 
Thus, the development of bioactive-rich products arises as an alternative 
for maintaining health and life quality for as long as possible in this age 
group. Carotenoids are natural pigments found in fruits and vegetables. 
Such a class of bioactive compounds has been proposed to promote 
human health, mainly due to their antioxidant and anti-inflammatory 
activities. Lutein is a yellow-orange oxygenated carotenoid that posi-
tively modulates some risk diseases that predominate in the elderly, such 
as age-related macular degeneration (Woodside, McGrath, Lyner, & 
McKinley, 2015). However, its addition to fat-free and low-fat products 
from food and pharmaceutical industries is challenging due to its hy-
drophobic character. Moreover, carotenoids are sensitive to heat, oxy-
gen, and light (Mercadante, 2007). In this context, carotenoid binding to 
proteins has been studied aiming at improving its physicochemical 
stability (Chen et al., 2018; Mora-Gutierrez et al., 2018; Yi, Fan, 
Yokoyama, Zhang, & Zhao, 2016). 

Caseins constitute up to about 80 percent of milk proteins and are 

found in milk as supramolecular aggregates, called casein micelles, in 
which the four casein fractions (αS1-, αS2-, β-, and κ-casein) are asso-
ciated by mainly hydrophobic interactions and calcium phosphate nano- 
cluster bridges (Walstra, Wouters, & Geurts, 2006). These casein mi-
celles are considered natural vehicles of calcium, an important mineral 
in the human diet, especially for the elderly (Tavares, Croguennec, 
Carvalho, & Bouhallab, 2014). To be used as ingredients, casein micelles 
are obtained from raw skim milk by microfiltration combined with 
diafiltration with water to remove whey proteins, peptides, lactose, 
among other components of the water-soluble phase of milk (Broyard & 
Gaucheron, 2015). Hence, casein micelles associated with their calcium 
phosphate are available and called phosphocaseinate (PPCN) (Broyard 
& Gaucheron, 2015). Conversely, sodium caseinate (NaCas) is obtained 
following the neutralization by sodium hydroxide of an acid-precipitate 
of casein (Walstra et al., 2006). During this operation, the colloidal 
calcium phosphate is washed out of the casein micelles that lose its 
native structural organization. Thus, NaCas and PPCN are two casein- 
rich ingredients but with considerable structural differences. NaCas 
usually displays a hydrodynamic diameter between 10 and 100 nm, 
while PPCN has an average hydrodynamic diameter of around 150 nm 
and particle size distribution up to 600 nm (Pan, Zhong, & Baek, 2013). 
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In general, investigations on the interactions between proteins and 
carotenoids have focused on protein conformational changes (Li, Wang, 
Chen, & Lu, 2015; Mohan, Hemachandran, Sneha, Doss, & Godwin 
Christopher, Jayaraman, Gurunathan, & Ramamoorthy, Siva, 2018; 
Mora-Gutierrez et al., 2018; Yi, Fan, Yokoyama, Zhang, & Zhao, 2016). 
Some papers reported the potential of caseinate as carotenoid nano-
carrier. Mora-Gutierrez et al. (2018) assessed the interaction between 
caseinate from bovine and caprine milk and lutein at pH 7 and observed 
that the apparent solubility of lutein in the hydrophilic environment, as 
well as its chemical stability during storage after incorporation in 
emulsion-based system, improved due to the formation of casein/lutein 
complexes. Similar results were reported through the complex formation 
of lutein with whey protein isolate (WPI) or NaCas at 25 ◦C and pH 7.4 
(Yi et al., 2016). Results also showed that lutein stability was higher in 
NaCas/lutein complex than in the WPI/lutein one (Yi et al., 2016). 
Paiva, Coelho, da Silva, Pinto, Vidigal, and Pires (2020) verified that the 
binding of lutein to bovine serum albumin (BSA) at pH 7.4 was inde-
pendent of the protein conformation, folded or denatured. Moreover, 
Allahdad, Varidi, Zadmard, and Saboury (2018) showed that β-carotene 
exhibited different interaction parameters with the individual casein 
molecules, i.e. β-, κ- and αs-casein. 

