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Detection of protein oxidation products by fluorescence spectroscopy and 
trilinear data decomposition: Proof of concept 
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A B S T R A C T   

Current analytical methods studying protein oxidation modifications require laborious sample preparation and 
chromatographic methods. Fluorescence spectroscopy is an alternative, as many protein oxidation products are 
fluorescent. However, the complexity of the signal causes misinterpretation and quantification errors if single 
emission spectra are used. Here, we analyzed the entire fluorescence excitation-emission matrix using the 
trilinear decomposition method parallel factor analysis (PARAFAC). Two sample sets were used: a calibration set 
based on known mixtures of tryptophan, tyrosine, and four oxidation products, and a second sample set of 
oxidized protein solutions containing UV-illuminated β-lactoglobulin. The PARAFAC model succeeded in 
resolving the signals of the model systems into the pure fluorophore components and estimating their concen-
trations. The estimated concentrations for the illuminated β-lactoglobulin samples were validated by liquid 
chromatography-mass spectrometry. Our approach is a promising tool for reliable identification and quantifi-
cation of fluorescent protein oxidation products, even in a complex protein system.   

1. Introduction 

Protein oxidation occurs in a broad range of materials, including 
foods and protein ingredients during processing and storage, in human 
tissue and plants subjected to oxidative stress, as well as in pharma-
ceuticals. In a food matrix this can lead to reduced protein solubility, 
inactivation of enzymes, changes in protein functionality and loss of 
nutritional quality (Hellwig, 2019; Poojary & Lund, 2022). In vivo the 
formation of oxidation products is associated with various diseases 
(inflammation, heart disease, cancer, diabetes) (Davies, 2016). Protein 
oxidation can be initiated by endogenous factors, such as oxidizing en-
zymes and transition metal ions, or by exogenous factors, such as light 
and irradiation (Davies, 2016; Hellwig, 2019; Poojary & Lund, 2022). 
There are numerous targets for oxidation on proteins, and the specificity 

of oxidation on proteins depends on the type of oxidizing system that 
initiates the oxidation. In general, the amino acid residues most sus-
ceptible to oxidation are the sulfur-containing (methionine and 
cysteine) and the aromatic (tryptophan (Trp), tyrosine (Tyr), histidine 
(His) and phenylalanine (Phe)) amino acids (Davies, 2016; Hellwig, 
2019; Poojary & Lund, 2022). 

A wide range of protein modifications can be induced by oxidation, 
thereby complicating the analysis of protein oxidation. Most analytical 
methods are laborious, and identification of specific oxidation products 
currently requires advanced chromatographic methods (Hawkins, 
Morgan, & Davies, 2009; Hellwig, 2019; Poojary & Lund, 2022; Poojary, 
Tiwari, & Lund, 2021). Protein- and site-specific identification of indi-
vidual oxidation products is most commonly achieved by partial enzy-
matic hydrolysis of the protein sample followed by identification of 

Abbreviations: DiTyr, dityrosine; DOPA, 3,4-dihydroxy-L-phenylalanine; EEM, excitation-emission matrix; LC-MS, liquid chromatography-mass spectrometry; 
NFK, N-formylkynurenine; OH-Trp, 5-hydroxy-L-Trp; PARAFAC, parallel factor analysis; RET, resonance energy transfer; Tyr, tyrosine; Trp, tryptophan; β-LG, 
β-lactoglobulin. 
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peptides and their modified amino acid residues by liquid 
chromatography-mass spectrometry (LC-MS) (Schöneich & Sharov, 
2006; Zhao et al., 2020), while absolute quantification usually requires a 
complete hydrolysis of the protein followed by LC-MS analysis and ac-
cess to standards (Hawkins et al., 2009; Poojary et al., 2021). Never-
theless, all hydrolysis protocols have different drawbacks as they either 
provide low recovery values or result in loss of the analyte of interest 
(Lucas & Sotelo, 1980; Hawkins et al., 2009; Poojary et al., 2021). 

An important characteristic of oxidation products of aromatic amino 
acids is that most of these are fluorescent. For this reason, an increasing 
number of studies have used fluorescence spectroscopy to characterize 
protein oxidation (Dalsgaard, Otzen, Nielsen, & Larsen, 2007; Estévez, 
Kylli, Puolanne, Kivikari, & Heinonen, 2008; Armenteros, Heinonen, 
Ollilainen, Toldrá, & Estévez, 2009; Scheidegger, Pecora, Radici, & 
Kivatinitz, 2010; Scheidegger et al., 2013; Scheidegger, Larsen, & 
Kivatinitz, 2016). However, the overlapping fluorescence characteristics 
of the oxidation products formed introduce a risk of misinterpreting the 
nature of the oxidized species. Many studies use only single scan mea-
surements at one excitation wavelength, which pose an additional 
problem, as the signal is often the sum of several underlying phenomena. 
For example, the fluorescence of Trp and Tyr are highly confounded in 
both the directions of excitation and emission. By measuring the signal 
as a function of both directions, i.e., an excitation-emission matrix 
(EEM), the selectivity and sensitivity of the signal are increased, 
enabling the mathematical separation of highly overlapping fluo-
rophores (Leurgans & Ross, 1992; Nørgaard, 1995; Ross & Leurgans, 
1995; Portugal & Galinha, 2015; Ramsay et al., 2018). 

