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ARTICLE INFO ABSTRACT

Corresponding editor: Dr. Maria Corradini Fluorescence spectroscopy coupled with chemometric tools is a powerful analytical method, largely used for

rapid food quality and safety evaluations. However, its potential has not yet been explored in the novel food

Keywords: sector. In the present study, excitation emission matrices (EEMs) of 15 insect powders produced by milling in-
Spe?m’sc"l’y sects belonging to 5 Orthoptera species (Acheta domesticus, Gryllus assimilis, Gryllus bimaculatus, Locusta migra-
Optical met‘hods toria, Schistocerca gregaria) from 3 different origins were investigated. Parallel factor (PARAFAC) analysis
Chemometrics . . 3

Orthoptera performed on the overall averaged dataset was validated for five components, highlighting the presence of five

different fluorescence peaks. The presence of these peaks was confirmed on each species, suggesting that fluo-
rescence compounds of edible insects are the same in several species. PARAFAC analysis performed on the
overall averaged dataset after alternatively adding the EEM recorded from one standard compound allowed to
speculate that edible insects fluorescence raises from mixtures of: tryptophan + tyrosine (PARAFAC component-
1), tryptophan + tyrosine + tocopherol (PARAFAC component-2), collagen + pyridoxine + pterins (PARAFAC
component-3). This study suggests that fluorescence spectroscopy may represent a powerful method for inves-
tigating composition and quality of insect-based foods.

Novel foods

1. Introduction

Edible insects represent a very interesting trend in the food sector as
they can grow on waste and by-products, converting them into materials
rich in nutrients (Bosch et al., 2019; Gasco et al., 2020; Ojha et al., 2020;
Pinotti et al., 2019). As their consumption spreads in developed coun-
tries, an increasing number of companies show interest in their pro-
duction and transformation. However, due to the particular nature of
this new food, accurate quality evaluation should always be performed
in order to prevent unexpected quality changes for the consumers and
economic and legal issues for the producers.

Traditional analytical techniques are destructive, time-consuming
and need strong knowledge support (Hassoun et al., 2020), making
them difficult for industrial applications. Innovative, fast and alternative
methods include spectroscopic tools such as fluorescence spectroscopy,
(Fourier Transformed) infrared spectroscopy, X-ray spectroscopy,
Raman spectroscopy, nuclear magnetic resonance and others. These are
characterised by rapidity and no need of sample preparation, making
them suitable for in-line quality monitoring (Andersen and Mortensen,

2008; He and Sun, 2015; Li and Church, 2014; Patra, 2003; Porep et al.,
2015; Silva et al., 2020). Among these, fluorescence is a very attractive
technique because it appears to be 100-1000 times more sensitive than
other spectroscopic methods (Albani, 2012; Strasburg and Ludescher,
1995), allowing a wide range of analyses in short time (Hassoun et al.,
2020). Fluorescence landscape, also known as optical fingerprint or
excitation emission matrix (EEM) is a tridimensional representation (i.e.
three-way array) of the fluorescence spectra of one sample, which is
recorded over several excitation and emission wavelengths. It describes
the overall fluorescence pattern of the sample, allowing to perform a
comprehensive chemical and physical characterisation of the product
(Andrade-FEiroa et al., 2013). However, due to the extreme complexity of
biological samples, along with some phenomena as quenching and
interaction among several compounds, interpretation of EEM may be
challenging (Elcoroaristizabal et al., 2015), requiring the use of
powerful chemometric tools, such as PARAllel FACtor (PARAFAC)
analysis (Andrade-Eiroa et al., 2013; Lenhardt et al., 2015).

PARAFAC is a decomposition method based on alternating least
square (ALS) algorithm, which allows to visualise the EEM as the sum of
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several fluorescence compounds (fluorophores) present in the analysed
sample (Bro, 1997). It has already been used to characterise complex
mixtures and discriminate several biological matrices, as well as foods
and drinks (Ackovic et al., 2018; Lenhardt et al., 2017; Sikorska et al.,
2019; Stedmon and Bro, 2008; Stedmon and Markager, 2005; Wunsch
etal., 2017; Yamashita et al., 2008). However, its potential is still poorly
explored in the novel food sector (Khan et al., 2019; Millie et al., 2002).