Few studies concerning carotenoid-milk protein interactions took 
carotenoid solubility in the hydrophilic environment into consideration 
(Chang, Cheng, Han, Zhang, & Skibsted, 2016; Mora-Gutierrez et al., 
2018; Yi et al., 2016). In a hydrophilic environment, carotenoids are 
expected to exist as self-aggregated forms. The carotenoid aggregation 
or self-assembly in the organic-water binary solvent is a process largely 
driven by hydrophobic effects, being influenced by two main factors: the 
steric properties of the molecule structure and the attractive forces such 
as H-bridges, dipole forces and van der Waals interactions between 
neighboring molecules (Hempel, Schädle, Leptihn, Carle, & Schweig-
gert, 2016). H-type and J-type carotenoid aggregates are characterized 
by strongly and weakly coupled aggregates, respectively (Dong, Zhang, 
Wang, & Wang, 2018; Hempel et al., 2016). A recent study observed that 
interactions between WPI and norbixin exhibited Stern-Volmer and 
quenching constants with a magnitude order of 104 M− 1 and 1013 

M− 1s− 1, respectively, independent of the carotenoid form (soluble or H- 
type aggregate) (Møller et al., 2020). On the other hand, Zhu, Wang, 
Gao, Wu, and Sun (2019) reported that fucoxanthin aggregation affected 
fucoxanthin/whey protein binding. However, in general carotenoid 
aggregation before or after complexation with milk proteins has rarely 
received considerable attention. 

Although some reports on the molecular interaction between 
caseinate or isolated casein fractions and carotenoids are available, to 
the best of our knowledge, the interaction between lutein and casein 
micelle (native phosphocaseinate) has not been investigated so far. In 
this context, this study aimed to assess the influence of the aggregation 
state of the caseins (sodium caseinate versus casein micelle) on their 
interaction with lutein by protein fluorescence quenching. 

2. Material and methods 

2.1. Sample preparation 

Sodium caseinate (NaCas) (Eurial, France) and native phosphoca-
seinate (PPCN) (Promilk 852B, Ingredia, France) powders were used in 
the present study. These ingredients contained, respectively, 90.7 ± 0.2 
and 83.1 ± 0.4% (w/w) protein (N × 6.38), based on the total nitrogen 
content determined by the Kjeldahl method. The stock solution of NaCas 
was prepared by dispersing NaCas powder at 7.81 g L-1 (corresponding 
to a protein concentration of 7.08 g L-1 or 300 µM, considering an 
average molecular weight of 23.6 kDa for individual molecules) in 10 
mM of 4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid (Hepes) at 
pH 7. A homogeneous solution of NaCas was obtained by stirring the 
mixture at room temperature for 24 h. The protein concentration of the 
NaCas solution was determined by UV-absorbance at 280 nm 

(spectrophotometer SAFAS UV MC2, Safas, Monaco, France) using an 
extinction coefficient of 0.79 L g− 1 cm− 1. This parameter was calculated 
considering that NaCas is composed of 40% αs1, 40% β, 10% αs2 and 10% 
of κ–caseins, with the respective absorption coefficients of 1.01; 0.45; 
1.04 and 1.05 L g− 1 cm− 1 (Walstra & Jenness, 1984). The stock solution 
of PPCN was prepared by dispersing PPCN powder at 8.52 g L-1 (cor-
responding to a protein concentration of 7.08 g L-1) in HEPES buffer at 
pH 7. Rehydration of PPCN powder was carried out by continuous 
stirring at room temperature during 10 h followed by heating at 40 ◦C 
for 12 h. Afterwards, PPCN solution was kept under slow stirring at room 
temperature during 12 h. Sodium azide at 0.5 g L− 1 was added to both 
solutions to prevent microbial growth. 

Lutein stock solution was prepared immediately before use by 
dispersing lutein powder (PHR1699, MW 568.87 g mol− 1, Sigma- 
Aldrich, St. Louis, MO, USA) at 1.8 mM in absolute ethanol or DMSO 
under slow stirring until complete dissolution. The absorption spectrum 
of lutein was obtained in a spectrophotometer (SAFAS UVmc2, Safas, 
Monaco, France), and the total lutein content was calculated by using 
the absorbance at 446 nm and the specific extinction coefficient of lutein 
in ethanol (E1%

1cm = 2550, corresponding to a molar absorptivity of 
145,100 L mol− 1 cm− 1). For DMSO solution, the total lutein content was 
calculated by using the absorbance at 461 nm and the specific extinction 
coefficient of lutein in DMSO (E1%

1cm = 2369, corresponding to a molar 
absorptivity of 134,800 L mol− 1 cm− 1) (Davies, 1976). 

