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ABSTRACT: Proteins are widely used to stabilize emulsions, and plant proteins have raised increasing interest for this purpose. The
interfacial and emulsifying properties of proteins depend largely on their molecular properties. We used ﬂuorescence spectroscopy to
characterize the conformation of food proteins from diﬀerent biological origins (dairy or pea) and transformation processes
(commercial or lab-made isolates) in solution and at the oil−water interface. The fourth derivative of ﬂuorescence spectra provided
insights in the local environment of tryptophan (Trp) residues and thus in the protein structure. In emulsions, whey proteins
adsorbed with their Trp-rich region at the oil−water interface. Proteins in the commercial pea isolate were present as soluble
aggregates, and no changes in the local environment of the Trp residues were detected upon emulsiﬁcation, suggesting that these
structures adsorb without conformational changes. The lab-puriﬁed pea proteins were less aggregated and a Trp-free region of the
vicilin adsorbed at the oil−water interface.
KEYWORDS: oil−water interface, plant protein, tryptophanyl, right-angle ﬂuorescence, UV−visible absorption

1. INTRODUCTION
Proteins are widely used to stabilize food oil-in-water (O/W)
emulsions, i.e., dispersions of oil droplets in an aqueous phase.
Dairy proteins (typically, whey or casein fractions) are
excellent emulsiﬁers and widely used in the food industry.1,2
They adsorb at the oil−water interface and stabilize the
droplets by steric and electrostatic repulsions.3 Furthermore,
whey proteins undergo conformational changes after adsorption4,5 and form a viscoelastic layer,6,7 which has been related
to a high stability of emulsion droplets to coalescence.8
Over the past decades, plant proteins such as soy, lentil, and
pea proteins have gained interest as more sustainable
emulsiﬁers.9−12 Pea proteins are particularly popular due to
their ability to grow in Europe and to their low allergenic
potential.13 During the production of commercial pea protein
isolates, heat, solvents, and pH-shifts are applied, which results
in substantial chemical and structural changes of the
proteins14,15 and consequently to decreased protein solubility.
The emulsifying properties of commercial pea proteins have
already been studied, and it is clear that they suﬀer some
drawbacks, such as limited emulsifying capacity due to their
low solubility at food-relevant pHs.16,17 Commercial pea
proteins are able to form stiﬀ interfacial layers at the oil−
water interface; however, the layer is less interconnected
compared to whey protein-stabilized interfacial layers.6,12
Therefore, the use of pea protein concentrates and isolates
obtained from milder processes have recently gained
interest.18,19 The resulting lab-puriﬁed isolates contain nondenatured proteins which are less aggregated compared to
commercial isolates but also contain more nonproteinaceous
components such as polyphenols, carbohydrates, and lipids,
due to the lower extent of puriﬁcation achieved.20 It is
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therefore expected that their conformation and interfacial
properties will diﬀer from those of commercially obtained
isolates.
Fluorescence spectroscopy is a classical method to characterize the structural conformation of proteins.21,22 An advantage
of ﬂuorescence spectroscopy is the lack of extrinsic probes and
of complex sample preparation which may modify the protein
structure (e.g., denaturation and new interactions). The
method relies on the intrinsic ﬂuorescence properties of the
three aromatic amino acid residues in the protein: phenylalanyl, tyrosinyl, and tryptophanyl. Emission spectra of most
proteins are typically dominated by the contribution of
tryptophan (Trp) which emits at the longest wavelengths
and has the largest extinction coeﬃcient and the highest
quantum yield. Furthermore, the excitation energy of tyrosine
(Tyr) residues can be transferred to the Trp residues. An
interesting property is the sensitivity of Trp ﬂuorescence to its
local environment. Consequently, changes in the Trp emission
spectra can be related to changes in the tertiary protein
structure, e.g., conformational changes, subunit association,
substrate binding, or denaturation.22 In classical ﬂuorescence
spectroscopy, experiments are done in right-angle mode using
dilute solutions with absorbances below 0.1. At absorbances
higher than 0.1, the inner ﬁlter eﬀect induces absorption of the
exciting radiation or reabsorption of the emitted light. To
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overcome this problem, front-surface ﬂuorescence spectroscopy can be used to characterize turbid samples such as
suspensions and emulsions.23−26 The shape of the spectra and
maximum emission wavelength provide information regarding
the overall location of the Trp residues. In addition, by
calculating the fourth-derivative of the emission spectra, it is
possible to distinguish the partitioning of Trp residues between
hydrophobic and hydrophilic environments.24,25
Pea protein isolates are composed out of legumin, vicilin,
and convicilin. Pea protein as most plant storage proteins are
diverse in terms of primary structure.27 Based on the reviewed
sequences found in the Uniprot database, legumin, convicilin,
and vicilin are expected to contain 12−18, 9−12, and 0 Trp
residue per protein chain, respectively; 42−78, 42−45, and 27
Tyr residue per protein chain; and 48−120, 30−60, and 33−66
Phe residue per protein chain. It is expected that these
aromatic amino acids are relevant intrinsic probes for the pea
protein conformation.
In this work, we aimed to investigate the conformational
changes induced upon emulsiﬁcation of proteins present in
food ingredients arising from diﬀerent biological origins and
transformation processes: whey protein isolate, commercial
pea protein isolate, and mildly puriﬁed pea proteins. We chose
to tackle this question by deploying a comprehensive array of
ﬂuorescence spectroscopic characterisations.
We used UV−visible absorption and emission ﬂuorescence
spectroscopy to gain insight into the tertiary structure of the
proteins. We focused on the ﬂuorescence of Trp residues as
aﬀected by their environment, and we also took the
contribution of the Tyr residues’ ﬂuorescence into account,
which can give information about the energy transfer from Tyr
to Trp and, thus, about interactions occurring within the
peptide chain. In that respect, we compared in-house puriﬁed
pea proteins with commercial pea proteins and chemically
denatured commercial pea proteins (using 6 M guanidine
hydrochloride) to obtain insights in their quaternary and
tertiary structure change as a result of processing. Furthermore,
we studied the structural changes of the proteins when present
at the oil−water interface in emulsions using front-surface
ﬂuorescence. The fourth derivative spectra were calculated to
deconvolute the contribution of Trp residues present in
hydrophilic and hydrophobic environments, making this work
an original and important step to unravel the interfacial
behavior and emulsifying properties of plant proteins.
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used as commercial protein ingredients. To prepare the in-house
extracted pea protein isolate (iePPI), pea seeds (Alimex Europe BV,
Sint Kruis, The Netherlands) were milled (Hosokawa-Alpine,
Augsburg, Germany) to obtain the yellow pea ﬂour. The ﬂour
(average particle size of 100 μm) was ﬁrst dispersed in distilled water
(1:9 w/w) at 4 °C for 2 h. The pH was set and maintained at 8.0 by
progressive addition of 0.5 M NaOH solution, using a pH-stat, and
maintained at this pH. The suspension was then centrifuged at
17 000g for 20 min at 4 °C. The supernatant was ﬁltered using a ﬁlter
paper (5951/2, Whatman). The pH of the ﬁltered supernatant was
lowered to 4.5 using 1 M HCl, and stirred overnight at 4 °C. The
obtained mixture was centrifuged at 17 000g for 20 min at 4 °C, and
the pellet was resuspended in ultrapure water (1:9 w/w) for 1 h at 20
°C before adjusting to pH 8.0. The mixture was stirred overnight at
pH 8.0. The suspension was centrifuged at 17 000g for 20 min at 4 °C,
and the supernatant was collected and centrifuged again using the
same conditions. The obtained protein solution (ﬁnal supernatant)
was dialyzed (5 kDa, Hydrosart, Sartorius) against ultrapure water
until the conductivity of the external liquid did not decrease anymore
(38 μS/cm). Subsequently, the dialyzed solution was freeze-dried and
stored at −20 °C until further use. The compositional analysis of the
nonprotein material present in the pea protein samples (iePPI and
cPPI) is reported by Kornet et al.20 Brieﬂy, the carbohydrate content
was 3.4 and 4.3, the starch/starch derivative content 0.3 and 0.1, and
the ash content 6 and 1.5 g/100 g d.m., for iePPI and cPPI,
respectively. The legumin and vicilin/convicilin fractions were
produced using a protocol previously established and described.29
The amino acid composition and protein content of WPI, cPPI
(commercial), and iePPI (in-house extracted) were analyzed by
Triskelion (Utrecht, The Netherlands) and are reported in Table 1.
The amino acid composition was determined by a validated method
based on ISO-13903:2005. Brieﬂy, the samples were oxidized with
performic acid, before overnight hydrolysis in 6 mol/L hydrochloric
acid. The hydrolyzed samples were separated by anion-exchange

