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Abstract

The edible insect industry produces ingredients that are utilised in both animal feed and
human food. However, the quality control of these ingredients and products is carried
out using traditional routine chemical analysis, which generates waste and is considered
both costly and time-consuming. Therefore, these techniques are not considered suitable
for a sustainable and green industry. Consequently, the edible insect industry requires
environmentally friendly methods that can be used in quality control along the insect supply
and value chains. Most of these methods are based on the use of molecular spectroscopy
and optical sensors (near- and mid-infrared, Raman spectroscopy) that allow for the large-
scale analysis of chemical composition, authentication, and traceability of the products and
processes, helping the real-time data collection and management decision tools. This paper
provides an overview of the use of rapid and objective techniques in different examples
associated with edible insects.
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1. Introduction
Edible insects are considered important to ensure feed and food security [1–6]. More

importantly, the utilisation of edible insects as a food ingredient is gaining importance
due to the high nutritional value they possess. Additionally, their production systems
are considered to be more environmentally friendly than traditional livestock farming
systems [1–5]. Edible insects farmed for commercial purposes are characterised by high
protein, polyunsaturated fatty acids, and other nutrients that are of importance to the
human diet [1–6]. Other minor compounds such as polyphenols, microminerals (e.g., iron,
zinc, and copper), and macro minerals have been found in the larvae and pupae of different
edible farming insects, contributing to the nutritional value of these ingredients [1–5]. In
addition to the nutrient-rich ingredients they provide, edible insects are characterised
with different functional properties that can be utilised in a wide range of industries,
including food (e.g., baking industry), cosmetics, medical and pharmaceutical applications,
biotechnology, and as an ingredient in animal feeds [7–9]. In all these applications, it is
important to characterise the chemical composition and other properties of the insects
beyond crude protein measurement. Thus, the total lipid, fatty acid, and amino acid
profiles, as well as chitin and the functional properties (e.g., emulsification, gelatinisation,
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water absorption) that contribute to the techno-functional properties of the food, must be
evaluated [9–11].

Edible insects are not only used as food ingredients for humans but also as feed in-
gredients in animal production, where they have been considered a sustainable source
of protein [9–11]. Various studies have demonstrated that insects, such as black soldier
fly larvae (Hermetia illucens, BSFL), can be added to animal feed without compromising
animal growth performance [8]. However, more information is needed on the chemical
composition, traceability, and safety of the different edible insect species before they can
be considered as a feed ingredient [8]. These findings also play an essential role in sup-
porting legislation under development [12]. Due to their high protein biological value and
digestibility, insects have been used as alternative sources of protein in poultry [13,14],
pig [15], ruminant [16], and fish nutrition [17–19]. The possibility of using edible insects has
also contributed to food security in different countries where the importation of protein-rich
plant sources such as soybean and corn can be reduced [8]. Consequently, novel and eco-
conscious protein sources like edible insects have contributed to tackling protein deficiency
in different countries, and subsequently improving the efficiency of the production systems,
decreasing the pressure on ecosystem services and widening the prospects of improving
food security [8,20].

It is estimated that approximately 2000 insect species are consumed worldwide [21].
The most common insects used commercially are house cricket adults (Acheta domesticus),
field cricket adults (Gryllus bimaculatus), mealworm larvae (Tenebrio molitor), palm weevil
larvae (Rhynchophorus ferrugineus), and black soldier fly larvae (Hermetia illucens) [21]. In
recent years, the EU (Regulation 2015/2283) approved the use of seven insect-derived
products as new food ingredients for human consumption by the European Commission
(2015) [12,21]. However, new regulations require that labels include information about the
presence of edible insects. Therefore, the information about species must also be included
in the list of authorised novel foods in addition to the nutritive value before their utilisation
and commercialization [12,21]. For animal feed, a broader range of insect species in various
forms are accepted, including whole insects, live insects, insect proteins, insect fats, and
hydrolysed insect proteins [22]. In Europe, the following eight insect species have been
approved for use in animal feed and include Hermetia illucens (black soldier fly), G. sigillatus
(banded cricket), Gryllus assimilis (Jamaican field cricket), A. domesticus (house cricket), A.
diaperinus (lesser mealworm), T. molitor (yellow mealworm), Musca domestica (housefly),
and Bombyx mori (silkworm) [12,21].