The trilinear decomposition model parallel factor analysis (PAR-
AFAC) (Bro, 1997) is a chemometric method, which can mathematically 
decompose a three-way array (such as for example a set of fluorescence 
excitation-emission matrices) into two sets of loadings and a set of 
scores, as schematically represented in Supporting Information, 
Figure S1. The two sets of loadings correspond to the estimates of the 
pure excitation and emission profile of each chemical component pre-
sent in the sample set, while the set of scores corresponds to the esti-
mated concentrations of the same chemical components. For the 
mathematical definition of the model and its detailed features the reader 
is referred to the specific literature (Bro, 1997). 

The aim of the present study was to combine EEM fluorescence 
spectroscopy with PARAFAC, hereby investigating the possibility of 
deconvoluting the fluorescence spectral information into individual 
components of oxidation products in a mixed system containing multi-
ple fluorescent species. PARAFAC (and similar three-way methods) has 
previously been used in a few cases to deconvolve fluorescence signals 
(Leurgans & Ross, 1992; Nørgaard, 1995), but the application of these 
advanced chemometric techniques to analyze protein emission in detail 
is still not common (Hoppe, Scott, Welliver, Straight, & Swanson, 2013; 
Steiner-Browne, Elcoroaristizabal, Casamayou-Boucau, & Ryder, 2019; 
Gordon, Elcoroaristizabal, & Ryder, 2021), and has mostly been used on 
simple protein systems, such as solutions of a single protein and a single 
binding molecule. In the present study, we investigated a more complex 
system with a highly oxidized protein where multiple amino acid resi-
dues were oxidized into different products. This protein system both 
exhibited highly overlapping fluorescence signals and was affected by 
resonance energy transfer (RET) that further complicates the interpre-
tation of the signal. Resonance energy transfer is the exchange of energy 
between two fluorophores in close proximity (normally within about 10 
Å), happening by resonance, therefore without transfer of photons. The 
two fluorophores could either be on the same molecule (intramolecular 
RET) or on two different ones (intermolecular RET). However, in the 
framework of proteins analysis, intramolecular resonance energy 
transfer is a particularly frequent and cumbersome occurrence as it in-
volves two fluorophores (two intact or modified amino acid residues) 
positioned close to each other in the same protein, and therefore it is not 
an effect that can be minimized by diluting the solution. We hypothe-
sized that even in such a complex system, the use of EEM measurement 

and PARAFAC analysis would provide satisfactory results for identifi-
cation and quantification of the analytes, while any traditional approach 
would inevitably lead to misinterpretation or erroneous quantifications. 
If successful, this approach would allow for development of a fast in situ 
method for characterization of specific oxidation products formed on 
proteins. This would offer an alternative approach to protein oxidation 
analysis without laborious hydrolysis and chromatography. The current 
paper therefore serves as a proof of concept to demonstrate the potential 
of identifying oxidation products on a protein by combination of EEM 
fluorescence with PARAFAC analysis. 

Two sets of samples were used in the present study: 1) a model 
system containing a wide range of known concentrations of Trp, Tyr, 
and selected oxidation products of Trp (5-hydroxy-L-Trp (OH-Trp) and 
N-formylkynurenine (NFK)) and of Tyr (3,4-dihydroxy-L-phenylalanine 
(DOPA) and dityrosine (diTyr)), and 2) a protein solution containing 
UV-illuminated β-lactoglobulin (β-LG), as this treatment favors oxida-
tion of aromatic amino acid residues. The former sample set was used to 
first assess the potential of the three-way method PARAFAC to detect 
and distinguish relevant fluorophores at relevant concentrations in a 
simple and controlled system, which was not affected by RET. The 
second set was then used to confirm the validity of this approach in a 
more complex case with an oxidized protein sample. The oxidation 
products formed on illuminated β-LG were identified by LC-MS to vali-
date the findings of the PARAFAC modelling based on EEM fluorescence 
measurements. 

2. Experimental section 

2.1. Chemicals 

Tyr (≥98 %), Trp (≥99 %), DOPA (≥98 %), and OH-Trp (≥98 %) 
were obtained from Merck (Darmstadt, Germany). L,L-diTyr dihydro-
chloride (≥99 %) was obtained from Toronto Research Chemicals, Inc. 
(Toronto, Ontario, Canada) and NFK (≥98 %) was obtained from Santa 
Cruz Biotechnology, Inc. (Dallas, Texas, USA). β-Lactoglobulin (β-LG, 
product number L6010, batch number SLBT2518), dithiothreitol, 
TrypZean bovine recombinant trypsin, and acetonitrile (≥99.9 %) were 
purchased from Merck (Darmstadt, Germany). Lysyl endopeptidase 
(Lys-C) was purchased from Wako (Osaka, Japan). All aqueous solutions 
were prepared from purified water obtained from a Milli-Q purification 
system (Millipore Corporation, Billerica, MA, USA). 