Table 1. Amino Acid Composition in g/100 g Dry Matter
(DM) of the WPI, iePPI, and cPPI Powders
amino acid residuea
content
amino acid g/100 g DM
alanine
arginine
aspartic acid
cysteine
glutamic acid
glycine
histidine
isoleucine
leucine
lysine
methionine
proline
serine
threonine
valine
tryptophan
tyrosine
phenylalanine
total amino acid residues (g/100 g DM)
nitrogen content in the amino acid residues
(g/100 g DM)
total nitrogen content by Dumas (g/100 g DM)
nitrogen-to-protein conversion factor

2. MATERIAL AND METHODS
2.1. Materials. Sodium phosphate dibasic, sodium phosphate
monobasic, sodium dodecyl sulfate (SDS), Tween 20, and guanidine
hydrochloride were purchased from Sigma-Aldrich (Saint Louis, MO,
U.S.A.) and were at least of analytical grade. A bicinchoninic acid kit
including a standard bovine serum albumin (BSA) solution was
purchased from Thermo Fisher Scientiﬁc (Massachusetts, U.S.A.).
Mini protean gels (BOLT, Tris-Bis 4−12%, precast polyacrylamide
gels, 10-wells), NuPAGE MES SDS (running buﬀer), and SeeBlue
Prestained standard (Novex) were used for SDS-PAGE analysis and
purchased from Thermo Fischer Scientiﬁc. Instant Blue protein stain
was purchased from Sigma aldrich. Sunﬂower oil was purchased from
a local supermarket and stripped with alumina powder (MP Alumina
N-Super I, MP Biomedicals, France) to remove surface-active
impurities and tocopherols, as described previously.28 Ultrapure
water was obtained from a Milli-Q Reference A+ system (Millipore
Corporation, Billerica, Massachusetts, U.S.A.) and used for all of the
experiments.
Whey protein isolate (WPI, BiPro, Davisco, Switzerland) and pea
protein isolate (cPPI, NUTRALYS s85 F, Roquette, France) were

WPI

iePPI

cPPI

3.8
2.2
9.5
2.5
14.0
1.1
1.1
4.7
10.4
8.3
1.8
3.0
2.8
3.7
4.1
2.1
3.0
2.8
80.9
12.8

2.6
6.6
8.6
0.5
13.2
2.4
1.5
3.5
6.0
5.6
0.6
2.8
3.4
2.3
3.5
0.6
2.6
3.9
70.1
12.6

2.5
5.7
7.2
0.6
11.4
2.2
1.3
3.0
5.1
4.6
0.7
2.4
2.9
2.2
3.2
0.6
2.2
3.5
61.3
10.9