Therefore, the aim of this study was to characterise the recorded
fluorescence landscape of 15 edible insect powders from 5 different
species. PARAFAC function was implemented on overall and intraspe-
cies EEMs and further identification of the fluorescence compounds was
performed.

2. Materials and methods
2.1. Insects

Live adult insects from 5 Orthoptera species, three belonging to
Ensifera suborder (Acheta domesticus L., Gryllus assimilis L., Gryllus
bimaculatus D.G.) and two to Caelifera suborder (Locusta migratoria L.,
Schistocerca gregaria F.), were purchased from 3 local shops: Feeders and
More GmbH (Au in der Hallertau, Germany), ProInsects GmbH (Minden,
Germany), Tropic Shop (Nordhorn, Germany).

Live insects were separated from their feed by sieving and kept at
their optimal growth conditions for 24 h in order to empty their gut.
Temperature and humidity were selected according to data given in
literature (Table 1). Subsequently, insects were inactivated by chilling at
4 °C for 1 h followed by freezing at —20 °C for 1 day and stored at
—30 °C. Frozen samples were freeze-dried (Alpha 1-4 LSCplus, Martin
Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany)
for 3 days at —58 °C and 600 mbar and ground with a knife mill
(Grindomix GM200, Retsch GmbH, Haan, Germany) at 10 rpm, applying
2 cycles of 30 s, separated by a break of 30 s to homogenize the bulk.
Afterwards, insect powders were stored at —20 °C until fluorescence
analyses.

2.2. Chemicals

Based on fluorescence peaks recorded from the insect powders,
fourteen chemical compounds were selected and investigated (Table 2).
Pure standards (>98%) were purchased from Sigma-Aldrich (St. Louis,
Missouri, USA) and Carl Roth GmbH (Karlsruhe, Germany) and used
without further purification. Albumin, collagen, NADH, para-
aminobenzoic acid, riboflavin, thiamin and tyrosine were analysed as
powder in front-face mode. Stock solutions (1 g/L) of cobalamin,
pterins, pyridoxine and tryptophan were prepared by singularly dis-
solving each standard in Milli-Q water, while retinol, tocopherol and
tyramine were dissolved in ethanol (HPLC degree >99.5%; Carl Roth
GmbH). Additionally, in order to investigate quenching and changes in
fluorescence peak due to the interaction between compounds, mixtures

Table 1
Environmental conditions (temperature, relative humidity and photoperiods)
used for fasting (24 h) of the studied insect species.

Species Temperature Relative Photoperiods Reference
Q) humidity (hours; L:D)
(%)
Acheta 29+1 65+ 5 12:12 Oonincx
domesticus et al. (2015)
Gryllus 27 +1 65+5 12:12 Bertram and
assimilis Rook (2011)
Gryllus 27 +1 60 + 10 8:16 Song et al.
bimaculatus (2016)
Locusta 30+2 75+5 16:8 Tu et al.
migratoria (2012)
Schistocerca 30+ 2 50 +£5 12:12 Maeno et al.
gregaria (2020)
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Table 2
Chemical compounds and position of their maximum fluorescence peak selected
for investigation of edible insect fluorescence landscape.

Chemical Fluorescence Peak (hex, References
compound em; M)
Collagen 335/390; 370/460 Egelandsdal et al. (2005)
Pterins 345/425 Abels and Ludescher (2003)
Retinol 325/470 Duggan et al. (1957)
Tryptophan 280/350; 295/350 Moller and Denicola (2002)
Tyrosine 270/320; 275/300 Poveda et al. (2003); Yang et al.
(2017)
Albumin 280/340 Bi et al. (2005)
Tocopherol 290/330 Zandomeneghi et al. (2005)
Thiamin (vit. B1) 370/460 Yang et al. (2016)
Riboflavin (vit. B2) 270/525; 370/525; 450/ Yang et al. (2016)
525
Pyridoxin (vit. B6) 250/370; 325/370 Yang et al. (2016)
Cobalamin (vit. 250/337 Pourreza et al. (2017)
B12)
NADH 335/414-438 Dufour et al. (2003)
p-aminobenzoic 295/345 Duggan et al. (1957)
acid
Tyramine 275/310 Duggan et al. (1957)

of tryptophan (10 mg/1) and tyrosine (1 g/1) dissolved in Milli-Q water,
tryptophan (0.1 g/1) and tocopherol (1 g/1) dissolved in ethanol, tyro-
sine (1 g/1) and tocopherol (1 g/1) dissolved in ethanol, tryptophan (0.1
g/1), tyrosine (0.7 g/1) and tocopherol (0.07 g/1) dissolved in ethanol,
were prepared.