2.2. Model system samples 

A model system sample set was created where the two main fluo-
rescent amino acids present in proteins (Tyr and Trp) were mixed with 
some of their most common fluorescent oxidation products: diTyr and 
DOPA were chosen as the oxidation products of Tyr, while OH-Trp and 
NFK were chosen as the oxidation products of Trp. This data set was used 
to assess if the oxidation products could be detected and identified, and 
if their concentrations could be determined by the three-way PARAFAC 
method applied to fluorescence EEMs. 

The concentrations of each component in the model system sample 
set were chosen to span a wide realistic range of protein oxidation 
products and their parent amino acids. In particular, the low concen-
trations of each compound were decreased to be as realistic as possible 
based on previous literature (Leinisch et al., 2017; Fuentes-Lemus et al., 
2018) while still being detectable in our fluroescence set-up. Higher 
concentrations of Tyr and Trp in relation to the concentration of their 
oxidation products were chosen to represent the conditions normally 
encountered in the analysis of protein oxidation products in protein 
samples, where the parent amino acids will be present at much higher 
levels than their oxidation products. The final set of concentrations was 
carefully chosen according to mixture experimental designs (Lundstedt 
et al., 1998) to avoid correlations between the concentrations of 
different components as this is a requirement for the PARAFAC model to 
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work. As an additional constraint in the design of the sample set, the 
concentrations were chosen to have a maximum absorbance of about 0.1 
to avoid inner filter effects during the fluorescence measurements. The 
ranges of final concentrations of Tyr and Trp were 0–97.8 μM and 
0–16.8 μM, respectively. The ranges of concentrations of the oxidation 
products were 0–0.9 μM for diTyr, 0–25.8 μM for DOPA, 0–16.1 μM for 
OH-Trp, and 0–13.23 μM for NFK. The specific concentrations of the 
compounds in all samples are shown in Supporting Information, 
Table S1. 

The solutions described above were prepared in 0.1 mM phosphate 
buffer at pH 5.8, kept in the dark at 4 ◦C and analyzed within six hours. 
These conditions reduced the risk of further oxidation (or other chemical 
changes) before or during the fluorescence measurements. 

2.3. Protein samples 

To test whether the proposed approach could be applied to detect 
and perform a relative quantification of oxidation products in proteins, a 
new set of samples was created (from now on addressed as “protein 
samples data set”). Three replicates of 250 μL of 21.8 mg/mL β-LG in 
H2O adjusted to pH 7.0 with NaOH were illuminated in cuvettes with 
micro stir bars placed in a Rayonet Photochemical Reactor with 3000 Å 
lamps (The Southern New England Ultraviolet Co, Branford, CT, USA). 
The spectral distribution of the lamps ranged from 250 to 360 nm with 
λmax of 300 nm and the incident flux was measured by chemical acti-
nometry using ferrioxalate (Hatchard & Parker, 1956) to be 3.3 ± 0.4 ×
1015 photons/s. Continuous stirring of the samples at 1,000 rpm during 
illumination was achieved using a magnetic stirrer. The temperature of 
the solutions in the cuvettes during the illumination was 31–33 ◦C. 

The illumination experiment was performed twice. First, 20 μL 
samples were aspirated after 0, 6 and 24 h of illumination and imme-
diately frozen at − 80 ◦C prior to LC-MS analysis of oxidative modifica-
tions. The second time, 50 μL of each sample were aspirated after 0, 6 
and 24 h of illumination, immediately placed on ice and kept in the dark 
until they could be measured by fluorescence (within three hours from 
aspiration). For this second experiment, a non-illuminated set of control 
samples, incubated in the photochemical reactor wrapped in aluminum 
foil for 0, 6 and 24 h, was also prepared and analyzed by fluorescence. 

2.4. Spectroscopic measurements 

The model system samples were analyzed by fluorescence without 
dilution, while the protein samples were diluted by a factor of 180 in 
phosphate buffer (0.1 M, pH 5.8) prior to measurements. The dilution 
was performed to adjust the pH of the protein solution to the same pH as 
the one used in the model system, and to reduce the risk of inner filter 
effects. At this dilution, the samples had a maximum absorbance of 
about 0.1. 

All fluorescence measurements were performed in right-angle mode 
on an FS920 Edinburgh Instruments fluorescence spectrophotometer 
(Livingston, Scotland, UK) equipped with a Xenon arc lamp as light 
source (Xe900), a single photon counting detector (Red sensitive pho-
tomultiplier, S900) and two Czerny-Turner monochromators (TMS300, 
one at the excitation and one on the emission side). The instrument was 
connected to a temperature control unit (FL300 Recirculating Cooler, 
Julabo GmbH, Seelbach, Germany) set to 10 ◦C for all measurements to 
reduce the risk of further oxidation of the compounds during the mea-
surement. An excitation-emission matrix (EEM) was recorded for each 
sample, at excitation wavelengths from 250 to 550 nm (in 10 nm steps, 
measured from high to low wavelengths) and emission wavelengths 
from 290 to 650 nm (in 2 nm steps). Both the excitation and emission 
slits were set to 10 nm, the dwell time was 0.1 s, and the iris was 100 % 
open for all the measurements. 