14.9
6.31

14.7
5.58

12.6
5.60

a

Amino acid residue results from the removal of the H2O molecule
upon formation of the polypeptide bond.
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chromatography and detected after postcolumn derivatization with
ninhydrin by an L-8900 amino acid analyzer (Hitachi, Tokyo, Japan).
Norvaline served as internal standard for quantiﬁcation. Tryptophan
was determined by a validated method based on ISO-13904:2005.
With 5-methyltryptophane as the internal standard, samples were
hydrolyzed in a saturated barium hydroxide solution under nitrogen in
an autoclave. Tryptophan and the internal standard were determined
by reversed-phase HPLC with ﬂuorescence detection. The resulting
amino acid compositions are in line with previously reported
compositions of WPI30 and PPI.31 The water content was measured
using the Karl Fischer method, and the total nitrogen content was
measured using a Flash EA 1112 series Dumas analyzer (Interscience,
Breda, The Netherlands).
2.2. Preparation of Aqueous Phases. WPI (1 wt %) was
dissolved in 10 mM phosphate buﬀer (pH 7.0) and stirred overnight
at 4 °C. For the pea protein ingredients, cPPI (6 wt %) and iePPI (2
wt %) were dispersed in that same buﬀer and stirred for at least 48 h
at 4 °C; the insoluble part was removed by centrifugation (12 000g,
40 min) and the supernatant was collected and centrifuged again
under the same conditions to ensure complete removal of the
insoluble fraction. The second supernatant was collected, and its
protein content was determined with the BCA assay32 at 562 nm
using a UV−visible spectrophotometer (lambda, 12, PerkinElmer,
Norwalk, U.S.A.), leading to 25% and 60% of the total proteins
present in the starting dispersion for cPPI and iePPI, respectively. For
front-surface ﬂuorescence experiments, the solutions were diluted to 1
wt % protein using the same phosphate buﬀer, and for right-angle
ﬂuorescence measurements, they were diluted to 0.1 and 0.025 wt %
for iePPI and cPPI, respectively. Furthermore, an 8 wt % cPPI
dispersion was prepared in the same phosphate buﬀer and stirred for
at least 48 h at 4 °C; the insoluble part was removed by centrifugation
(12 000g, 40 min). Guanidine hydrochloride salt was added to the
supernatant (concentrated cPPI-solution), to reach a concentration of
6 M, forming a cPPI solution in 6 M guanidine hydrochloride referred
to as cPPI*. Guanidine hydrochloride is a chaotropic agent that
chemically denatures the protein by binding to the hydrophobic
patches, resulting in a loss of the tertiary structure and exposure of the
amino acids initially buried in the protein core.33 The soluble protein
content was measured, and the cPPI* solution was further diluted
with 6 M guanidine hydrochloride in 10 mM phosphate buﬀer to
reach 0.1 or 1 wt % protein. The WPI was directly dispersed (1 wt %)
in the 6 M guanidine hydrochloride buﬀer, stirred overnight at 4 °C
and subsequently diluted to 0.1 wt % protein using the same buﬀer.
The size of protein structures was measured with dynamic light
scattering (DLS) using a Zetasizer Nano Series (Nano-Zs, Malvern
Instruments, Germany). The samples were diluted to 1 g/L and
ﬁltered (0.2 μm, Minisart High-Flow, Sartorius Stedim Biotech
GmbH, Goettingen, Germany). The measurements were performed
in manual mode; 10 runs of 60 s were collected and repeated three
times for each measurement (20 °C). The correlation functions are
reported in the Supporting Information, Figure S1.
2.3. Preparation and Characterization of Emulsions. Coarse
emulsions were prepared by mixing 10 wt % stripped sunﬂower oil
with each of the protein solutions (1 wt %) using a high-speed
blender (Heidolph Silent Crusher, Schwabach, Germany) at 20000
rpm for 30 s. The coarse emulsion was passed through a high pressure
homogenizer (Panda plus 1000; GEA Niro Saovi, Italy) at 200 bar for
3 min.
The droplet size distribution was measured by static light scattering
using a Horiba LA-960 laser particle size analyzer (Horiba Scientiﬁc,
Jobin Yvon, France). The refractive indices were set at 1.465 and
1.330 for the dispersed and continuous phases, respectively.
Emulsions were diluted in 1 wt % SDS solution prior to the
measurement or, in the case of the cPPI*-stabilized emulsions, in 1 wt
% Tween 20 solution, to disrupt possible droplet ﬂocs and measure
the individual droplet sizes.
Fresh emulsions were centrifuged at 15 000g for 1 h to separate the
cream phase from the serum. The serum phase was collected by
cautiously making a hole at the bottom of the tube and ﬁltered with a
0.2 μm ﬁlter (Minisart High-Flow, Sartorius Stedim Biotech GmbH,
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Goettingen, Germany). The soluble protein content was determined
with the BCA assay. The surface load was calculated with eq 1.
Γ=

Csd3,2
6ϕ

(1)

where Cs is the adsorbed protein concentration calculated by
subtracting the protein concentration in the serum phase from the
initial protein concentration of the solution used for emulsion
preparation, d3,2 is the surface weighted mean droplet diameter of the
emulsion (diluted in 1 wt % SDS or 1 wt % Tween-20), and ϕ is the
dispersed phase volume fraction.
The creamed phase (iePPI, cPPI, and WPI) obtained after
centrifugation was redispersed into 1 wt % SDS and then
recentrifuged. The supernatant, containing the initially adsorbed
proteins, was collected and analyzed together with the starting
solution and serum phase by SDS-PAGE under reducing conditions.
The samples were mixed (1:1 v/v) with a pH 6.8 buﬀer containing
Tris-HCl 0.5 M, glycerol 30% w/v, SDS 10% w/v, bromophenol blue
0.5% w/v and 2-mercaptoethanol, vortexed and heated at 95 °C for 5
min in a heating block. Five microliters protein standard (SeeBlue
Prestained, Novex, LC5625, Mw 3−109 kDa) and 20 μL of the
diluted samples in sample buﬀer were loaded on the gel. A MES
running buﬀer of pH 7.3 was used. Electrophoresis was performed in a
Mini Gel Tank (ThermoFischer Scientiﬁc, U.S.A.) at 150 V for 45
min. After electrophoresis the gels were stained with Instant Blue for 1
h. Subsequently, the gels were washed with ultrapure water for 12 h
before analysis. Gels were scanned and analyzed using a calibrated
densitometer (ImageScanner III LabScan 6.0 (GE Healthcare,
U.S.A.)) and Image Lab software (Bio-Rad laboratories, U.S.A.).
The molecular weights were determined by point to point regression.
For WPI solutions, mainly bovine serum albumin (BSA), βlactoglobulin (β-lg), α-lactalbumin (α-lac), and traces of immunoglobulins were found. PPI containing samples mainly consisted of
convicilin (∼71 kDa), vicilin subunits (∼30, ∼34, ∼47 and ∼50 kDa),
α-legumin (38−40 kDa), β-legumin (19−22 kDa),34 and vicilin
fragments (∼12.5−1935). The pea proteins dissociated in the buﬀer
containing SDS solution and 2-mercaptoethanol, leading to multiple
bands in SDS-PAGE. The sum of the subunits is reported for the
diﬀerent pea proteins.
2.4. Absorption Spectra. Absorption spectra of protein solutions
were recorded with a UV−visible spectrophotometer (Shimadzu
UV1800, Shimadzu corporation, Kyoto, Japan) coupled with the UV
probe software (v2.30). UV−visible spectra were recorded for
solutions at 1 g/L for WPI and iePPI and at 0.25 g/L for cPPI, to
have absorbances of ∼1 at 280 nm. The spectra were acquired
between 200 and 650 nm with a scan speed of 360 nm/min and a
sampling interval of 0.5 nm. Ultrapure water was used for setting the
baseline.
The theoretical UV−visible absorbance spectra of each protein
dispersion were calculated for 1 g/L of protein. Experimental
reference spectra of Trp, Tyr, and Phe were obtained from the
PhotochemCAD database.36,37 The theoretical spectra were calculated as a linear combination of each reference spectrum based on the
respective content of Trp, Tyr, and Phe of the protein isolate.
2.5. Fluorescence Measurements. Emission spectra were
recorded using a double-monochromator single-photon counting
spectroﬂuorimeter (FLSP920, Edinburgh Instruments, UK) equipped
with a 450 W xenon lamp (Xe900) as the light source and either a
front-surface (FF) accessory (concentrated solutions, emulsions, and
creams) or a classical temperature-controlled right-angle (RA)
accessory (diluted solutions). The spectra were automatically
corrected in excitation and emission from instrument distortions.
Figure 1 shows a schematic overview of the experimental design
applied. In the RA-conﬁguration, the temperature was controlled and
set at 20 °C. For FF measurements, the temperature of the room was
controlled (set at 20 °C) and, in practice, varied between 18 and 20
°C.
RA ﬂuorescence emission spectra were recorded for diluted protein
solutions. The protein solutions were diluted such that the total
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Figure 1. Schematic overview of the samples on which right-angle or
front-surface ﬂuorescence measurements were performed. For the
right-angle ﬂuorescence measurements, the solutions were diluted in
order to have absorbances ∼0.1 at 280 nm.