2.2. Protein size distribution 

Before analysis, NaCas and PPCN stock solutions were diluted 3 
times (1:3) in 10 mM Hepes buffer at pH 7. The influence of the addition 
of 5% (v/v) ethanol or DMSO to NaCas and PPCN solutions on protein 
size distribution was assessed using a Zetasizer Nano Series (Malvern 
Instruments, Worcestershire, UK). The hydrodynamic diameter (Dh) of 
NaCas and PPCN at 25 ◦C was obtained by dynamic light scattering 
measurements using a backscattering angle of 173◦. The general- 
purpose model was used for experimental data analysis. The Dh was 
calculated according to the Stokes-Einstein equation. The mean protein 
size was reported as average hydrodynamic diameter (D), calculated 
according to Eq. (1). 

D =
∑

xiDi (1)  

where xi is the fraction of a given particle i with a given scattering in-
tensity and Di is the diameter of the particle i. 

2.3. Intrinsic fluorescence 

NaCas and PPCN solutions at 1 µM were obtained by diluting NaCas 
and PPCN stock solutions 300 times (1:300) in 10 mM Hepes buffer at 
pH 7. From both lutein stock solutions, another solution was prepared at 
170 µM in absolute ethanol or DMSO. Protein intrinsic fluorescence was 
determined using a Safas FLX-Xenius fluorimeter (Monaco, France). The 
excitation wavelength was set at 280 nm and emission spectra were 
recorded between 300 and 400 nm, using excitation and emission slit 
widths of 5 nm. Diluted casein solution (2 mL) placed in quartz cuvette 
was titrated with 10 successive injections of 10 μL of lutein. The lutein/ 
casein molar ratios ranged from 0 to 8. The mixtures were aspired and 
expelled five times using a micropipette to guarantee a proper homog-
enization. Fluorescence measurements were taken after 15 min of 
equilibration. Ethanol and DMSO concentration in the final mixture was 
5%. The effect of organic solvent on the carotenoid titration curves was 
corrected by subtracting the protein fluorescence in presence of organic 
solvent from that of proteins in presence of carotenoid/organic solvent 
at each point of the titration. Absorption spectrum (270–600 nm) of the 
lutein/casein mixture was measured in a spectrophotometer for the 
correction of the inner filter effect (Lakowicz, 2006). Each titration was 
carried out in triplicate. 
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2.4. Isothermal titration calorimetry (ITC) 

Immediately before analysis, ethanolic lutein solution at 400 µM was 
diluted 20 times in 10 mM Hepes buffer at pH 7, resulting in a lutein 
solution containing 5% (v/v) ethanol. The absorption spectrum of the 
diluted lutein solution was measured in a spectrophotometer. Before 
analysis, NaCas and PPCN stock solutions were diluted 3 times (1:3) in 
10 mM Hepes buffer at pH 7. As a control, 5% (v/v) ethanol was added 
to diluted NaCas and PPCN solutions. 

A VP-ITC microcalorimeter (Microcal, Northampton, MA, USA) was 
used to assess the binding energy of lutein to NaCas or PPCN at 25 ◦C. All 
the parameters for ITC analysis were based on those described by 
Velazquez-Campoy and Freire (2006). Casein solutions (0.1 mM) and 
stock solutions of lutein (0.02 mM) were degassed under vacuum before 
titration experiments. The reference cell was filled with 10 mM HEPES 
buffer at pH 7 with 5% (v/v) ethanol and the sample cell (1.425 mL) was 
filled with lutein solution. Lutein solution was titrated with 29 succes-
sive injections of 10 μL of casein at 100 µM. Each injection lasted 20 s 
with an interval of 400 s between consecutive injections to reach ther-
modynamic equilibrium. During titration, the solution in the sample cell 
was stirred at 300 rpm to ensure complete homogeneity. For each ITC 
experiment, a reference titration was carried out by titrating casein so-
lutions directly into 10 mM HEPES buffer with 5% (v/v) ethanol. The 
casein dilution data (reference experiment) were subtracted from 
casein/lutein binding experimental data using the Origin 7.0 software. 
The area under each injection peak was plotted as a function of the 
casein/lutein molar ratio. 