Absorbance measurements were performed at room temperature 
(20 ◦C) on a Thermo Fisher UV–vis instrument (Thermo Fisher Scientific, 
Waltham, MA, USA), scanning from 250 to 650 nm at a resolution of 2 

nm, to ensure a maximum absorbance of about 0.1. Additionally, the 
absorbance values were used to mathematically correct the fluorescence 
spectra for any remaining inner filter effects according to equation 1 
(Lakowicz, 2006). 

Icorr = Iobs × 10((Aex+Aem)/2 ) [1]  

Where Iobs and Icorr are the observed and the corrected fluorescence in-
tensities, respectively, and Aex and Aem are the absorbance values at the 
excitation and emission wavelengths, respectively. 

2.5. Identification of oxidative modifications in protein samples by LC-MS 

In order to validate the results from our fluorescence measurements, 
oxidative modifications formed in the protein samples were identified 
and relatively quantified. Five μL of each sample (110 µg) was denatured 
and reduced by addition of 5 µL 8 M urea, 20 mM dithiothreitol followed 
by incubation at 22 ◦C for 30 min. Subsequently, 5 µL 6.4 M urea, 150 
mM ammonium bicarbonate containing 1.36 µg Lys-C was added to each 
sample, which were then incubated for 5 h at 22 ◦C. Afterwards, 75 µL 
50 mM ammonium bicarbonate with 2.78 µg TrypZean trypsin was 
added to each sample, followed by incubation at 22 ◦C for 12 h. Each 
sample (20 µL) was mixed with 4 µL 4 % formic acid, and 15 µL of this 
mixture was analyzed by LC-MS/MS using a UHPLC Ultimate 3000 
system equipped with a reversed-phase C18 column (Aeris 1.7 µm 
PEPTIDE XB-C18 100 Å, 100 × 2.1 mm, Phenomenex, Torrance, CA, 
USA) coupled with a Q Exactive hybrid quadrupole-Orbitrap mass 
spectrometer (Thermo Fisher Scientific, Roskilde, Denmark) system. The 
peptide sample was injected at a flow rate of 0.25 mL/min with a column 
temperature of 40 ◦C and peptides were chromatographically separated 
using 0.1 % formic acid in water as mobile phase A and 0.1 % formic 
acid in acetonitrile as mobile phase B with the following gradient: 0–2 
min: 3 % B; 2–3 min: 3–8 % B; 3–20 min: 8–35 % B; 20–21 min: 35–90 % 
B, 21–23 min: 90 % B; 23–24 min: 90–3 % B; 24–30 min: 3 % B. The 
peptide samples were analyzed using a full MS/data dependent-MS/MS 
method in positive ion mode, at a resolution of 35,000 (FWHM) for both 
MS and MS2 and an MS scan range of m/z 260–1,500. Automatic Gain 
Control (AGC) settings were 1E6 for both MS and MS/MS, and maximum 
injection time was 300 and 240 ms for MS and MS/MS, respectively. The 
five most intense ions from the MS scan were isolated with an m/z 2.0 
isolation window width to sequentially acquire five MS/MS scans after 
fragmentation in the higher-energy collisional dissociation (HCD) cell at 
a normalized collision energy (NCE) of 28. After MS/MS selection, the 
ions were excluded for further MS/MS events for 5 s (dynamic exclu-
sion). Only ions with an assigned charge state between 2 and 7 were 
included in the MS/MS selection. 

2.6. LC-MS data analysis 

The LC-MS/MS raw data was processed using MaxQuant 1.5.8.3 (Cox 
& Mann, 2008), performing peak list generation and database searching 
of the peak lists against a concatenated forward/reverse protein data-
base to identify amino acid residues in β-LG oxidized by UV illumina-
tion. The protein database contained the processed form of bovine β-LG 
as well as common contaminants in biological LC-MS/MS experiments 
(294 proteins in total). Except for the following parameters, the default 
MaxQuant settings were used: enzyme was trypsin/P, minimum peptide 
length was 5, the match between runs was enabled with a matching time 
window of 0.7 min and an alignment time window of 20 min. The 
following modifications were set as variable: oxidation (+16 Da) of Cys, 
Met, Trp, Tyr, and His; dioxidation (+32 Da) of Cys, Met, Trp, and His; 
Trp → kynurenine (+4 Da), Trp → OH-kynurenine (+20 Da). The 
identifications of oxidized peptides from MaxQuant were imported into 
Skyline for relative quantification using the area-under-curve (AUC) of 
the predominant charge state of each peptide as described by (Schilling 
et al., 2012). 
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2.7. Fluorescence data analysis and PARAFAC modeling 

All the fluorescence and absorbance spectra acquired were imported 
into MatLab (R2020a, MathWorks, Natick, Massachusetts, USA) and all 
subsequent data analysis was performed in this environment, both by 
using the PLS_Toolbox 8.7 (Eigenvector Inc, Manson, WA, USA) and in- 
house written routines based on existing algorithms. Prior to any further 
data analysis, the EEMs were preprocessed to remove interfering signals 
such as Rayleigh and Raman scattering that would hamper PARAFAC 
deconvolution. The regions where the first and second order Rayleigh 
scattering occur were cut out of each EEM and a few pixels along the 
diagonal lines λem = λex and λem = 2λex were set to missing, according to 
(Thygesen, Rinnan, Barsberg, & Møller, 2004). The external corner 
outside these diagonal lines were also set to missing (the fluorescence 
instrument used did not record any signal in that region), as no 
improvement of the PARAFAC model could be obtained by inserting 
zeros in these areas. 