After dissolving, each solution was homogenized by stirring for 60
min at 1000 rpm. Subsequently, individual operative solutions with a
concentration ranged between 10 mg/L and 1 g/L were prepared. Each
solution was stored at 5 °C for 48 h prior to fluorescence analysis.

2.3. Fluorescence measurement

Fluorescence analyses of powdered insects and standards were car-
ried out with a Perkin-Elmer LS55 Luminescence Spectrometer (Perkin-
Elmer, Waltham, MA, USA) controlled by FL WinLab Perkin-Elmer 403
software. A pulsed xenon lamp set at 770 V and a red-sensitive photo-
multiplier (R928) were used as excitation source and emission detector,
respectively. Insect powders, as well as powders of standard compounds,
were analysed in front-face mode (Cell-holder nr. 52123130, Perkin-
Elmer) using the multi-scan application and an incident angle of 60°.
The illuminated area of the front-face cuvette was 7 mm high and 3 mm
wide. Analyses of standard solutions were performed in 1 mm path-
length acrylic transparent cuvettes (Sarstedt AG & Co., Niimbrecht,
Germany) by using the standard single position Cell-holder (L2250140,
Perkin-Elmer). Analysis of solvents (blank) was performed with the
same setting and using the same cuvettes before the standard solutions
were analysed. Insect powders were allowed to reach room temperature
in the dark for 12 h before the analysis.

Fluorescence landscapes were obtained by scanning the emission
spectra from 260 to 700 nm with steps of 1 nm, over excitation ranged
between 240 and 600 nm in 5 nm steps. Excitation and emission
monochromator slit widths were set at 10 nm and 2.5 nm, respectively.
FGL280S Long-pass filter (Thorlabs, Newton, NJ, USA) was used as
emission filter, while FGUV5S Band-pass filter (Thorlabs, Newton, NJ,
USA) and FGS900S Long-pass filter (Thorlabs, Newton, NJ, USA) were
the excitation filters used within the excitation interval 240-345 nm and
350-600 nm, respectively. All the measurements were performed at
room temperature (20 + 2 °C) and with an integration time of 0.06 s
(scan speed = 500 nm/min). The data detected were mean-centred,
block averaged, rationed and corrected for rhodamine reference cell.
Each sample was scanned in triplicate and three independent spectra for
each sample were obtained.

Raman peak was recorded by scanning Milli-Q water contained in a
10 mm cuvette at excitation 350 nm and emission ranged between 370
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and 500 nm. Raman scan was performed in triplicate, and the three
scans were mediated.

2.4. Data pre-processing

Recorded data (Raman spectra, samples spectra and blank) were
read in Microsoft Excel (2010) (Microsoft Corporation, Albuquerque,
NM, USA) and organized in order to have the overall spectra for each
sample in one file.

In order to remove the specifics of the instrument and obtain correct,
reproducible and easier to analyse EEMs, data were pre-processed
through filter correction, Raman normalization and Rayleigh scatter
deletion. Moreover, blank subtraction and inner filter effect correction
were performed on filter corrected data for standard solutions in order to
consider and delete the signals due to the solvents.

Filter correction was carried out by multiplying the recorded value
with the percentage of transmission provided by the filters’ manufac-
turer. Raman normalization was performed by dividing the fluorescence
value through the area under the Raman peak, computed by integrating
the filter corrected fluorescence signal recorded on Milli-Q water at
excitation of 350 nm and emission between 371 and 428 nm (Lawaetz
and Stedmon, 2009). Rayleigh first and second order scatter removal
was performed by deleting the values at emission = excitation +20 nm
(Rayleigh first order scatter) and emission = [2 x excitation] + 20 nm
(Rayleigh second order scatter). Deleted data at Rayleigh first order
scatter were treated as missing value (Andersen and Bro, 2003), while
data at the Rayleigh second order scatter were replaced by interpolation
(Elcoroaristizabal et al., 2015). Finally, scatter removed matrices were
reduced by deleting noisy data and redundant information as addressed
by plotting the EEMs. Therefore, data recorded at excitation higher than
530 nm and emission higher than 550 nm were deleted (Bugden et al.,
2008).