3. Results 

3.1. Lutein aggregates in organic-aqueous system 

Most carotenoids are not water-soluble but may be dissolved by co- 
solvents (Chang et al., 2016) such as ethanol and DMSO. Carotenoids 
form aggregates in a hydrophilic environment due to their highly hy-
drophobic character (Dong et al., 2018; Hempel et al., 2016), as shown 
after comparing the lutein absorption spectra in a pure organic solvent 
and 10 mM Hepes buffer at pH 7 (Fig. 1A and B). The UV/vis spectrum of 
lutein in pure DMSO showed absorption maxima at 435, 461, and 491 
nm, while the dissolved state of lutein in pure ethanol showed absorp-
tion maxima at 421, 446 and 474 nm, as expected. Upon aqueous 
dilution, loss of vibrational fine structure, large hypsochromic shift, and 
hypochromic effect were observed for both organic-aqueous systems. 
These solvent-induced changes in absorption characterize the formation 
of H-type aggregates (Dong et al., 2018; Hempel et al., 2016). Free hy-
droxyl groups at both ends of the lutein molecule promoted the forma-
tion of strongly coupled (H-type) aggregates due to the formation of 
intermolecular hydrogen bonds (Hempel et al., 2016). Also, the almost 
complete disappearance of the initial monomer bands indicates that, 

after dilution in a buffer, lutein is mostly present in the aggregate form 
instead of dispersed molecules. Consequently, in aqueous solution, the 
interaction of lutein with macromolecules involves at least in part its 
aggregated forms, a fact that it is not always specified in the published 
studies. 

3.2. Low volume of organic solvent does not affect the protein size 
distribution 

The solutions of NaCas and PPCN in buffer presented bimodal and 
monomodal particle size distribution, respectively (Fig. 2). The average 
Dh of PPCN solution was about 200 nm. On the other hand, the major 
size peak of NaCas solution exhibited the average hydrodynamic 
diameter around 20 nm. As expected, the average hydrodynamic 
diameter of PPCN was 10-fold higher than that observed for NaCas in 
aqueous solution (Casanova et al., 2018; Pan et al., 2013). This result is 
directly related to the highest content of colloidal calcium-phosphate in 
PPCN which plays an important role in casein micelle stabilization. The 
addition of ethanol (5% v/v) did not significantly affect the observed 
protein size distribution. Similar results were also observed in the 
presence of 5% (v/v) DMSO (data not shown). 

3.3. Lutein binds to one binding site on NaCas and PPCN 

Fig. 3 shows the UV–vis absorption spectra of the NaCas and PPCN 
solutions in HEPES buffer at pH 7 in the absence and presence of 
increasing concentrations of lutein (lutein/protein molar ratios from 
0 to 8 µM). Casein/lutein mixture resulted in an absorption peak with an 
absorption maximum at 384 nm, typical of H-type aggregates of lutein. 
Thus, it is worth noting that although lutein was added to casein in a 
dispersed form (monomers), the absorption spectra show that lutein 
aggregates (H-type) are present after lutein addition to NaCas and PPCN 
buffer solutions. The casein/lutein absorption intensity increased line-
arly by increasing lutein concentration (Chang et al., 2016; Yi et al., 
2016), while the profile of the absorption spectra did not change after 
lutein additions. A linear concentration dependent absorbance in 
agreement with the Beer − Lambert law indicates that a homogeneous 
solution was formed for 0 – 8 µM lutein in buffer solution of NaCas or 
PPCN with 5% (v/v) of ethanol or DMSO (Chang et al., 2016). Control 
experiments in the absence of casein (lutein in buffer) showed absorp-
tion intensities 25% lower than those values observed for casein/lutein 
(data not shown). Similar results were also observed in the presence of 
5% (v/v) DMSO (data not shown). 

The inner-filter effect distorts the fluorescence data since an 
absorbing compound added to a solution tends to reduce the number of 
excitation radiations that reach the fluorophore or absorb some of the 
radiations emitted by the fluorophore (Lakowicz, 2006; van de Weert, 
2010). As the absorbance of the added ligand at the excitation (data not 
shown) and/or emission wavelength is above 0.1 at lutein concentration 

Fig. 1. Absorption spectra of 3.6 µM lutein in DMSO (A) and ethanol (B). Full lines correspond to the absorption spectrum of lutein in a pure organic solvent. Dashed 
lines correspond to the absorption spectrum of lutein in 10 mM Hepes buffer at pH 7 containing 5% (v/v) of organic solvent. 

R.A. Mantovani et al.                                                                                                                                                                                                                          



Food Research International 138 (2020) 109781

4

of 4–8 µM, the observed fluorescence intensities were corrected to avoid 
the inner-filter effect according to Eq. (2) (Lakowicz, 2006). 

Fcorr = Fobs × 10
Aexc+Aem

2 (2)  

where Fcorr is the corrected fluorescence value, Fobs the measured 

fluorescence value, Aexc, and Aem the absorption values at the excitation 
and emission wavelengths, respectively, determined in a 1 cm cuvette. 