Article

Figure 2. Absorption spectra of 1 g/L WPI (orange square), 1 g/L
iePPI (black triangle), and 0.25 g/L cPPI (green diamond) solutions
in 10 mM phosphate buﬀer, pH 7.0. The inset shows the theoretical
spectra of 1 g/L WPI (orange line), iePPI (black line), and cPPI
(green line) as calculated from their amino acid composition (Table
1).

absorbance at 280 nm was ∼0.1 (as determined using the abovedescribed UV−visible spectrophotometer) to minimize the inner ﬁlter
eﬀect. WPI and iePPI solutions were accordingly used at 0.1 g/L, and
cPPI and cPPI* solutions at 0.025 g/L. The diluted samples were
placed in a 10 × 4 mm reduced pathway quartz cell. RA-ﬂuorescence
emission spectra were recorded from 260, 275, or 290 to 450 nm
(step 1 nm, dwell time = 0.3 s) with excitation wavelengths set at 260,
275, or 290 nm, respectively. The slit widths were set at 4 and 2 nm
for excitation and emission pathways, respectively. The background
intensities of the buﬀer solutions (10 mM phosphate buﬀer, or 6 M
guanidine hydrochloride) were subtracted from the protein emission
spectra. To compare the shapes of the emission spectra among the
diﬀerent samples, all measured emission intensities were normalized
(divided by the maximum absorbance of the sample). The
ﬂuorescence spectra recorded with excitation wavelengths of 275
and 290 nm were normalized at the signal at 365 nm, where only Trp
emits. The diﬀerence between both normalized spectra represents the
Tyr contribution to the spectrum with an excitation wavelength of
275 nm.21
Fluorescence emission spectra of emulsions, creamed phases, serum
phases, and 1 wt % starting solutions were recorded in FF mode.
Before analysis, the serum phases were ﬁltered through a 0.2 μm ﬁlter,
and the creamed phases were gently placed on ﬁlter paper to remove
loosely bound water. Samples were measured in a 0.5 mm pathway
quartz cell. FF ﬂuorescence emission spectra were recorded from 275
or 290 to 450 nm (step 0.5 nm, dwell time = 0.3 s) with excitation
wavelengths set at 275 or 290 nm, respectively. The slit widths were
set at 2 nm in both excitation and emission pathways. FF emission
spectra were normalized to a maximum intensity of 1, and the
normalized spectra were used for fourth-derivative calculations. The
spectra were smoothed by the Savitsky-Golay procedure (polynomic
order 2, width 21 points), and fourth derivatives were calculated
according to the Savitzky-Golay procedure (width 40 points). The
data sets were analyzed with Unscrambler x10.2 (CAMO Software,
Oslo, Norway).
2.6. Statistical Analysis. Each measurement was performed in at
least independent duplicates. Two independently prepared emulsions
were used for the FF measurements and surface load determination.
IBM SPSS statistics software was used for statistical analysis with oneway ANOVA and to compare means posthoc with the Tukey method.
Signiﬁcance was established with p < 0.05.

The wavelength of maximum absorbance in the absorption
spectrum of the WPI solution was 280 nm, which is typical for
proteins.38 At 289 nm, a shoulder was present in the spectrum,
which is characteristic for the absorption of Trp residues.
Shoulders between 250 and 270 nm characterize Phe
adsorption.21 No apparent contribution of the Phe residues
to the spectra was observed due to the low molecular
concentration in the sample (17.0 μM, Supporting Information, Table S1) and the low extinction coeﬃcient of Phe (ε =
191 cm−1 M−1 at 257 nm). The similar shape of the theoretical
absorbance spectrum (Figure 2) conﬁrms that the aromatic
amino acids are solely responsible for the absorption spectrum
of the WPI solution.
For the iePPI solution, the maximum absorbance was at 270
nm, which is thus shorter than typical maxima for Trp (280
nm) and Tyr (275.5 nm) residues. The shoulders between 250
and 270 nm correspond to the absorption of Phe residues. The
occurrence of these peaks conﬁrms the high molar
concentration in Phe residues (27.0 μM) compared to Trp
and Tyr residues (3.1 and 26.6 μM, respectively; Supporting
Information, Table S1). The nonzero absorption above 320
nm can be attributed to the turbidity of the sample due to the
presence of nonprotein compounds and/or protein aggregates.39 At neutral pH and low ionic strength (<0.1 M),
legumin protein aggregates into supramolecular protein
structures,40 therewith contributing to the turbidity of the
sample. The theoretical iePPI absorbance spectrum has a
maximum absorbance at 275 nm, with a lower total absorbance
compared to the experimental spectra. The blue-shifted
maximum wavelength and the higher total absorbance of the
experimental spectrum suggests the presence of other,
nonprotein absorbing species (e.g., polyphenols).
The absorbance spectrum for the cPPI solution was
recorded at a protein concentration of 0.25 g/L due to the
high absorption of the sample. The maximum absorbance was
at 258 nm, which is a shorter wavelength than as found for the
iePPI solution (275 nm) and of proteins in general (280 nm).
Commercial plant protein isolation processes involve heat, pH
changes, and diﬀerent solvents.41 As a result, proteins are
oxidized,15 denatured (no endothermic peak in DSC measurements) and highly aggregated.18 The protein hydrodynamic
radius was measured using dynamic light scattering (DLS).
Due to the large polydispersity of the pea protein solutions, as
a result of the broad range of aggregated structures, the

3. RESULTS AND DISCUSSION
3.1. Absorption Spectra. The absorption spectra
measured for WPI, iePPI and cPPI solutions are reported in
Figure 2. The theoretical spectra were calculated using the
amino acid composition of the protein powders (Table 1),
assuming that the extinction coeﬃcients and the absorption
spectra of the residues in the proteins are similar to those of
the free aromatic amino acids (Figure 2, insert).
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Figure 3. Emission spectra (recorded at λex = 290 nm) normalized at their maximum intensity (A) 1 g/L WPI (solid orange square), 1 g/L WPI*
(open orange square), (B) 1 g/L iePPI (black triangle), vicilin and convicilin (*), legumin (−), and (C) 0.25 g/L cPPI (solid green diamond), 0.25
g/L cPPI* (open green diamond) solutions. Detailed information about λmax and bandwidths are reported in the Supporting Information, Table S2.