Edible insects as a source of protein and other nutrients are considered eco-friendly
and sustainable [10,11]. However, the quality control of these ingredients and products is
performed using traditional routine chemical analysis, which generates chemical waste
and is considered costly and time-consuming [23,24]. Therefore, these techniques are not
regarded as suitable for a sustainable and green industry [23,24]. Consequently, the insect
industry requires environmentally friendly methods for quality control along the insect
supply and value chains [23,24]. Vibrational spectroscopic techniques represent valuable,
rapid, non-destructive, and green methods that can be used throughout the edible insects’
supply and value chain, from production plants to the end user (e.g., human food or animal
feed) [8,20]. Most of these methods are based on molecular spectroscopy and optical sensors
that enable large-scale analysis of chemical composition, authentication, and traceability of
products and processes, facilitating real-time data collection and decision-making tools.

This paper provides an overview of the use of rapid, objective techniques across
different examples of edible insects.
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2. The Tools—Vibrational Spectroscopy and Data Analytics
Different vibrational techniques have been evaluated for their ability to predict the

chemical composition of foods and feeds [23–25]. The most widely used techniques are
near-infrared (NIR, 750–2500 nm), mid-infrared (MIR, 1400–3000 nm), and Raman spec-
troscopy [26–29]. More recently, hyperspectral imaging (HSI), an analytical method that
integrates imaging technology with spectroscopy, has also been used for this purpose [26].
However, other techniques, including infrared microscopy and fluorescence, have also
been evaluated to characterise edible insects [30]. Applications and implementation of
these techniques require the utilisation of chemometrics or machine learning (ML) [31,32].
Chemometrics and ML algorithms are used to interpret collected spectral data and develop
models for quantitatively or qualitatively analysing samples [31,32]. The implementation
of these techniques, in combination with ML, required preprocessing, training, and internal
and external validation of the spectral data to construct the model and evaluate its future
performance [33–35]. Figure 1 showed the NIR spectra of BSFL (Hermetia illucens) collected
at two instars, as well as both BSFL and cricket dry powder samples. The figure shows
that the NIR spectra provides us with information about the chemical characteristics of
the samples. Absorbances in wavenumbers related to O-H bonds (around 8300 cm−1,
6800 cm−1, 5000 cm−1) are associated with water or moisture content, wavenumbers re-
lated to C-H bonds (between 5600 and 5700 cm−1, and above 5000 cm−1) are associated
with carbohydrates, lipids, or fatty acids, and wavenumbers related to N-H bonds (around
6900, 6700, 5000, 4800 cm−1) are associated with protein content or amino acids. Other
chemical characteristics or properties can also be associated with different wavenumbers or
functional groups [26–29].

Figure 1. Near-infrared spectra of black soldier fly larvae collected at two instars, and both black
soldier fly larvae and cricket dry powder samples. The figure is an original creation of the authors
and has not been published previously.

3. Applications of Vibrational Spectroscopy in Edible Insects
Techniques such as MIR, NIR, and Raman spectroscopy have been evaluated by

researchers and industry as effective and practical tools for assessing the chemical composi-
tion of edible insects and for quality control during processing. More importantly, these
techniques provide rapid and objective measurements of food and feed composition and
nutritional value (e.g., protein, moisture, and fat content). In addition to its role in assessing
the chemical composition, vibrational spectroscopy has also been evaluated for detecting
adulteration, identifying and quantifying the presence of unwanted ingredients, such as
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plant proteins in insect powders, and detecting the addition of insect meal to different
food products. In addition to chemical composition, both authenticity and traceability are
important to the consumer from a safety point of view. In addition, the identification of
insect species has also been of interest, where different vibrational spectroscopy techniques
have been evaluated for their ability to identify insect species, as well as the presence of
insect parts in mixed products [36,37].