Inner filter effect correction was performed for standard solutions by
multiplying the EEMs by a correction matrix, which was calculated for
each wavelength pair from the sample absorbance, recorded in triplicate
with a Perkin-Elmer Lambda 950 UV-VIS/NIR spectrometer by assuming
excitation and emission pathlengths of 0.5 cm in a 10 mm quartz cuvette
(Ohno, 2002).

Filter correction, blank subtraction and inner filter correction were
performed on Microsoft Excel 2010, while Raman normalization and
Rayleigh scatter removal were carried out on MatLab R2019a (The
MathWorks Inc., Natick, MA, USA), using drEEM toolbox version 0.6.3
(Murphy et al., 2013).

2.5. Chemometric analysis

PARAFAC analyses were implemented on the corrected data by using
drEEM toolbox (Murphy et al., 2013), version 0.6.3, run under MatLab
R2019a (The MathWorks Inc., Natick, MA, USA) statistical environment.
Different datasets were prepared and submitted to the PARAFAC func-
tion. In a first step, each species was analysed separately in order to
address potential differences between species. Afterwards, the three
replicates from the same sample were averaged and PARAFAC function
was implemented on the overall averaged dataset, consisting of 15 in-
dependent spectra (5 species x 3 shops). In this way, an overview of the
complete EEMs of several insects belonging to the Orthoptera order
could be obtained. In a further step, the three EEMs recorded on each
standard solution were averaged and studied. Identification and attri-
bution of each peak was performed by evaluating the improvements of
the PARAFAC models built on the overall averaged dataset after alter-
nating adding the EEM recorded by each standard compound.

If the insect powders are containing the studied standard com-
pounds, core consistency and percentage of explained variance of the
new PARAFAC models should not be significantly different when
compared to the ones of the PARAFAC models computed on the original
dataset.
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Before running the PARAFAC function, each dataset was scaled on
sample mode and normalized at unit of variance. Nine PARAFAC
models, with a number of components ranged between 2 and 10, were
built on each dataset by using the non-negative constraints on excitation
and emission modes (Andersen and Bro, 2003). Convergence criteria,
number of replications calculated to fix the models and maximum
number of iterations were set at 107, 10 and 2500, respectively. Core
consistency diagnostic, percentage of explained variance and split-half
analysis in 3 alternating and random splits were used to select and
validate the right model (Stedmon and Bro, 2008).

3. Results
3.1. Fluorescence landscape

The corrected and reduced fluorescence landscape (excitation
240-530 nm; emission 260-550 nm), obtained by averaging three in-
dependent scans of the same insect powder, is shown in Fig. 1.

Each EEM is relative to one species purchased from one German
seller. In every sample, a strong peak was detected in the region at
excitation about 290 nm and emission about 330 nm. The intensity of
this peak was highly variable among species and origins. Orthoptera
suborder Ensifera (Acheta domesticus, Gryllus assimilis, Gryllus bimacula-
tus) displayed higher peak than Orthoptera suborder Caelifera (Locusta
migratoria, Schistocerca gregaria), independently by the shop where the
insects were bought. By considering several sellers, higher peak was
detected on insects purchased by Feeders and More GmbH for all the
studied species.

A prominent peak at Aex/em around 340/430 nm was detected on
Locusta migratoria from Tropic Shop, although the same peak could also
be observed in the other samples. However, the aforementioned peak
was not evident in samples other than Locusta migratoria. In all the
samples, a clear peak was detected around excitation 340 nm and
emission 395-400 nm. This peak was particularly evident in Acheta
domesticus from Feeders and More GmbH. It was high in the other
samples as well, although it was lower than the peak 340/430 nm (Aex/
em) in Gryllus bimaculatus from Feeders and More GmbH. Further, a sharp
peak was observed at Aex/em Of 355/460 nm in Gryllus bimaculatus from
Prolnsects GmbH, while powder of Locusta migratoria from the same
shop was characterised by a peak at 355/420 nm (Aex/em)- In powders of
Acheta domesticus, Gryllus assimilis and Locusta migratoria from Proln-
sects GmbH and Tropic Shop, a weak peak was detected in the region
385-390/440-460 nm (Aex/em), While a peak at 335/390 nm (Aex/em) Was
noticed in Schistocerca gregaria from Feeders and More GmbH.