nm (Supporting Information, Table S2). The λmax corresponds
to Trp residues that are not directly accessible to water
molecules,42,43 which is in line with previous data reported for
WPI (λmax = 333, pH 7.144) and for pure β-lactoglobulin
representing ∼70% of the protein in WPI (λmax = 332, pH 6−
8).43 After denaturing whey proteins in 6 M guanidine
hydrochloride (sample referred to as WPI*), a red shift (9 nm)
of λmax was observed, indicating that the local environment of
Trp became more hydrophilic (340 nm). According to the
classiﬁcation of Burstein, this corresponds to Trp molecules in
contact with bound water at the surface of the protein
molecule.43 The λmax recorded for WPI* (340 nm) was shorter
compared to that of N-acetyl-L-tryptophan amide (λmax = 353
nm), which could indicate that the proteins did not denature
fully.
For the iePPI solution, λmax was at 328 nm with a spectral
bandwidth of 59 nm. This suggests that the Trp residues are
distributed between more contrasted local environments
compared to WPI and in an overall more hydrophobic
environment. Pea protein isolates are composed of two major
protein fractions, legumin and vicilin/convicillin in a mass ratio
of 1:2 (as determined by SDS-PAGE densitometry). At pH 7.0
the legumin is a hexamer with a molecular weight of 360 kDa
and vicilin and convicilin a trimer with a molecular weight of
170 kDa and 210−290 kDa, respectively.45,46 Since the
proteins coexist in the iePPI solution, we recorded the
emission spectra of native legumin and vicilin/convicilin
fractions for comparison purposes (Figure 3C). The legumin
had a λmax at 321 nm and the vicilin and convicilin solution at
336 nm, suggesting that the Trp residues are in a more
hydrophilic environment in the legumin solution. However,
the spectral bandwidth recorded for the vicilin and convicilin
(74 nm) was much broader compared to the legumin solution
(52 nm), which indicates a broader range of local environments of the Trp residues in the vicilin and convicilin solution.
The cPPI solution showed a λmax at 334 nm with a shoulder
at 321 nm, which is probably a result of the wide distribution
of local environments of the Trp residues in the protein, as also
indicated by the broad bandwidth (70.5 nm). It is probably not
vicilin and convicilin (λmax = 321 nm), since no native proteins
remain in the commercial isolate, as suggested by the loss of
the denaturation peak in DSC proﬁles of such samples,18 and
the aggregated state of the sample (Figures 2, S1 in the
Supporting Information). The λmax is red-shifted after
denaturation with guanidine hydrochloride to 344 nm. The
fact that the λmax of the cPPI* is further red-shifted compared
to WPI* (340 nm) suggests extensive protein unfolding or
lower interactions of the peptide backbone of the protein with

method is not appropriate to determine the individual protein
radii in such samples. However, the correlation function
(correlation coeﬃcient as a function of the delay time) gives
insight into the diﬀerence between the overall protein sizes. A
shift of the correlation curve to longer delay times for cPPI
compared to iePPI and native protein samples (vicilin/
convicilin and legumin fraction) was observed (Supporting
Information, Figure S1). These results conﬁrm that larger
structures (e.g., aggregates) were present in the cPPI solution.
It should be noted that such a process-induced aggregation is
more extensive than the aggregation related to the quaternary
structure of native legumin at low ionic strength and neutral
pH. The theoretical spectrum (at 1 g/L, Figure 2B) has a
maximum wavelength at 275 nm and a lower total adsorption
compared to the experimental spectra. This suggests that the
experimental spectrum was largely modiﬁed by nonprotein
compounds and aggregates resulting from the process applied
to produce the ingredient.
3.2. Right-Angle Fluorescence Emission Spectra. In
right-angle ﬂuorescence spectroscopy, the total absorbance of
the sample should not exceed 0.1 (at ∼280 nm) to avoid as
much as possible the inner ﬁlter eﬀect. Without the inner ﬁlter
eﬀect, the emission intensities reﬂect the actual emission
properties of the ﬂuorophores. To comply with this requirement, the iePPI- and WPI solutions were diluted to a ﬁnal
protein concentration of 0.1 g/L and the cPPI-solution to
0.025 g/L.
The complexity of the interpretation of protein ﬂuorescence
results from the presence of multiple ﬂuorophores, including
primarily the three aromatic amino acidsPhe, Tyr, and
Trpwhose location may be distributed between diﬀerent
local environments. Yet, Trp largely dominates the ﬂuorescence signal in Trp-containing proteins, and is the only amino
acid with a high sensitivity to its local environment.22
Furthermore, at excitation wavelengths above 290 nm, Trp is
the only emitting amino acid. Therefore, a blue- or red-shift of
the emission spectra recorded at λex > 290 nm can be
interpreted as a more hydrophilic or hydrophobic local
environment of Trp residues, respectively, and is assumed to
be a result of conformational changes, subunit association,
substrate binding or denaturation.22 The spectral bandwidth
(i.e., the width of the spectrum at half-maximum intensity
(Imax/2)), gives an impression of how broadly Trp residues are
distributed over diﬀerent environments (e.g., 62 nm for of Nacetyl-L-tryptophan amide at λex = 290 nm, Supporting
Information, Figure S2).
For the WPI solution, the maximum emission wavelength
(λmax) was at 331 nm (Figure 3) and the spectral bandwidth 53
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to the loss of tertiary protein structure and the subsequent
decreased quenching. The iePPI solution showed a higher
ﬂuorescence intensity compared to the cPPI-solution, whereas
both protein ingredients diﬀer only slightly in their amino acid
composition (Tables 1 and S1 in the Supporting Information).
The absorption spectra (Figure 2) were indicative of the
presence of nonprotein absorbing species in the cPPI sample
and, e.g., interaction of the aromatic ring of ﬂavonoids or
phenolic acids with the aromatic residues may be responsible
for quenching of the system.49 Besides, due to the extensive
aggregated state of the proteins the Trp residues may be more
quenched, due to the close proximity of other residues and
functional groups, compared to the iePPI-solution. Finally,
protein oxidation may have occurred during the cPPI isolation,
which could lead to Trp degradation and thus decrease of the
ﬂuorescence signal.50,51
The WPI sample showed the lowest ﬂuorescence intensity
per mass of Trp (Figure 4). β-Lactoglobulin, the main protein
in WPI, contains 2 Trp residues; the ﬁrst one, Trp19, is buried
within the hydrophobic binding pocket of the protein and
displays ﬂuorescence. The second, Trp 61, is present at the
surface of the protein, in the vicinity of a disulﬁde bond
(Cys66−Cys160), a strong quencher52,53 that is not reduced
by guanidine hydrochloride, and therefore, the quenching
eﬀect is probably still applied in the WPI* samples, at least to
some extent.
We recorded ﬂuorescence emission spectra at excitation
wavelengths (λex) of 275 and 290 nm. At λex of 275 nm, both
Tyr and Trp residues emit, whereas at λex of 290 nm, only Trp
residues do so. To determine the Tyr contribution to the
emission spectra, spectra recorded at λex = 275 and 290 nm
were normalized by their emission intensity at 365 nm (where
only Trp residues emit, Supporting Information, Figure S2).
The diﬀerence between both spectra is the Tyr contribution to
the total ﬂuorescence recorded at λex = 275 nm (Figure 5).
In the diﬀerence spectra (Figure 5, black markers) of the pea
protein samples (iePPI, cPPI, and cPPI*), λmax was at 305 nm,
which is close to the value determined for N-acetyl-L-tyrosine