All the PARAFAC models were performed using the Alternating Least 
Squares (ALS) algorithm as implemented in PLS_Toolbox (Bro, 1997). 
Non-negativity constraint was used on all three modes and, as initiali-
zation vectors for each model, the best solution among ten short runs of 
Alternating Trilinear Decomposition (ATLD) (Wu, Shibukawa, & 
Oguma, 1998) was chosen. With these settings, at least 10 different runs 
of the PARAFAC algorithm were launched for each model to check for 
the presence of local minima and for the stability of the PARAFAC so-
lution. Among these, the solution with the highest percentage of 
explained variance was chosen as the one closest to the global minimum. 
The optimal dimensionality of the model (the best number of compo-
nents) was chosen, whenever not known a priori, by evaluating and 
comparing different PARAFAC solutions obtained with different number 
of components for their shape of the loadings, shape of the residuals, 

explained variance and core consistency (Bro & Kiers, 2003). 

3. Results and discussion 

3.1. Model system data set 

On the model system data set, a six-component solution was obtained 
(Fig. 1). 

The performance of PARAFAC on this data set was very satisfactory: 
the PARAFAC loadings shown in panels A and B of Fig. 1 almost 
perfectly matched the shape and wavelength of the excitation and 
emission spectra of the corresponding pure analytes. Any mismatching 
can be attributed to spikes, noise, and missing data in the fluorescence 
data, problems which were most pronounced for the compounds with 
lowest quantum yield, in particular NFK (Figure S2). The scores of the 
PARAFAC model for each of the six components (Fig. 1, C–H) showed a 
good linear correlation with the molar concentration of the respective 
analyte, represented by R2 ≥ 0.95 for all analytes (see Table S2 in 
Supporting Information for all the equations of the calibration curves). 
However, for the analytes with the lowest fluorescence signal, the 
PARAFAC score values of the samples with a known zero concentration 
of the analytes were not negligible as they should theoretically be, 
indicating de facto a high limit of detection (LOD). To formally estimate 
the LOD for each analyte, only the samples with a known zero concen-
tration of that analyte were taken into consideration, and the LOD was 
calculated using the following two equations: 

y0 = (
∑I

i=1
yi)/I (2)  

Fig. 1. Final PARAFAC solution of model system data set. This solution was obtained with six-components on the 43 samples of the model system. A) and B) Shape of 
the loadings of the six PARAFAC components (thin and darker lines), superimposed on the excitation (A) and emission (B) spectra of the six pure analytes (bold and 
pale lines). C–H) Scores of each PARAFAC component vs the actual concentration of the corresponding analyte; the dotted black lines represent an estimation of the 
limit of detection (LOD) of the method for each of the analytes. 
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LOD = 3 •

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑I

i=1
(yi − y0)

2

I − 1

√
√
√
√
√

+ y0 (3)  

where I is the total number of samples with zero concentration of the 
given analyte and yi is the estimated concentration for sample i. This 
operation conceptually corresponds to the classical analytical approach 
to determine the LOD of each analyte (McNaught & Wilkinson, 1997). 
The LOD values obtained for Trp, Tyr, diTyr, DOPA, OH-Trp and NFK 
were 1.1, 4.2, 0.083, 2.4, 0.18 and 1.1 µM, respectively, and are reported 
on the scatter plots in Fig. 1 as dotted black lines. 

The model had an explained variance of 99.98 % and a core con-
sistency of 98 %, which further indicates its reliability. The shape of the 
residual was also inspected to make sure that no structure or pattern was 
still present (data not shown). To ensure the stability of this solution, the 
model was run 20 times with new initialization vectors, and all runs 
showed identical results. 

3.2. Protein samples data set: Identification of oxidative modifications 
induced by illumination 

UV illumination is known to oxidize amino acid residues, including 
cysteine, methionine and aromatic amino acids (Zhao et al., 2020). Only 
oxidation products of aromatic amino acids were considered in this 
study since these are known to be fluorescent. A comprehensive list of all 
the modifications identified in these samples can be found in Table S3 
(in Supporting Information). Trp-19 in illuminated β-lactoglobulin were 
found to be oxidized to OH-Trp, hydroxykynurenine, kynurenine, and 
NFK, while several Tyr residues (Tyr-20, Tyr-42, and Tyr-99) were 
oxidized to DOPA and di-hydroxy-Tyr (Table 1). 

Also, Phe-82 and Phe-136 were found to be oxidized to Tyr. DOPA 
was found to be most abundant after 6 h of illumination, while di- 
hydroxy-Tyr was more abundant after 24 h. Most of the detected 
oxidation products increased after UV illumination, but the abundance 
of each type of oxidation product did not necessarily correlate with 
illumination time: as an example, dihydroxy-Tyr-20 and dihydroxy-Tyr- 
99 both peaked after 24 h of illumination, while dihydroxy-Tyr-42 
peaked after 6 h of illumination. This illustrates the complex nature of 
the UV-induced degradation pathways, where oxidized residues can be 
formed and then degrade over time. No diTyr-linked peptides could be 
identified from the LC-MS experiment. 