3.2. PARAFAC analysis

Core consistency and percentage of explained variance of PARAFAC
models built on the averaged data recorded on the insect powders are
displayed in Fig. 2. Core consistency shows a uniform decreasing trend,
with a rapid fall between 4 (core consistency = 92.06%) and 5 com-
ponents (core consistency = 67.91%) and between 6 (core consistency
= 40.31%) and 7 components (core consistency = 7.56%). According to
the core consistency, the percentage of explained variance raises from
96.54% (model-2) to 99.90% (model-10), with an important increment
from 2 to 3 components (98.44%) and from 3 to 4 components (99.38%).
Smaller increments were detected between 4, 5 (99.70%) and 6
(99.76%) components. Split-half analysis performed on the PARAFAC
model with 4 and 5 components was validated on all the comparisons,
while the same analysis carried out on model-6 was not validated
(supplementary material S1).

Loadings of each component of the PARAFAC models 4, 5 and 6
described on sample, excitation and emission modes, are displayed in
Fig. 3. Fluorescence peaks centred at Aex/em 295/300 nm with shoulder
at 333 nm (component blue), 285/333 nm (component orange) and
340/390-400 nm with shoulder at 420-425 nm (component yellow)
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Fig. 1. Reduced, averaged and corrected fluorescence landscape recorded from the analysed samples: Acheta domesticus from: Feeders and More GmbH (a),
Prolnsects GmbH (b), Tropic Shop (c); Gryllus assimilis from: Feeders and More GmbH (d), ProInsects GmbH (e), Tropic Shop (f); Gryllus bimaculatus from: Feeders and
More GmbH (g), Prolnsects GmbH (h), Tropic Shop (i); Locusta migratoria from: Feeders and More GmbH (j), Prolnsects GmbH (k), Tropic Shop (1); Schistocerca
gregaria from: Feeders and More GmbH (m), ProInsects GmbH (n), Tropic Shop (o). X axis, excitation (nm); Y axis, emission (nm); Z axis, fluorescence intensity (A.U.,
arbitrary units).
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Fig. 2. Core consistency (a) and percentage of explained variance (b) of PARAFAC models from 2 to 10 components, built on the overall averaged dataset of EEM
recorded from 15 different edible insect powders.
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(sample mode: d; excitation mode: e; emission mode: f) and model-6 (sample mode: g; excitation mode: h; emission mode: i).

could be observed in models 4 and 5 (Fig. 3b, c, 3e, 3f). Additionally,
model-5 (Fig. 3e and f) showed clear peak at excitation 390 nm and
emission 450 nm (component violet). The same component was also
detected in model-4; however in this model, it displayed a broader range
of excitation, with maximum at 390 nm and shoulder between 430 nm
and 470 nm, while the emission was ranged between 458 and 527 nm. A
further component (green) with excitation maxima at 465 nm and
shoulders at 390 nm and 520 nm, corresponding with emission ranged
between 504 nm and 527 nm was observed in model-5. In PARAFAC
model-6 (Fig. 4h and i), the first component (Aex/em: 295/300 nm with
shoulder at 333 nm) detected in the models 4 and 5 was divided into two
different components: yellow (Aex/em: 295/300 nm) and blue compo-
nents (Aex/em: 295/330 nm), the latest representing the shoulder asso-
ciated with the first component of models 4 and 5.

PARAFAC model-5 was optimised and validated after increasing the
convergence criteria to 107 :°, PARAFAC models with five components
were also validated for each species, and the peaks position was
confirmed on the intraspecies datasets, although slight differences were
observed on the excitation maximum of components one (Aex = 275 nm),
four (hex = 385 nm), five (Aex = 465 nm) for Gryllus assimilis, one (hex =
280 nm), three (Aex = 345 nm), five (Aex = 470 nm) for Gryllus bima-
culatus and on the emission maximum of several components among the
considered species (Table 3).

3.3. Peak identification

Emission spectra recorded at the maximum of the absorption band
(maximum excitation wavelength) of the analysed standard substances
are displayed in Fig. 4. Several pure compounds and mixtures showed
fluorescence peaks at excitation wavelengths ranging between 280 and
295 nm (tyrosine, tryptophan, tocopherol, albumin and mixtures of:
tryptophan + tocopherol, tyrosine + tocopherol, tryptophan + tyrosine

866

+ tocopherol) and might be therefore suitable for explaining the first
two PARAFAC components. Similarly, PARAFAC component-3 (Aex =
340 nm) might be associated to pyridoxine, NADH, pterins and collagen.
PARAFAC model-5 run on the overall averaged dataset was significantly
improved when pure spectra of these compounds were added (Fig. 5).