the Trp residues and higher exposure of the latter to free/
unbound water molecules.
Overall, the emission spectrum for WPI in phosphate buﬀer
had the smallest bandwidth (53 nm), which represents the
smallest spread of Trp residues between diﬀerent local
environments, followed by iePPI (59 nm) and cPPI (70.5
nm). The shortest λmax recorded for the iePPI solution
indicates that this is the sample in which Trp residues were
least able to interact with water molecules, and therefore, the
most buried with the protein structure’s core.47
To compare the Trp ﬂuorescence emission intensity (i.e.,
the quantum yield) of the protein solutions, the emission
spectra (λex = 290 nm) were normalized based on their Trp
content (Figure 4). The tryptophan quantum yields of proteins

Figure 4. Maximum emission intensity per gram of tryptophan for
WPI (solid orange square), WPI* (open orange square), iePPI (black
triangle), cPPI 4x (solid green diamond), and CPPI* 4x (open green
diamond) solutions (recorded at λex = 290 nm). Detailed information
about λmax, bandwidth, and emission intensity are reported in the
Supporting Information, Table S2.

is variable due to the presence of other amino acids that may
act as quencher, such as lysine and histidine, and of the amide
groups in the peptide backbone.22,48 The ﬂuorescence
intensities of cPPI* and WPI* solutions were higher compared
to those of the cPPI and WPI solutions, which can be related

Figure 5. Emission spectra normalized at 365 nm, for spectra recorded at λex = 290 (solid blue triangle) or 275 nm (solid gray square) and the
diﬀerence spectrum, i.e., normalized spectrum [λex = 275 nm] − normalized spectrum [λex = 290 nm] (−).
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Figure 6. Normalized ﬂuorescence emission spectra of emulsion (solid blue square), creamed (gray triangle), and serum (solid gray diamond)
phases and initial solutions (solid black sphere) of WPI, iePPI, cPPI, or cPPI* (i.e., cPPI in 6 M guanidine) containing samples recorded at λex =
290 nm. For clarity, only one representative spectrum is shown per sample, but similar trends were obtained for dependent and independent
replicates.

Table 2. Maximum Emission Wavelength (λmax) and Bandwidth of the Spectra Recorded with an Excitation Wavelength (λex)
of 290 nma
λmax290 (nm)

bandwidth290 (nm)

initial ﬂuorescence spectra

WPI

iePPI

cPPI

cPPI*

WPI

iePPI

cPPI

cPPI*

emulsion
cream
serum
solution

329.5cd
330.5de
328.5c
328.5c

329.0c
332.0fg
323.5a
326.0b

332.0efg
332.5g
332.0fg
331.0ef

337.0i
334.0h
343.5j
345.0k

53.5B
55.5C
51.0A
51.0A

58.5E
59.0E
55.0C
57.0D

62.5G
62.5G
63.0G
60.0F

65.5J
64.5HI
65.5IJ
64.0H

a

Superscript letters denote values that are signiﬁcantly diﬀerent (p < 0.05, In = 4). Standard deviations are reported in the Supporting Information,
Table S4.

(λmax = 303 nm, Supporting Information, Figure S2) and to the
theoretical value for Tyr in proteins (λmax = 305 ± 2 nm22,26).
No ﬂuorescence was detected above 350 nm in the diﬀerence
spectra. For cPPI* solution, in the emission spectra with λex =
275 nm, two peaks were observed at 305 and 340 nm,
corresponding to Tyr and Trp residues in hydrophilic
environment, respectively. The peak at 305 nm was less
pronounced in the spectrum for the cPPI solution (λex = 275
nm). To quantify this, the ratio (R) between the intensity of
the diﬀerence peak (Tyr) and of the total peak (Tyr + Trp) at
305 nm was calculated. This ratio was 0.55 for cPPI and 0.75
for cPPI*, conﬁrming the higher Tyr contribution in the
former sample. When Tyr residues are within the Förster
distance of Trp residues (9−18 Å for Tyr-to-Trp22) they can
transfer their energy to the Trp residues, reducing the Tyr
residue emission. The fact that the Tyr residue had a higher
emission in the cPPI* solution compared to the cPPI-solution
may indicate that, in the unfolded protein, the amino acids are
further apart than the Förster distance or that Tyr is less
quenched in the cPPI* solution.

In contrast to the pea protein solutions, we did not observe
any Tyr contribution in the emission spectrum of the WPI
solution. This may indicate that the Tyr signal is eﬃciently
quenched, or energy is transferred from the Tyr residues to the
Trp residues due to a distance shorter than the Förster
distance. In fact, one Tyr residue is just next to Trp19 in the
primary structure (Supporting Information). It can also be
related to the high Trp/Tyr ratio in whey proteins (0.55)
compared to the cPPI (0.25) and iePPI (0.20) samples
(Supporting Information, Table S1). The contribution of the
Tyr residues increased in the WPI* solution compared to the
regular WPI one (RWPI* = 0.71), for the same reasons as
explained for the cPPI samples, i.e., less quenching or reduced
energy transfer.
It is often assumed that emission spectra recorded at 270−
280 nm are dominated by the ﬂuorescence of Trp residues.
The current work shows that, for pea proteins, the Tyr
contribution should actually not be neglected.
3.3. Front-Surface Fluorescence Spectra. To study the
intrinsic ﬂuorescence of molecules in turbid samples, such as
concentrated protein solutions (above ∼1 g/L) and emulsions,
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Figure 7. Fourth derivative ﬂuorescence spectra of emulsion (solid blue square), creamed (gray triangle), and serum (solid gray diamond) phases
and initial solutions (solid black sphere) of WPI, iePPI, cPPI, or cPPI* (cPPI in 6 M guanidine) containing samples recorded at λex = 290 nm. For
clarity, only one representative spectrum is shown for each sample, but similar trends were obtained for dependent and independent replicates.