3.3. Protein samples data set: Fluorescence and PARAFAC analysis 

The model system data set was used to study the composition of the 
protein samples. This was done by including the fluorescence data of the 
protein samples together with the samples of the model system data set 
to compute a new PARAFAC model. The new model was built with 
similar settings as described for the model system data only, but the 
number of components used for the new model was allowed to increase. 
In accordance with (Rinnan, Riu, & Bro, 2007), this approach main-
tained the 2nd order advantage (Booksh & Kowalski, 1994) of the 
method, by accounting for the detection of new possible interferents that 
were not present in the model system and for possible small changes to 
existing signals, due to different local environments of the fluorophores 
in the model system and in the protein samples. The PARAFAC analysis 
of the protein sample data set alone would not be possible due to the 
expected high correlation of all the fluorescent protein modifications 
contributing to the signal. Only the presence of the model system sample 
set allowed a sufficient break in the correlation among the analytes. The 
inclusion of such a planned model system data set that includes most of 
the expected protein oxidation products to be found in the protein sys-
tem, is therefore an unavoidable necessity for the proposed approach. 

Several PARAFAC models were built with the number of components 
ranging from six to nine. The best model (evaluated as described in the 

Experimental section) had seven PARAFAC components and its perfor-
mance on the model system data set is shown in Fig. 2. The model 
showed an explained variance of 100.0 % and a core consistency of 89.5 
% that supports its high reliability. To assess the stability of this solution 
with respect to possible local minima, the PARAFAC model was run 20 
times with increasingly stricter converging criteria and no differences 
were observed among the solutions. 

The loadings of six of the seven components of the new model 
perfectly matched the spectral shapes of the pure analytes included in 
the model system (Fig. 2, A and B), and their scores showed good cor-
relations with the original concentrations of the same analytes (Fig. 2, 
C–H), as shown by their R2 values ≥ 0.95 (see Table S4 in Supporting 
Information for all the equations of the calibration curves shown in 
Fig. 2). Similarly to what was done for the model system, LOD values for 
Trp, Tyr, diTyr, DOPA, OH-Trp and NFK were estimated as 1.0, 4.1, 
0.075, 0.95, 0.18 and 1.3 µM, respectively. The extra component present 
in this model (represented in brown color in Fig. 2, comp. 4) showed 
new spectral features. Its excitation spectrum highly resembled the one 
of Trp, while its emission spectrum was located at shorter wavelengths 
than the emission spectrum of Trp in the model system. These charac-
teristics are consistent with those of a more blue-shifted Trp, such as Trp 
present in a more apolar local environment than the one analyzed in the 
model system (Lakowicz, 2006). The score values of this extra compo-
nent (from now on addressed as “buried Trp”) were only found in the 
protein sample data set, which makes sense, as no buried Trp was pre-
sent in the model system. In the same data set, the component 

Table 1 
Oxidative aromatic amino acid modifications. All oxidative modifications 
detected on aromatic amino acid residues in the β-lactoglobulin samples by LC- 
MS/MS after 0, 6 or 24 h of illumination are reported here. The peak areas were 
normalized to make the highest value in the time direction equal to 1.00. Full 
dataset and peptide sequences with modifications are shown in Supporting In-
formation, Table S3.  