Comparison between PARAFAC components and pure standard
spectra showed good correspondence between component-1 and
mixture of tocopherol, tryptophan and tyrosine (Fig. 6a), component-2
and albumin (Fig. 6b), component-3 and collagen, pyridoxine and
pterins (Fig. 6¢).

4. Discussion

To the best of our knowledge, this study represents the first inves-
tigation of the fluorescence landscape of edible insects. Although insect
fluorescence has been largely explored, most of the studies investigated
live insects and fluorescence phenomena connected with pigments
responsible for their colourful teguments (Lagorio et al., 2015; Welch
et al., 2012).

In the present work, EEMs of powders from 5 different edible insect
species and 3 different origins were recorded and characterised. High
complexity of their fluorescence landscape was observed, suggesting
that edible insects are chemically complex matrices. Indeed, PARAFAC
analysis conducted on the overall averaged dataset was validated for
five components, indicating that five different peaks could be detected
on the analysed EEM. This is in line with other traditional food such as
meat, cheese and fish, where 4 or 5 fluorescence peaks are usually
described (Andersen and Mortensen, 2008; Christensen et al., 2006;
Islam et al., 2020).

Additionally, the five picked PARAFAC components were also
detected on the intraspecies datasets, implying that fluorescence of
several Orthoptera species raised from the same compounds. However,
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Table 3
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Excitation and Emission maxima of the validated PARAFAC model on the overall averaged dataset and intraspecies datasets.

Dataset PARAFAC model (Comp.) Comp. 1 (Aex/em; NM) Comp. 2 (Aex/em; NM) Comp. 3 (hex/em; NM) Comp. 4 (Aex/em; NM) Comp. 5 (Aex/em; NM)
overall 5 295/300; 333 285/333 340/392; 420 390/450 465/504-527
A. domesticus 5 295/299; 331 285/333 340/389; 425 390/452-457; 481 470/484-527
G. assimilis 5 295/302; 333 275/333 340/385; 422 385/443 465/484-527
G. bimaculatus 5 295/302; 335 280/334 345/392; 425-430 400/458 470/484-527
L. migratoria 5 295/299; 331 285/332 340/392; 425 390/457-481 470/504-540
S. gregaria 5 295/299; 340 285/332 340/391; 420 390/444-453 470/514-540

slight differences between samples could still be detected. Such differ-
ences were mainly due to the position of the emission maxima of each
PARAFAC component, which may be attributed to different physio-
chemical properties of the analysed powders. Indeed, it is well known
that optical properties of each fluorophore depend on the environment
where the specific fluorophore is located (Christensen et al., 2006).
Furthermore, since several molecules may interact with the fluo-
rophores (Sikorska et al., 2019), modifying their spectra, different
chemical compositions of the analysed powders may lead to important
differences in the peak position. This is relevant when different feeds are
used for insect rearing as the diet has a strong impact on insect nutri-
tional quality (Ojha et al., 2021; Van Huis et al., 2013). Therefore, if
different feeds are provided to different insect species, fluorescence
characterization and discrimination of insects as function of species and
origin may be performed, as already shown on traditional products
(Genis et al., 2019; Hammami et al., 2013; Lenhardt et al., 2017).
However, since limited dataset was used in this experiment and the
discrimination was not the object of this study, further and more focused
research is needed in order to shed light on this aspect. Further differ-
ences between species and origins could also be highlighted on magni-
tude of the fluorescence peaks, which may be connected with different
concentrations of the fluorophores in different samples. Indeed several
studies have displayed that the PARAFAC loadings computed on sample
mode pinpoint the relative concentration of the underlined fluorophore
in each sample, allowing to use fluorescence for quantitative analysis
(Bro, 1997; Sikorska et al., 2019). However, in order to implement
fluorescence spectroscopy for chemical compounds quantification,
characterisation of each fluorescence peak should be performed.

In the present study, identification of the compounds responsible for
the fluorescence peaks was based on the idea that each PARAFAC
component is associated with a specific chemical compound (Chris-
tensen et al., 2006; Murphy et al., 2013). Nevertheless, due to the high
chemical complexity of edible insects (Rumpold and Schlueter, 2013),
interaction between molecules can be expected, implicating that more
compounds describe the same fluorescence peak.