Protein fluorescence is mainly due to tryptophan residues (Trp) 
when excited at 280 nm. In bovine milk, both αs1-casein and αs2-casein 
have 2 Trp residues while β-casein and κ-casein have 1 Trp residue each 
(Yi et al., 2016). Thus, casein fluorescence results from a combination of 
fluorophores located on different protein molecules. Ligand binding in 
regions near the fluorophores induces changes in the local environment 
and consequently in fluorescence intensity, proportionally to added 
ligand concentration. 

Fig. 4 presents the typical fluorescence emission spectra of NaCas 
and PPCN solutions at pH 7 in the absence and presence of increasing 
concentrations of lutein (lutein/protein molar ratios from 0 to 8 µM). 
After excitation at 280 nm, the maximum emission wavelength of NaCas 
and PPCN was recorded around 334 nm. Trp residues are likely placed in 
the supramolecular structure core when dispersed in a hydrophilic 
environment due to their hydrophobic character. The maximum emis-
sion wavelengths of NaCas and PPCN presented a blue shift of about 30 
nm when compared to free Trp in water (Teale & Weber, 1957), which 
corroborates the hypothesis that Trp residues were buried. Organic 
solvents can affect protein structure (Lakowicz, 2006), for instance, at 
high concentrations, ethanol may promote casein aggregation (Celli, 
Lawrence, Ravanfar, & Abbaspourrad, 2019). On the other hand, the 
presence of ethanol and DMSO at low concentration (5% v/v) practically 
did not affect the size of the different casein supramolecular structures 
(Fig. 2). Conversely, the fluorescence intensity of caseins decreased in ~ 
20% even at low concentration of organic solvents (data not shown) 
suggesting changes in the microenvironment surrounding the Trp resi-
dues such as protein rearrangements (Celli et al., 2019). 

The wavelength of maximum fluorescence intensity did not change 
after lutein addition in the presence of ethanol (Fig. 4), consistent with a 
previous study (Yi et al., 2016). This fact shows that lutein-casein 
interaction did not affect the microenvironment of Trp residues in 
NaCas and PPCN. In the presence of DMSO, a slight blue shift of this 
maximum wavelength was observed with increasing lutein concentra-
tion. This hypsochromic shift in DMSO suggests the presence of two 
populations of fluorophores, indicating that the Trp residues emitting at 
larger wavelengths are quenched more readily than the Trp emitting at 
shorter wavelength (Lakowicz, 2006). The fluorescence intensity of 
NaCas and PPCN gradually decreased (quenching mechanism) with 
increasing lutein concentration and a tendency to reach a plateau value 
was observed, regardless of the organic solvent used to prepare the 
lutein stock solution (DMSO or ethanol). 

The fluorescence quenching data were analyzed according to Stern- 
Volmer (Eq. (3)). 

Fig. 2. Particle size distribution (PSD) of NaCas (A) and PPCN (B) at a concentration of 100 µM. Full lines correspond to the PSD of caseins in 10 mM Hepes buffer at 
pH 7. Dashed lines correspond to the PSD of caseins in 10 mM Hepes buffer at pH 7 containing 5% (v/v) ethanol. 

Fig. 3. Interaction between caseins (1 µM) and lutein in the presence of 
ethanol. Absorption spectra of 1 µM NaCas (A) and PPCN (B) at pH 7 in the 
absence and presence of an increasing concentration of lutein in ethanol (from 
0 to 8 µM). 
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F0

F
= 1+ kqτ0[Q] = 1+KSV [Q] (3)  

where F0 and F are fluorescence intensities in the absence and presence 
of quencher, respectively, kq is the bimolecular quenching constant, τ0 is 
the lifetime of the fluorophore in the absence of quencher (τ0 value for 
Trp residue is 10-8 s according to Lakowicz (2006)), [Q] is the total 
concentration of quencher, and KSV is the Stern-Volmer quenching 
constant. Moreover, to confirm the number of sets of fluorophore pop-
ulations of casein, as well as their accessibility to lutein, the fluorescence 
quenching data was also analyzed according to the modified Stern- 
Volmer equation (Eq. (4)). 