Site Modification type Mass Illumination 

0 h 6 h 24 h 

Trp-19 Hydroxy-Trp +16 
Da 

0.23 ±
0.05 

1.00 ±
0.29 

0.36 ±
0.02 

Trp-19 Hydroxy- 
kynurenine 

+20 
Da 

0.12 ±
0.03 

0.32 ±
0.07 

1.00 ±
0.08 

Trp-19 Kynurenine +4 Da 0.39 ±
0.07 

1.00 ±
0.19 

0.19 ±
0.02 

Trp-19 N-formyl- 
kynurenine 

+22 
Da 

0.01 ±
0.00 

0.09 ±
0.03 

1.00 ±
0.03 

Tyr-20 DOPA* +16 
Da 

0.36 ±
0.09 

1.00 ±
0.20 

0.00 ±
0.00 

Tyr-20 Di-hydroxy-Tyr +32 
Da 

0.01 ±
0.00 

0.19 ±
0.06 

1.00 ±
0.04  

Non-modified  0.96 ±
0.21 

1.00 ±
0.05 

0.05 ±
0.01 

Tyr-42 DOPA* +16 
Da 

0.57 ±
0.08 

0.77 ±
0.16 

1.00 ±
0.07 

Tyr-42 Di-hydroxy-Tyr +32 
Da 

0.08 ±
0.03 

1.00 ±
0.42 

0.13 ±
0.04  

Non-modified  0.73 ±
0.25 

0.71 ±
0.20 

1.00 ±
0.07 

Phe-82 Phe->Tyr +16 
Da 

0.33 ±
0.18 

0.74 ±
0.21 

1.00 ±
0.03  

Non-modified  0.89 ±
0.05 

0.93 ±
0.14 

1.00 ±
0.03 

Tyr-99 DOPA* +16 
Da 

1.00 ±
0.07 

0.92 ±
0.06 

0.38 ±
0.03 

Tyr-99 Di-hydroxy-Tyr +32 
Da 

0.26 ±
0.22 

0.24 ±
0.16 

1.00 ±
0.10  

Non-modified  1.00 ±
0.07 

0.92 ±
0.06 

0.38 ±
0.03 

Phe- 
136 

Phe->Tyr +16 
Da 

1.00 ±
0.07 

0.92 ±
0.06 

0.38 ±
0.03  

Non-modified  1.00 ±
0.07 

0.35 ±
0.02 

0.00 ±
0.00 

*DOPA: 3,4-dihydroxy-L-phenylalanine. 
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corresponding to Trp of the model system (from now on addressed as 
“exposed Trp”) showed a very low signal as compared to its signal in the 
model system (see Figure S3 in Supporting Information). This observa-
tion is in agreement with a previous study showing that only the buried 
Trp-19 contributes to Trp fluorescence of β-LG (Albani, Vogelaer, Bre-
tesche, & Kmiecik, 2014). 

The score values obtained with this PARAFAC model on the protein 
data set are shown in Fig. 3, together with the estimated LOD for each of 
the six analytes in the model system, obtained using Equation (2) and 
(3). The trend for most analytes during the 24 h of illumination was in 
agreement with the expected chemical behavior of these oxidation 
products. In particular, in the protein samples, the model highlighted the 
presence of a Trp in a more apolar environment (component 4), buried 
in β-LG. With increasing illumination time, the buried Trp signal 
decreased significantly, while the signal of exposed Trp (component 1), 
which was absent at 0 h, increased after six and 24 h of illumination. 
This behavior can be explained by a progressive unfolding of the protein 
structure occurring during illumination, exposing buried Trp to the 
solvent, which has previously been described (Kehoe, Remondetto, 
Subirade, Morris, & Brodkorb, 2008). In the present study, the increased 
exposure of Trp residues was followed by partial aggregation as 
observed by SDS-PAGE analysis (Supporting Information, Figure S4). 
The PARAFAC score values corresponding to Tyr (component 3 in Fig. 3) 
at 0 h were lower than the ones of Trp. This is perhaps counterintuitive, 
as Tyr is a more abundant amino acid than Trp in β-LG (containing four 
Tyr and two Trp residues). However, when Trp is present in a protein, 
the signal of nearby Tyr residues will be low or absent due to resonance 
energy transfer from Tyr to Trp (Lakowicz, 2006). Similarly, the increase 
of the Tyr signal with illumination time shown in Fig. 3 can be ascribed 

to the same phenomenon: a partial unfolding of β-LG during illumina-
tion separates Tyr residues from Trp, thus reducing the energy transfer 
between these residues. The progressive oxidation of Phe residues into 
Tyr, due to the illumination, may further have contributed to the in-
crease in Tyr fluorescence. 

The two Tyr oxidation products (DOPA and diTyr) showed signals 
below their estimated LODs, but the presence of DOPA was confirmed by 
LC-MS/MS analysis (Table S3) validating the presence of this modifi-
cation in the protein samples. On the other hand, diTyr was not detected 
by LC-MS. In spite of their signal also being quite low in the protein 
samples, the two oxidation products of Trp could be detected by fluo-
rescence, which was in agreement with the LC-MS/MS analysis. OH-Trp 
remained almost constant during the illumination process and did not 
show a significant difference in level with respect to the control samples. 
In the LC-MS/MS analysis, OH-Trp was detected in all illuminated 
samples, including the 0 h sample (indicating that Trp-19 was already 
oxidized to some extent prior to illumination, which has also been 
observed for other amino acid residues in commercial proteins (Turell, 
Radi, & Alvarez, 2013)), which was consistent with the PARAFAC score 
values in Fig. 3. NFK showed a significant increase during the 24 h of 
illumination, which was also in agreement with the relative quantifi-
cations obtained by the LC-MS/MS analysis. 

For the protein samples that showed score values higher than the 
estimated LOD values, we could, through the linear fit between the 
known concentration and the PARAFAC scores, utilize the information 
obtained from the model system to estimate the molar concentration of 
each analyte in each protein sample (Figure S5 in Supporting Informa-
tion). The theoretical concentrations of Tyr and Trp in the protein 
samples (control and illuminated at time zero) were 4.8 mM and 2.4 