A recent area of interest in the application of these analytical techniques is associ-
ated with the ability of these techniques to be used for monitoring different processing
parameters [38,39]. Process monitoring or process analytical technologies (PAT) can be
incorporated into the production line for the online analysis of insect larvae, enabling
producers to monitor and optimise rearing conditions and composition [38,39]. Figure 2
schematically summarises the different applications of vibrational spectroscopy in the
edible insect’s feed and food industries.

Figure 2. Applications of vibrational spectroscopy in the edible insect’s feed and food industries.

3.1. Authentication and Traceability

NIR and MIR spectroscopy were used to evaluate the level of adulteration of A. domes-
ticus, cricket powder (CPF) added to chickpea (CKF), and flaxseed meal flours (FxMF) [36].
In this study, mixture samples were analysed using attenuated total reflectance (ATR) MIR
and Fourier transform (FT) NIR combined with partial least squares (PLS) using cross-
validation. The coefficient of determination in cross validation (R2

CV) and the standard
error in cross-validation (SECV) reported ranged from 0.91 to 0.94 and from 4.33% to
6.68%, respectively, for ALL, CPF vs. CKF, and FxMF vs. CKF samples analysed using
MIR spectroscopy. The R2

CV and SECV ranged between 0.94 and 0.98 and 1.74% to 3.27%,
using all of the CPF vs. CKF mixture, and the FxMF vs. CKF samples, as analysed by
NIR [36]. The authors showed that the different mixtures differed in absorbance at specific
wavelengths in the NIR range. It was concluded that these wavelengths can be utilised to
assess the presence of cricket flour in the mixtures [36].

FT-NIR imaging was evaluated to detect and quantify the presence of edible insects
in feed meal (e.g., generic vegetal feed meals, poultry, bovine, fish, and krill meals) [40].
Discriminant analysis (DA) was utilised to identify the presence of insect fragments in the
feed meal samples. Moreover, the possibility of quantifying the insect’s meal in the feed
sample was also successfully tested [40]. The authors concluded that FT-NIR imaging can
be used as a screening tool for quality assurance [40].
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Edible insect powders from different species (Tenebrio molitor, Alphitobius diaperinus,
Gryllodes sigillatus, A. domesticus, and Locusta migratoria) and origins (The Netherlands
and New Zealand) were analysed using attenuated total reflectance (ATR) combined with
FTMIR spectroscopy and classified using soft independent modelling of class analogy
(SIMCA) [37]. The SIMCA classification models identified both the insect species and their
origin. The classification models were based on the patterns associated with their lipids and
chitin. Most models correctly classified the samples (100%), except for A. diaperinus [37].
Other authors have also reported good classification rates to detect the presence of insects
in feed meal samples using either NIR spectroscopy [41] or ATR-MIR spectroscopy [42].

The ability of ATR-FTMIR spectroscopy to discriminate between doughs and 3D-
printed baked snacks made with A. diaperinus and L. migratoria flour was evaluated [43].
Doughs were made with different amounts of insect flour (0–13.9%) replacing the same
amount of chickpea flour (46–32%). In this study, SIMCA models correctly classified
the species of edible insects added and used to prepare the doughs and snacks. The
discrimination power of the models was associated with wavelengths linked to lipid,
protein, and chitin contents in the insects [43]. Furthermore, the classification models
were able to predict the percentage of insect flour added to the dough and snacks, with
coefficients of determination ranging from 0.97 to 0.99 and a standard error of prediction
(SEP) ranging from 1.08 to 1.90% [43].

3.2. Chemical and Nutritional Fingerprints

The ability of fluorescence spectroscopy to analyse 15 insect powders from five Or-
thoptera species (A. domesticus, Gryllus assimilis, Gryllus bimaculatus, L. migratoria, Schisto-
cerca gregaria) and three origins was evaluated [44]. The fluorescence data were analysed
using the averaged dataset via Parallel factor analysis (PARAFAC). The models were
validated for five components, each with distinct fluorescence peaks. Results from the
application of PARAFAC suggested that edible insects’ fluorescence information arises
from mixtures of amino acids and other chemical compounds such as tryptophan plus
tyrosine (PARAFAC component-1), tryptophan plus tyrosine and tocopherol (PARAFAC
component-2), and collagen plus pyridoxine and pterins (PARAFAC component-3) [44].