F0

F0 − F
=

1
faKSV [Q]

+
1
fa

(4) 

where fa is the fraction of the initial fluorescence that is accessible to 
quencher and KSV is the effective quenching constant for the accessible 
fluorophore. The modified form of the Stern-Volmer equation allows fa 
and KSV to be determined graphically from y-intercept, 1/fa (by 
extrapolation), and slope, 1/(faKSV). Fluorescence quenching data of 
ligand/protein binding are usually fitted according to Stern-Volmer 
equations. Gheonea, Aprodu, Râpeanu, and Stănciuc (2018) reported a 
linear modified Stern-Volmer plot and fa < 1.0 for lycopene extract/β-lg 

binding, suggesting unequal accessibility of lycopene to two populations 
of Trp. Linear modified Stern-Volmer plots were also observed in pre-
vious studies of binding between bixin/whey proteins and norbixin/ 
whey proteins or norbixin/NaCas (Zhang & Zhong, 2012a, 2012b, 
2013). 

Fig. 5A-D show the Stern-Volmer plots of the fluorescence quenching 
of NaCas and PPCN in the presence of ethanol. The binding parameters 
are given in Table 1. The fluorescence ratio F0/(F0-F) versus 1/[Q] for 
casein/lutein presented a linear evolution of both Stern-Volmer and 
modified Stern-Volmer plots and the fraction accessible to quencher (fa) 
was lower than 1.0, which is typical of two populations of Trp on casein 
fractions composing both casein supramolecular structures at pH 7, one 
accessible to the quencher and the other inaccessible (Lakowicz, 2006). 
This binding complexity is expected since NaCas and PPCN are 
composed of different fractions of casein molecules (Casanova et al., 
2018), i.e., they are not isolated casein fractions. The fa values ranged 
from 0.57 to 0.69, meaning that 60 to 70% of the initial fluorophores in 
casein molecules are accessible for lutein binding. The values of KSV 
determined from the linear evolution of the Stern-Volmer plots pre-
sented a magnitude order of 105 M− 1. 

Fluorescence quenching can be a consequence of static and/or dy-
namic mechanisms. The dynamic quenching is caused by collisional 
encounters between the fluorophore and the quencher. Conversely, the 

Fig. 4. Interaction between caseins (1 µM) and lutein in the presence of ethanol (A and B) and DMSO (C and D). Fluorescence emission spectra of NaCas (A and C) 
and PPCN (B and D) at pH 7 in the absence and presence of an increasing concentration of lutein (from 0 to 8 µM). Black lines correspond to the fluorescence 
spectrum of lutein 8 µM in Hepes buffer containing 5% (v/v) ethanol or DMSO. 
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formation of a ground-state complex between them is classified as static 
quenching (Lakowicz, 2006). According to the correspondence KSV =

kqτ0 in Eq. (1), the values of kq for both caseins had a magnitude order of 
1013 M− 1s− 1, which is higher than the typical diffusion-controlled limit 
(~1010 M− 1s− 1). These values indicate that the quenching of NaCas and 
PPCN fluorescence by lutein followed a static mechanism (Lakowicz, 
2006). The static mechanism of fluorescence quenching seems to be 
quite widespread since it was also reported for the interactions between 
lutein and caseinate or whey proteins or bovine serum albumin (Paiva 
et al., 2020; Yi et al., 2016). 

The quenching of casein fluorescence by lutein was analyzed ac-
cording to the Scatchard representation (Eq. (5)) to better characterize 
the casein/lutein interaction (Scatchard, 1949). The equilibrium bind-
ing constant, Kb, was determined from the slope of the plot of (fi × PT)/ 
[Q] versus (fi × PT). PT represents total protein concentration, and fi is 
the fraction of protein fluorescence that can be quenched by the ligand; 

it is directly proportional to the fraction of protein binding sites occu-
pied by the ligand. The fi value was calculated according to the following 
equation (Eq. (6)). 

fi
[Pt]

[Q]
= nKb[Pt] − Kbfi[Pt] (5)  

fi =
F − F0

F∞ − F0
(6)  

where F∞ is fluorescence intensity value at saturation. 
Fig. 5E and 5F show the Scatchard plots of NaCas/lutein and PPCN/ 

lutein interactions in the presence of ethanol. A linear Scatchard plot 
typical of one class of binding sites was observed for lutein binding to 
both casein structures. The binding constant of casein/lutein complex-
ation presented a magnitude order of 105 M− 1, whatever the casein 
supramolecular structure. This result reflects a moderate affinity 