Fig. 2. Seven-component PARAFAC model. This model was built on the combined data set (model system and protein samples). A and B) Shape of the loadings of the 
seven PARAFAC components (thin and darker lines), superimposed on the excitation (A) and emission (B) spectra of six pure analytes (bold and pale lines). C–H) 
Scores of six of the seven PARAFAC component vs the actual known concentration of the corresponding analyte; the dotted black line represents the estimated LOD of 
the method for each analyte (see Equation (2)). Please note that the results shown in this figure and in Fig. 3 are derived from one PARAFAC model based on both 
data sets (model system and protein samples, 61 samples in total) but are shown in separate figures for better clarity. Also, note that component 4 can be assigned to 
buried Trp, which was not part of the model system and for this reason cannot be represented in a scores plot similar to the ones shown in figures C–H. 
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mM, respectively, based on the β-LG concentration. The discrepancy 
between these values and the values reported in Figure S5 (about 0.9 
and 0.3 mM for Tyr and exposed Trp, respectively) can be ascribed to the 
fluorescence behavior of these fluorophores when present in a protein 
and is linked to the intrinsic limitation of the use of fluorescence for 
protein analysis. The approach proposed here therefore has some limi-
tations due to the potential difference in fluorescence signal strength of 
the analytes when observed in different local environments. As an 
example, this is clearly shown by the overall concentration as well as the 
increasing level of Tyr in the protein samples (see Fig. 3 and Figure S5). 
Although this residue is present in the protein at time zero, its fluores-
cence signal is basically zero for this sample, mainly due to its known 
resonance energy transfer towards Trp (Lakowicz, 2006). This effect will 
therefore affect the estimated concentration of both Tyr (that will be 
lower than expected) and Trp (that will be higher than expected). A 
similar effect is known to occur between Phe and Tyr residues (Lako-
wicz, 2006). 

Another problem related to the specific local environment of each 
analyte could be caused by the effect on fluorophore quantum yield that 
their environment exerts and due to possible presence of quenchers 
nearby. The signal of the indole moiety of Trp residues (responsible for 
its fluorescent signal) in a protein can be quenched by other amino acid 
side chains. The fluorophore can also be affected by quenching due to 
the presence of small molecules in the solvent (Lakowicz, 2006). Similar 
effects have also been described for some indole derivatives (Duuren, 
1961). Therefore, the fluorescence signals of many analytes vary 
depending on their specific position in the individual protein as well as 
the solvent used, which can potentially hamper reliable quantification of 

analytes using the strategy presented here. These limitations also affect 
quantification of protein residues done by traditional fluorescence 
spectroscopy. The approach presented here is more robust than tradi-
tional approaches (e.g., measurement of one excitation/emission couple 
or a simple emission spectrum) as it makes use of all information present 
in an excitation-emission matrix. With this approach, the analytes are 
identified and quantified based on the combination of their excitation 
and emission spectral characteristics, making their detection and iden-
tification more reliable compared to using fewer of their fluorescence 
features (Booksh & Kowalski, 1994). The use of a mathematical three- 
way method, such as PARAFAC, on excitation-emission fluorescence 
matrices allows us to benefit from the second order advantage, by 
recognizing, resolving, and semi-quantifying analytes that were not 
included in the calibration data (in this case the model system data). 
This was demonstrated by the results presented in the current study, 
where an extra component not present in the original model system data 
set appeared when the PARAFAC model was calculated on the combined 
model system and protein sample data set. This component could then 
be identified as buried Trp based on its fluorescence excitation and 
emission spectra, and its relative intensity among the protein samples 
could be used to estimate its relative quantity. 

Finally, although in the current work many of the oxidation products 
included in the analysis could not be quantified in the protein samples 
due to their concentration being below LOD, some analytical solutions to 
partially attenuate this problem could be considered as future perspec-
tives. In particular, increasing the number of model system replicates 
would lead to a lower LOD, improving the chance of detecting and 
quantifying more oxidation products. 

Fig. 3. PARAFAC scores of the protein samples. The score values are proportional to estimated concentrations (see Fig. 2) and were predicted by the model based on 
both the model system and protein data sets combined. In each panel, the score values of one of the components (corresponding to an individual analyte) after 0, 6 
and 24 h of UV illumination is shown with dark color, while the corresponding score related to control samples is shown in light color. The dotted black line 
represents an estimation of the LOD of the method for each of the analytes. Please note that the results shown in this figure and in Fig. 2 are derived from only one 
PARAFAC model based on both data sets but are shown in separate figures for improved clarity. 
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4. Conclusions 

The results reported in this paper provide proof-of-concept of the 
application of the three-way method PARAFAC on analysis of a complex 
system containing a protein with oxidized amino acid residues measured 
by fluorescence EEMs. The approach presented here, even with no 
further pretreatment of the sample than a simple dilution, showed very 
good performance for identification and relative quantification of the 
modified Trp and Tyr species that were included in the model system 
data set (used as a calibration data set). The absolute quantification of 
the same analytes faced some limitations, due to the intrinsic complex 
nature of the fluorescence signal. However, the use of a three-way 
method (here PARAFAC) on second order fluorescence data provided 
the second order advantage, which allowed for higher selectivity and 
sensitivity in the subsequent data analysis. 

The most important advantage of this approach is a much more 
reliable identification of fluorophores with highly overlapping spectral 
features, due to their mathematical resolution. At the same time, it al-
lows for recognizing the presence of new fluorescent species in samples 
of unknown composition and obtaining their fluorescence features 
(excitation and emission spectra) and their relative apparent concen-
tration. In a food science context, the development of analytical methods 
for in situ characterization of protein oxidation is of particular interest 
for protein ingredients. While whey-derived protein is a typical example 
of such ingredients, there is also a need to characterize and understand 
protein quality of new types of plant-based protein ingredients in order 
to support the green transition for a more plant-based food consumption. 
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