The ability of ATR-FTMIR spectroscopy was used to collect and characterise the
fingerprint of BSFL, Tenebrio molitor, G. bimaculatus, and A. domesticus samples [45]. Specific
wavenumbers in the MIR range were reported corresponding with Amide groups present
in the samples, associated with the secondary structure of protein [45]. This study showed
that the MIR spectra of the insects are associated with rearing conditions and substrates
used to feed the different species [45].

3.3. Proximate Composition, Amino Acids, and Fatty Acids

The prediction of the proximate composition (e.g., protein, fat, dry matter, ash) of
edible insects using NIR, MIR, and HSI has been reported by different authors [46–49]. The
prediction of crude protein (CP) and total lipids (TP) was reported using BSFL (Hermetia il-
lucens) flour, where residual predictive deviation (RPD = SD/SECV) values ranged between
2.5 and 4.3, and root mean square standard error of prediction (RMSEP) between 1.9% to
3.5% depending on the algorithm used to develop the calibration models [48]. A R2

CV of
0.90 and RPD value of 3.6 for the acid detergent fibre (ADF) and a R2

CV of 0.76 and a RPD
value of 2.1 for total carbon (TC), CP (R2

CV of 0.63; RPD value of 1.4), crude fat (CF) (R2
CV

of 0.70; RPD value of 1.6), neutral detergent fibre (NDF) (R2
CV of 0.60; RPD value of 1.6),

starch (R2
CV of 0.52; RPD value of 1.4), and sugars (R2

CV of 0.52; RPD value of 1.4) were
reported by Alagappan and collaborators [46]. The prediction of proximate composition
was also attempted using HSI, where the RMSEP values ranged between 1.57 and 1.66%
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and RPD values ranged between 2.0 and 2.5 for the prediction of CP (% protein range 25.5
to 43.5%) [47]. Short wavelengths in the NIR (short wavelength—SWIR) combined with
HSI were used to predict the proximate composition of dried BSFL [49]. The PLS regression
algorithm was used to develop calibration models for moisture, CP, CF, crude fibre, and
ash content with R2

CV values > 0.89 and RMSEP values within 2% [49]. CF was predicted
in partially defatted edible T. molitor and A. diaperinus powders using MIR (4000–630 cm−1)
and NIR (1350–2550 nm) spectroscopy [50]. The R2

CV was higher than 0.9 and low SECV
ranging between 1.06 and 3.22% using PLS regression [51,52]. Overall, studies reported
using both NIR spectroscopy and HSI demonstrated that these techniques were able to
predict the proximate composition of edible insects successfully.

The prediction of amino acids and fatty acids in T. molitor was reported using FTNIR
spectroscopy (1100–2100 nm) [53,54]. The R2

CV and R2 in predictions (R2
Pred) were higher

than 0.82 and higher than 0.86, with RPD values higher than 2.20 for 10 amino acids [53,54].
The PLS regression models developed for the prediction of glutamic acid, leucine, lysine,
and valine were not adequate for the prediction of these amino acids [40,41]. The prediction
of six fatty acids was also possible with R2

CV and R2
Pred values higher than 0.77 and higher

than 0.66, with RPD values higher than 1.73 [53,54].
The ability of ATR-MIR spectroscopy to predict fatty acids in adult A. domesticus, G.

bimaculatus, T. molitor, and Rhynchophorus ferrugineus samples was reported [55]. In this
study, freeze-dried insects were analysed using ATR-MIR spectroscopy [55]. The MIR
spectra collected was able to provide information about the biochemical properties of
the samples. The R. ferrugineus samples showed the highest lipid content and the lowest
protein content [55]. Furthermore, unsaturated fatty acids (UFAs) were also analysed,
where the highest content of saturated fatty acids (SFAs), along with the lowest content
of polyunsaturated fatty acids (PUFAs), was observed in the larvae of the R. ferrugineus
species [55], once more highlighting the versatility and ability of IR technology to predict
more complex chemical compounds in insects [55].