Fig. 5. Interaction between caseins (1 µM) and lutein (from 0 to 8 µM) in the presence of ethanol. Stern-Volmer plots of the quenching of NaCas (A) and PPCN (B) by 
lutein at pH 7. Modified Stern-Volmer plots of the quenching of NaCas (C) and PPCN (D) by lutein at pH 7. Derived Scatchard plots of NaCas (E) and PPCN (F) 
quenching by lutein at pH 7. 
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between casein and lutein, similarly to that previously reported about 
the interaction between lutein and whey protein or sodium caseinate (Yi 
et al., 2016) and lutein/human serum albumin (Chen et al., 2018). The 
Kb is also in the same magnitude order of that found for the interaction 
between casein micelles and hydrophobic compounds such as curcumin 
(Khanji et al., 2015; Rahimi Yazdi & Corredig, 2012). On the other hand, 
Paiva et al. (2020) reported a magnitude order of binding constant 10- 
fold lower for BSA/lutein complexation. Altogether, this information 
suggests that NaCas and PPCN have a higher affinity with lutein than 
BSA. 

The data of fluorescence quenching for casein/lutein interaction in 
the presence of DMSO were also fitted according to Stern-Volmer, 
modified Stern-Volmer and Scatchard representation (see Fig. 1S, Sup-
porting Information), as described above. The results observed for 
fluorescence quenching in the presence of DMSO were in the same order 
of magnitude for those observed in the presence of ethanol (Table 1). 
Thus, the magnitude order of the Kb was not influenced by the supra-
molecular structure of casein or the organic solvent (ethanol or DMSO). 

It means that both NaCas and PPCN presented similar affinity with 
lutein. 

ITC enables the determination of the thermodynamic parameters of 
the interaction between protein and ligand. Preliminary assays were 
carried out by injecting lutein into casein solution, since most of the 
studies on ligand/protein binding usually place ligand and protein in the 
syringe and cell, respectively (Casanova et al., 2018; Zhang, Wright, & 
Zhong, 2013; Zhang & Zhong, 2012a). However, the high concentration 
of lutein in buffer with low content of organic solvent led to fast phase 
separation due to the formation of big aggregates of lutein. To avoid the 
destabilization of lutein solution during ITC analysis, a reverse titration 
was conducted as recommended by Velazquez-Campoy and Freire 
(2006). It means that the less-soluble reactant (lutein) was placed in the 
sample cell. To the best of our knowledge, this is the first study con-
ducting reverse ITC to investigate interactions between milk proteins 
and carotenoids despite the very low solubility of the latter in the 
presence of high content of water. 

Fig. 6 shows the raw signal of isothermal calorimetric titration ob-
tained from the injection of NaCas and PPCN into an aqueous dispersion 
of lutein (20 mM) containing 5% (v/v) of ethanol. Heat change associ-
ated with a single injection of NaCas and PPCN into lutein solution is 
represented by each peak. The injections of NaCas and PPCN into an 
aqueous dispersion of lutein resulted in exothermic peaks, consistent 
with bixin/whey protein binding (Zhang et al., 2013; Zhang & Zhong, 
2012a). The energy contribution of casein dilution assessed by injection 
of the NaCas and PPCN solutions into the buffer containing 5% (v/v) of 
ethanol (see Fig. 2S, Supporting Information) practically did not differ 
when compared to the heat exchange associated with the lutein/casein 
binding. Similar results were also observed in the presence of DMSO 
(data not shown). It is worth emphasizing that the ITC profiles obtained 
from NaCas and PPCN dilution shown in Fig. 2S (Supporting Informa-
tion) were very different. The heat effect associated with NaCas dilution 
was negligible (flat isotherm), whilst the PPCN dilution exhibited a 
profile similar to that classically obtained for ligand/protein binding 
that is characterized by a continuous decrease in heat released until a 

Table 1 
Binding parameters of casein/lutein in the presence of ethanol and DMSO.a,*  

Solvent Casein fab KSV
b kq

b Kb
c   

(–) (×105 

M− 1) 
(×1013 

M− 1s− 1) 
(×105 M− 1) 

DMSO NaCas 0.57 ± 0.03 3.4 ± 0.5 3.3 ± 0.5 2.52 ± 0.25  
PPCN 0.69 ± 0.04 1.8 ± 0.2 1.8 ± 0.2 1.61 ± 0.24 

Ethanol NaCas 0.62 ± 0.05 3.6 ± 0.8 3.6 ± 0.8 2.70 ± 0.26  
PPCN 0.59 ± 0.02 3.4 ± 0.1 3.4 ± 0.1 2.84 ± 0.36  

* Fluorescence quenching titration of casein solutions (1 µM) was carried out 
by increasing lutein concentration (from 0 to 8 µM). 

a Mean and standard deviation of three replicates (n = 3). 
b Parameters calculated by data fitting of casein/lutein fluorescence quench-

ing according to Stern-Volmer and modified Stern-Volmer equations (Lakowicz, 
2006). 

c Parameter calculated by data fitting of casein/lutein fluorescence quenching 
according to Scatchard representation (Scatchard, 1949). 