For the cPPI-samples, λmax was at the same position (332
nm) for the homogenized samples (i.e., emulsion, serum and
cream) which shows that the Trp is in the overall same
environment. However, the spectral bandwidth for the cPPI
samples was signiﬁcantly smaller for the solution, compared to
the other samples (2.5−3 nm), which shows that upon
homogenization the Trp residues were more spread between
diﬀerent environments probably due to break up of the
aggregates within the homogenizer.
The spectrum for the cPPI* solution had a red-shifted λmax
(14 nm) and broader bandwidth (4 nm) compared to that for
the cPPI solution, due to the more hydrophilic environment of
the Trp residue after denaturation, which is in line with the
results of the diluted solutions. For the cPPI* creamed phase,
λmax was blue-shifted by 6−8 nm compared to the solution and
serum phase, respectively, which indicates a more hydrophobic
environment of the Trp residues and suggests the presence of
Trp residues at the oil−water interface after adsorption at the
sunﬂower oil−water interface.
3.3.2. Fourth Derivative Spectra (λex = 290 nm). From the
normalized emission spectra (λex = 290 nm, Figure 6), fourth
derivatives were calculated to deconvolute the respective
contributions of Trp residues located in hydrophobic or
hydrophilic environments.24,25 Derivative spectra exhibited two
maximums near 315 and 331 nm that are attributed to Trp
residues in hydrophilic and hydrophobic environments,
respectively, as previously reported for BSA (316 and 332
nm24) and skim milk powder (319 and 333 nm25).
The fourth derivative spectra of the WPI-based serum phase
and solution showed a peak around 336 nm, which is related to
a hydrophilic environment (hydrophilic peak) of the Trp
residues, and no peak at ∼315 nm (hydrophobic peak, Figure 7
and Table 3). The derivative spectra of the creamed phase
exhibited two maximums at 315.5 and 331 nm, respectively.

front-surface or front-face mode is required. The front-surface
ﬂuorescence emission spectra were normalized based on their
maximum intensity, and λmax and spectral bandwidths were
compared.
3.3.1. Normalized Emission Spectra (λex = 290 nm).
Normalized front-surface emission spectra, recorded at λex=
290 nm, for emulsions, creamed and serum phases, and starting
solutions prepared with WPI, cPPI, iePPI, and cPPI* are
reported in Figure 6.
For the WPI-based creamed phase, the λmax was red-shifted
(2 nm) compared to the aqueous samples (solution and serum
phase; Table 2), which indicates an overall slightly more
hydrophilic environment of the Trp residues. The bandwidth
was signiﬁcantly broader (5 nm) compared to those for the
aqueous samples, suggesting more diﬀerent local environments. As expected, the bandwidth and λmax of the WPIstabilized emulsions were in between the values of the creamed
and aqueous phases, since the proteins partitioned between the
oil−water interface (cream) and the water-phase (serum).
For the iePPI samples, the λmax for the creamed phase was
also red-shifted and broader compared to serum (8 and 4 nm,
respectively) and solution (6 and 2 nm, respectively). This
suggests that the overall environment of the Trp residues after
adsorption was more hydrophilic and a greater variety of local
environments. The λmax of the serum phase was blue-shifted
(2.5 nm) compared to the solution, and the spectrum had a
smaller bandwidth (2 nm). The homogenization process leads
to Trp residues being present in a locally more hydrophobic
environment, which suggests that protein structure was
aﬀected. High pressure homogenization may induce modiﬁcations and rearrangements in the supramolecular structures
of proteins.54,55 For example, a fava bean protein solution
showed a red shift (3 nm) after high pressure homogenization,
which was related to aggregate breakup.56
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phase and solution, which may indicate a slightly less
hydrophilic location of Trp residues in the cream. The fourth
derivative spectrum of the WPI-emulsion was, as expected, in
between those of the creamed and serum phases. Our results
are in line with previous results obtained on BSA-stabilized
sunﬂower O/W emulsions59 and conﬁrms the reproducibility
of the method.
We extended this approach to pea protein-stabilized
emulsions, for which, to the best of our knowledge, no fourth
derivative of ﬂuorescence spectra have been reported so far.
The fourth derivative spectra of the iePPI aqueous phases
had a hydrophobic peak near 316 nm and a hydrophilic peak
near 332 nm. As detailed earlier, pea proteins, and plant
proteins in general, have a greater molecular weight and a more
complex tertiary and quaternary structure compared to dairy
proteins. It is expected that the Trp residues are buried in the
interior of the pea proteins’ structures and hence in a relatively
hydrophobic environment. The derivative spectrum for the
iePPI-based creamed phase exhibited the same two peaks as
the aqueous samples (316 and 332 nm) although the relative
intensity of the hydrophilic peak was higher for the creamed
phase compared to the aqueous phases, 0.5 vs 0.3 (ratio I332
max/
),respectively,
as
was
also
concluded
from
the
nonderivated
I316
max
spectra (Figure 6 and Table 2). A more hydrophilic
environment of Trp after adsorption may seem counterintuitive, as adsorbed proteins are, per deﬁnition, located in
close proximity to the oil phase, and this ﬁnding also opposes
the result found for whey proteins. Comparison of the protein
composition of the cream’s interface with that of the solution
indicated that there is a slight accumulation of vicilin at the
interface (Figure 8), which is in line with previous research
that reported higher surface activity of native vicilin compared
to legumin.60,61 Our results are also in line with previous
ﬁndings reported for soy protein-stabilized emulsions: the
emission spectra of soy proteins adsorbed at the oil−water
interface were found to be red-shifted (4−7 nm) compared to
the emission spectra of proteins in solution.62 The Trp
residues are only present in the vicilin soy protein
(conglycinin) in the extension region of the α, α′ subunit62
and it was hypothesized that after adsorption at the oil−water
interface, the Trp residues are located in a more hydrophilic
environment due to protruding of the extension region in the
water phase and adsorption of the core region (where no Trp
is present) at the oil−water interface.62,63 The extension region
of convicilin (the N-terminal domain) is rich in Trp residues64
which is in line with the ﬁndings for soy proteins. Protruding of
the convicilin extension region in the water phase thus
probably explains the overall more hydrophilic environment of
the Trp residues in the creamed phase of the emulsion
prepared with iePPI.
The fourth derivative spectra of the cPPI sample also
exhibited hydrophobic and hydrophilic peaks at ∼316 and
∼334 nm, respectively. The ratio between the peaks is the
same for all samples (Table 3) which shows that the overall
local environment of the Trp residues in cPPI did not change
after protein adsorption at the oil−water interface. Legumin
preferentially adsorbed at the oil−water interface (Figure 8),
while, for native pea proteins, a preferential adsorption of
vicilin would be expected.60,61 The so-called soluble fraction
consists of nonprecipitated soluble aggregates (of various sizes
and compositions) that may adsorb at the oil−water interface
as aggregated protein structures,14 with Trp residues buried
within the aggregates and not exposed to the oil phase. This is