Potential fluorophores responsible for edible insect fluorescence
might be amino acids, vitamins, polyphenols, pigments and nucleic acid,
which are the traditional fluorophores detected in food (Fernandez--
Romero and Aguilar-Caballos, 2019). Additionally, further compounds,
such as purine and uric acid have been detected in some insect species
(Melber and Schmidt, 1992; Mello and Vidal, 1985), therefore, they
should be considered. In this study, the first two PARAFAC components
exhibit excitation maximum at 285 and 295 nm, respectively. Proteins
are usually excited in this region (Lakowicz, 2013). Edible insects are
known to be a very important protein source, having concentrations
ranging between 25 and 75% (Oonincx and Finke, 2020; Rumpold and
Schlueter, 2013); therefore, it is possible to hypothesize that they are
responsible for at least one fluorescence peak. Protein fluorescence or-
igins from three aromatic amino acids, i.e. phenylalanine (Aex/em =
260/282 nm), tyrosine (Aex/em = 275/303 nm) and tryptophan (hex/em =
280/350 nm) (Lakowicz, 2013). Since proteins are usually excited at
280 nm, phenylalanine is not detected, while tryptophan and tyrosine
could be detected in both, pure and combined forms. Therefore, PAR-
AFAC component-2 (A.x = 285 nm) may be due to proteins. Specifically,
perfect overlapping between this component and albumin spectra was
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observed, therefore component-2 might be associated to albumin.
However, since Montowska et al. (2019), studying the protein profile of
cricket powders, did not report this specific protein, a mixture of several
amino acids (i.e. tryptophan and tyrosine) may be a more suitable
explanation for this peak. Indeed, tryptophan residues are usually
located in the hydrophobic area of the proteins (Bussler et al., 2015) and
such environment leads to a shift of their emission maximum from 350
to 320-330 nm (Albani, 2012), which is suitable for explaining the
aforementioned PARAFAC component. Moreover, fluorescence peaks
centred between 330 and 340 nm, detected in several other foods, such
as fish and meat, are usually associated with this amino acid (Chris-
tensen et al., 2006). Nevertheless, since energy transfer from tyrosine to
tryptophan is a common phenomenon happening within the proteins
(Lakowicz, 2013), the aforementioned peak might also be the result of a
mixture of tyrosine and tryptophan in hydrophobic environment.

Due to similar physical phenomenon, the PARAFAC component-1
(Aex = 295 nm) might also be associated with a mixture of tyrosine
and tryptophan. However, since tyrosine cannot be excited at wave-
lengths higher than 290 nm (Lakowicz, 2013), it seems improbable that
tyrosine is responsible for this fluorescence peak. Nevertheless, the
detection of tyrosine at this wavelength cannot be excluded as an exci-
tation slit width of 10 nm was used in this study, meaning that the
excitation could fluctuate between 285 and 305 nm. Alternative expla-
nation for the main component peak might be the Rayleigh or Raman
scattering. A Raman effect was not observed due to the nature of samples
(powder form) and it is typically due to absorption of solvents (Andra-
de-Eiroa et al., 2013). On the other hand, Rayleigh signal could be
detected, even though preliminary correction was performed. Never-
theless, it might be excluded as it is usually beyond the measurement
range of the instrument, while the studied peak is well defined. There-
fore, the peak at emission 300 nm may be attributed to tyrosine. The
shoulder at 333 nm is, instead, probably associated to tryptophan.
However, excitation of 295 nm can also allow to detect tocopherol (i.e.
vitamin E), which is an important fluorophore in several food products,
such as milk, cheese, meat, oil, cereal flour and others (Altomonte et al.,
2019; Christensen et al., 2006; Gherghina et al., 2021; Lenhardt et al.,
2017). It shows a fluorescence peak centred at Aex/em = 298/330 nm
(Albani, 2012; Sikorska et al., 2019), therefore it can be expected to be
co-responsible for this fluorescence peak.