Fig. 6. Raw data (top panel) and binding isotherm (bottom panel) of the titration of 0.02 mM lutein with successive injections of casein (concentration) as NaCas (A) 
or PPCN (B). The experiments were carried out at 25 ◦C in 10 mM Hepes buffer, pH 7.0, with 5% (v/v) ethanol. 
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constant enthalpic value. It is known that PPCN has a much higher 
content of colloidal calcium-phosphate than NaCas. Then, a buffer 
saturated with calcium phosphate was used to evaluate the influence of 
this mineral on the isotherm of PPCN dilution. The injections of PPCN 
solution into the buffer, both saturated with calcium phosphate, resulted 
in much lower heat exchange (see Fig. 3S, Supporting Information) than 
that observed using a buffer without calcium phosphate (Fig. 2S-B, 
Supporting Information). This result confirmed that a large heat of PPCN 
dilution observed using a buffer without calcium phosphate was due to 
the release of calcium phosphate nano-clusters from casein micelle. 

As the ITC profiles (Fig. 6) did not present a tendency of saturation of 
the binding sites, it was not possible to thermodynamically characterize 
lutein/casein interaction using such technique. Previous studies suc-
cessfully confirmed by fluorescence quenching and ITC that the binding 
process of bixin and whey proteins was mainly driven by hydrophobic 
interactions (Zhang et al., 2013; Zhang & Zhong, 2012a). Bixin is a 
carotenoid with a free carboxyl end group and another esterified 
carboxyl end group (Mercadante, 2007). Despite being both xantho-
phylls, bixin differs significantly from lutein structure. It was likely the 
reason why a wide range of bixin/protein molar ratio could be studied, 
resulting in a tendency of saturation of protein binding sites. It is 
important to highlight that differently from the fluorescence quenching 
assays, a stock solution of lutein in a buffer (aggregated form) was used 
for ITC analysis instead of an ethanolic stock solution (dispersed form). 
Zhu et al. (2019) investigated the interaction between whey protein and 
fucoxanthin (FX) as monomers or aggregates by injecting FX dispersed 
in ethanol or 1:4 ethanol/water, respectively, into protein solution. 
Nevertheless, the absorption spectra of lutein/casein complexes in 
buffer showed the presence of lutein aggregates (H-type) even though 
lutein was directly added to casein solutions as monomers (Fig. 3). This 
suggests that under these conditions, casein particles interact with the 
aggregated forms of lutein, consistent with β-carotene/BSA binding 
(Chang et al., 2016). Consequently, we propose the following scheme 
(Fig. 7) to describe casein/lutein interaction in mixed water/solvent 
solution: aggregation of lutein molecules immediately occurs once 

injected into a buffer solution containing caseins, before their interac-
tion with casein. Hence, as the aggregation constant (k1) is probably 
faster than the interaction constant (k2), the major part of the formed 
complexes involved casein-aggregated lutein. The presence of a small 
part of casein/lutein monomer complex is not excluded; its proportion 
depends on the solubility limit of lutein in the organic solvent/water 
mixture. This scheme allows us to suggest that particular attention 
should be paid to the interpretation of data on molecular interactions 
involving low-water-soluble hydrophobic ligands. 

4. Conclusion 

Fluorescence quenching results suggest that lutein binds to one set of 
binding sites on NaCas and PPCN in ethanol-aqueous or DMSO-aqueous 
solutions. Lutein/casein complexation is mainly driven by hydrophobic 
interactions with binding constant of a magnitude order of 105 M− 1, 
independently of the supramolecular casein structure. Considering that 
casein-lutein interaction is not affected by casein supramolecular 
structure, PPCN arises as a potential nanocarrier for new lutein-rich 
functional foods, mainly for the elderly since PPCN is also a natural 
delivery system of calcium. The understanding of the mechanism of 
interaction between food proteins and carotenoids constitutes the pre-
liminary step in designing efficient protein-based and functional systems 
for carotenoid delivery. However, further studies on the effect of the 
supramolecular structure of casein on chemical stability and bio-
accessibility of lutein in complex systems are needed to confirm such 
potential application. 
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