Table 3. Wavelength (nm) of Maximum and Minimum of
the Fourth Derivative and the Ratio between the Intensity
316 a
of the Two Peaks (I332
max/Imax)
λmax/λmin
(312−322 nm)

fourth derivative
spectra
emulsion

cream

serum

solution

WPI
iePPI
cPPI
cPPI*
WPI
iePPI
cPPI
cPPI*
WPI
iePPI
cPPI
cPPI*
WPI
iePPI
cPPI
cPPI*

g

317.5
316.0cdefg
316.5fg
317.0g
315.5bcdef
316.0cdefg
315.0bcd
315.0bc
316.0cdefg
316.5defg

316.5defg
316.5efg

λmax
(317−337 nm)
klmn

334.5
332.0hi
333.5ijklm
334.0ijklm
331.0h
332.5hijk
331.0h
331.0h
335.5mn
332.5hijk
334.0jklm
334.5klmn
336.5n
332.0hij
333.5ijkl
335.0lmn

Article

316
I332
max/Imax

0.4qrs
0.4qrs
0.vicilin
1.5t
0.4qr
0.5qrs
0.6qrs
0.vicilin
0.3q
0.6rs

0.3qr
0.5qrs

a

Values presented in italics correspond to a minimum in the fourth
derivative spectra. Standard deviations are reported in the Supporting
Information, Table S5.

The ﬁrst one can be attributed to Trp residues in hydrophobic
environment, due to the adsorption of the proteins at the
sunﬂower oil−water interface. As shown in Figure 8, all

Figure 8. Protein composition measured in the solution, serum and
creamed phase for WPI-, iePPI-, and cPPI- based emulsions. Colors
from light to dark indicate for whey proteins (orange); BSA, β-lg, and
α-lac, and for pea proteins (green); convicilin, vicilin, and legumin.
Standard deviations are reported in the Supporting Information,
Table S6.

constituent proteins (BSA, β-lg, and α-lac) adsorbed at the
interface with an accumulation of α-lactalbumin compared to
the composition of the aqueous phase. It was reported that,
upon adsorption, the proteins’ secondary and tertiary
structures change, and for β-lactoglobulin, Trp residues
encounter a more hydrophobic environment,57 while for αlactalbumin a more hydrophilic environment is gained.58 In
our case, the overall more hydrophobic environment of the
Trp residues (Figure 7 and Table 3) thus suggests a strong
contribution of the β-lactoglobulin residues to the total spectra.
The peak near 331 nm, attributed to Trp in the hydrophilic
environment, was blue-shifted (2 nm) compared to the serum
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Figure 9. Schematic overview of the presumed location of Trp residues in the investigated proteins in solution and after adsorption at the oil−water
interface. The illustrated molecules/structures are not to scale, and the red spheres represent the overall environment of the Trp residues.

ﬂuorescence signal or to increased energy transfer from Tyr to
Trp due to protein conformational changes.
To wrap up, right-angle and front-surface ﬂuorescence
provide useful information about the structure of proteins in
colloidal systems, from solutions to aggregate dispersions and
emulsions. In contrast to WPI, the Tyr contribution to the
total signal (λex = 275 nm) was not negligible for the pea
protein samples and has thus to be considered in future
research. Furthermore, the fourth derivative spectra provided
useful insights in the structure of pea proteins; they notably
conﬁrmed that the Trp residues are buried in the hydrophobic
core of pea protein structures. The commercial pea proteins
are present as soluble aggregates and adsorb as such (Figure
9), accounting for no changes in the local environment of the
Trp residues. For the mildly puriﬁed pea proteins, it is
presumable that a Trp-free region adsorbed at the oil−water
interface, and that the Trp-rich region remained in the aqueous
phase. This only led to a very small shift compared to BSA that
showed a 15 nm shift in λmax upon adsorption.24 For pea
proteins, the Tyr contribution did not change upon adsorption
at the oil−water interface, which suggests that the Förster
distance between the Trp and Tyr residues remained
unchanged. Further research using diﬀerent techniques to
characterize the protein structure and the interfacial ﬁlm
organization, such as Fourier-transform infrared spectroscopy
(FTIR) and interfacial dilatational rheology, would be useful to
conﬁrm and deepen the current ﬁndings.

in line with the higher surface loads and larger protein
structures (Supporting Information, Table S3 and Figure S1,
respectively). When dissolving cPPI in 6 M guanidine
hydrochloride, most of the quaternary and tertiary structures
are lost and Trp residues become exposed to the aqueous
environment (Figure 3). For the cPPI* solution and serum
phase, the fourth derivative spectra exhibited hydrophilic peaks
at 334 and 335 nm, respectively, and no hydrophobic peak.
The absence of the hydrophobic peak in the water phases
(Figure 7) conﬁrms that substantial protein unfolding
occurred, as was before concluded from the red shift in the
initial spectra (Figure 6 and Table 2), and from the right-angle
ﬂuorescence data in Figure 3. The creamed phase exhibited
hydrophobic and hydrophilic peaks with maxima at 315 and
331 nm, respectively. The location of the peaks is the same (p
< 0.05) as for the WPI-stabilized creamed phase but their ratio
is higher for cPPI*, suggesting a higher hydrophilic
contribution. Due to complexation of guanidine hydrochloride
with SDS (used for SDS-PAGE), the interfacial composition
could not be quantiﬁed. For both cPPI and cPPI* the fourth
derivative spectra of the emulsions lay, as expected, between
those for water phase and cream.
3.3.3. Tyrosine Contribution. The Tyr contribution to the
ﬂuorescence spectra with λex = 275 nm was determined
according to the previously described procedure for the rightangle ﬂuorescence spectra (see also the Supporting Information, Figure S3). We found a small Tyr contribution in the
WPI-based samples (emulsion, creamed, and serum phases, R
= 0.1, 0.2, and 0.1, respectively) and no contribution in the
solution. This is in line with the right-angle ﬂuorescence
experiments (Figure 5) and conﬁrms that the Trp residues
dominate the ﬂuorescence of whey proteins, for spectra
recorded at λex of 275 nm. The highest ratio for the creamed
phase (R = 0.2) suggests less quenching of Tyr after adsorption
at the oil−water interface, due to conformational changes or
environmental factors.
The pea protein-containing samples (iePPI, cPPI, and
cPPI*) had a Tyr contribution at 305 nm (Supporting
Information, Figure S3). For cPPI and iePPI, the Tyr
contribution to the total signal was the same in the diﬀerent
samples, i.e., solution, serum, cream, and emulsions (R = 0.4
and 0.5 for iePPI and cPPI samples, respectively; see also
Supporting Information, Table S7). For the cPPI* samples, the
Tyr contribution was the lowest in the creamed phase (R =
0.5), and the highest in the solution (R = 0.8). A lower Tyr
contribution may be related to increased quenching of the Tyr
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