PARAFAC component-3 was attributed to a mixture of pyridoxine,
collagen and pterins. In particular, pterins, a class of chemical com-
pounds responsible for pigmentation, nitrogen metabolisms, visual and
neurohormonal activities (Ziegler and Harmsen, 1970), have been
already detected in insects when emission spectra ranging between 420
and 455 nm over excitation 340 nm was considered (Abels and
Ludescher, 2003; Bridges and Sohal, 1980; Kumazawa and Tabata,
2001; Melber and Schmidt, 1992). Pterins show a characteristic peak at
hex/em = 350/450 nm (Lagorio et al., 2015); therefore, they can explain
the shoulder of this PARAFAC component. However, since the same
excitation wavelength has been used to detect NADH (Aem,max = 395 and
465 nm (Hassoun and Karoui, 2015; Sikorska, 2019)) in several food
products (Christensen et al., 2006; Hassoun et al., 2020; Hassoun and
Karoui, 2015; Sikorska, 2019; Sikorska et al., 2019), further analyses are
requested in order to have a secure identification of the underlined peak.
Other fluorophores usually detected in animal-derived food and able to
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Fig. 5. Core consistency (black line) and percentage of explained variance (grey line) of PARAFAC analyses performed on the insect EEM after adding the EEM
recorded from one single chemical standard compound (or mixture): tyrosine (a); tryptophan (b), tocopherol (c); tocopherol + tyrosine (d); tocopherol + tryptophan
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emit fluorescence in the same region (Aex/em = 350/420 nm) are rep-
resented by Schiff bases, originated through chemical reactions between
saturated aldehydes and amino acids (Veberg et al., 2006). However,
they are produced during the storage at high temperatures, and since the
samples were stored for a short time at 4 °C, their presence can be
excluded. Nevertheless, further analysis should be carried out in order to
understand if such products can be used for monitoring storage time and
conditions of edible insect powders. The main peak of the aforemen-
tioned PARAFAC component may instead be assigned to collagen
(Aex/em = 320/400 nm (Skjervold et al., 2003)) and/or pyridoxine
(Aex/em = 340/400 nm (Sikorska et al., 2004)). Pyridoxine (i.e. vitamin
B6) is usually detected in high amounts in unprocessed insects (Oonincx
and Finke, 2020) and displays strong fluorescence intensity, also if
present in traces (Sikorska et al., 2004). Collagen is a structural protein,
very common in animal tissue (Shoulders and Raines, 2009; Sutherland
et al., 2013) and its fluorescence is often detected in meat (Christensen
et al., 2006). Since the latter compound has been found in several insect
species as well (Ashhurst, 1982; Ashhurst and Bailey, 1980; Francois,
1985), both pyridoxine and collagen are strong candidates for being
described by the underlined PARAFAC component.

Due to the low signal/noise ratio recorded at excitation and emission
higher than 400 and 450 nm, respectively, and to the high chemical
complexity of this area, specific identification of the PARAFAC compo-
nents 4 and 5 was not performed. However, since in the region where
they were computed, vitamins (e.g. vitamin B2) and polyphenols (e.g.
pherulic acid) (Ahmad et al., 2017; Christensen et al., 2005; Kahle et al.,
2019; Yang et al., 2016) are usually detected, these peaks might be
associated to mixtures of several vitamins and polyphenols. On the other
hand, compounds potentially responsible for these two components may
also be lipid oxidation products (Yamaki et al., 1992), already detected
in meat and fish (Veberg et al., 2006). Therefore, in order to have an
exact and punctual chemical identification of the latter two PARAFAC
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components, further studies should focus on the fluorescence in the
underlined region.

5. Conclusion

In the present study, the fluorescence landscapes of edible insects
were investigated. PARAFAC analysis performed on EEM recorded from
15 insect powders was validated for five components suggesting that
edible insect’s optical fingerprint is characterised by five different peaks.
The same PARAFAC components computed on the overall dataset were
also detected in intraspecies dataset, pointing out that several insect
powders have the same fluorophores. Slight differences in emission and
excitation maxima, likely due to different feed and insect origin, could
still be observed. Comparison between the PARAFAC components and
emission spectra of standard compounds allowed to assign the first three
components to mixture of tryptophan and tyrosine, mixture of trypto-
phan, tyrosine and tocopherol, mixture of pyridoxine, collagen and
pterins, respectively.

In conclusion, this research shows that fluorescence spectroscopy
can potentially be employed for fast monitoring of the composition of
edible insects. However, further studies investigating other edible insect
species and products thereof are needed in order to have a complete
overview of the analytical potential of fluorescence in the edible insect
sector.
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