In recent years, miniaturised and handheld MIR and NIR instruments have been eval-
uated to assess the composition and classify edible insect powders [25,28,50,52]. Different
NIR portable instruments were compared for the classification of edible insect powders,
independent of their origin or grinding degree [56]. The prediction of CP, lipids, and
moisture was reported using NIR spectroscopy, which yielded R2

CV values greater than
0.95 [50,52]. In addition, NIR microscopy was used to differentiate between insect and
plant products and to detect insect meal at low inclusion rates in feed [50,52].

Binary mixtures of T. molitor, A. diaperinus, A. domesticus, and L. migratoria from 0 to
100% in increment of 10%, and mixtures of three insect species (T. molitor, A. diaperinus, A.
domesticus) were added to organic wheat, whole wheat, and chickpea flour with an increas-
ing ratio of 10% from 0 to 100% [56]. The authors evaluated different handheld instruments
where instrument-to-instrument variation was evaluated. The authors evaluated 13 instru-
ments to analyse 16 samples, where an external validation set in one additional device was
used (n: 53) [56]. The PLS regression models showed good linearity, predicting CP and CF
in mixtures of insect powders and flour, and in insect powder mixtures, with strong R2

CV

higher than 0.97, low RMSECV (range between 0.2 and 2.1%), and RMSEP greater than
0.5% [56]. This research showed that using multiple instruments increased the model’s
error but resulted in a more generalizable model with reduced instrument-to-instrument
variability when predicting properties with a new device [56].

Hyperspectral imaging was used to identify spectral patterns associated with different
molecular components, including total fat and moisture in edible insects [57]. In this study, a
hyperspectral image system in the wavelength range between 400 and 1000 nm was used to
analyse BSFL meal samples [57]. In this study, the results were compared to those obtained



Processes 2025, 13, 4014 7 of 10

using wheat flour samples where BSFL meal samples indicated 7.2% ± 0.05% (w/w) and
28.15% ± 0.15% (w/w) in moisture and total fat content, respectively [57]. Compared with
wheat flour, the BSFL meal samples where these differences were clearly identified using
the hyperspectral images have less fat, which underscores the efficiency and utility of
multispectral cameras to conduct real-time and non-destructive analyses [57].

4. Conclusions
Reports on the use of vibrational spectroscopy techniques (e.g., NIR and MIR spec-

troscopy) demonstrate that they could play an essential role in the edible insects’ industry.
The spectra collected provide with accurate information about the chemical characteristics
and nutritional value of the different species of edible insects. Additionally, the spectra or
images can be used to authenticate and trace contamination between species when other
protein-based alternatives are used. In all cases, vibrational spectroscopy techniques (e.g.,
NIR, MIR, Raman spectroscopy, or HSI) require combination with ML or chemometrics,
and pre-processing techniques. With few exceptions, the scientific literature has reported
examples of feasibility or potential studies in which small datasets have been used to
represent a wide range of conditions.

While calibration development (e.g., quantitative analysis) has been the primary
objective of these applications, less emphasis has been placed on interpreting the spectra or
images (e.g., raw data, loadings, pixels). Technological and scientific challenges associated
with data interpretation in the context of biology and physiology (e.g., larvae, pupae,
instar, adult), rearing conditions, and the nutrition of the samples remain barriers to
future applications in the edible insect industry. In addition, regulatory compliance, the
integration of predictive models into existing analytical frameworks, the need for a user-
friendly interface, data security and privacy issues, and their integration into ethical and
welfare guidelines and legislation have not been fully addressed by the industry.

Consequently, protocols addressing these issues must be developed in collaboration
with the user to ensure that the benefits of advanced data analysis are aligned with the
practicality and the specific requirements imposed by the end-user. Developing guidelines
and international collaboration to build large, robust datasets will be required to enable
the use of models in routine conditions. Furthermore, training employees (e.g., industry,
technicians, researchers, and end-users) will be necessary to ensure the smooth applicability
and interpretability of these tools in routine food analysis.
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