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production requires optimized rearing, processing, and quality control methods.
Vibrational spectroscopy can be used to ensure the quality and nutritional integrity of
insect-based products. Infrared and Raman spectroscopy are two key types of
vibrational spectroscopy that provide valuable information about the molecular
composition of insect-based products. The incorporation of vibrational spectroscopy
into insect farming and production systems could streamline quality control
processes, ensure food safety, and support sustainable practices. Portable and
miniaturized spectroscopic devices offer a cost-effective solution for on-site
monitoring, providing farmers and manufacturers with a convenient tool to maintain
the authenticity, quality, and nutritional integrity of insect-based foods.
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Introduction

Entomophagy has a long history in various cultures, particularly across Asia, Africa, and Latin America (7, 2).
Modern research confirms the environmental advantages of insect farming, including reduced greenhouse
gas emissions and high feed conversion efficiency compared to traditional livestock (3, 4). Insects like Her-
metia illucens and Tenebrio molitor require significantly less land and water and can be cultivated on
organic by-products, making them vital components in a circular economy (5).

Aside from sustainability, insects contribute to human health through antioxidant, anti-inflammatory, and
antihypertensive properties (6-8). Regulatory agencies in the EU and North America have approved several
insect species for food and feed applications, with growing commercial interest in crickets, mealworms, and
black soldier fly larvae (9, 10).
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In this context, there is a growing need for efficient and accessible techniques to evaluate the quality and
safety of insect-based products. Proximate analysis of insects typically measures protein using nitrogen-
based methods like Kjeldahl or Dumas, and lipids using solvent extraction methods such as Soxhlet or
Folch. While accurate, these techniques are time-consuming, labor-intensive, and require specialized equip-
ment and trained personnel. They also involve hazardous solvents, making them less safe and impractical for
on-site testing. There is a growing need for faster, safer, and more accessible methods to evaluate the quality
of insects and insect-based products. Vibrational spectroscopy, particularly near-infrared (NIR) and mid-infra-
red (MIR), has emerged as a rapid, non-destructive alternative for food analysis (77-173). These methods can
assess protein, lipid, and carbohydrate content, differentiate species, and detect adulterants in insect
powders (14-16).

Recent studies demonstrate the ability of NIR and MIR spectroscopy, when combined with machine learn-
ing and chemometric models, to accurately classify insect species and quantify nutritional components, such
as proteins and lipids (77-19). Portable and handheld spectrometers enable in situ analysis, which is particu-
larly useful for real-time monitoring during the rearing and processing stages (20, 217).

This literature review aims to investigate the use of vibrational spectroscopy as a tool for analyzing insect-
based food and feed products. The review focuses on two main objectives:

(1) Evaluate NIR and MIR spectroscopy for quantifying protein and lipid content in insect powders, high-
lighting spectral features and model performance metrics.

(2) Analyze the viability and performance of portable spectroscopic devices for real-time, non-destructive
quality control in insect production systems, including during rearing, processing, and product develop-
ment stages.

By synthesizing findings from current literature, this review provides valuable information for the use of
vibrational spectroscopy in insect-based product analysis.

Why are insects on the rise?

The Food and Agriculture Organization (FAO) of the United Nations estimates the global population will reach
10 billion people by 2050, requiring a 70% increase in food and feed production (22). Consequently, it is
necessary to explore alternative nutrient sources due to the rising demand for livestock feed, land for cultiva-
tion, and water. Edible insects present significant potential due to their high nutritional value and minimal
environmental impact, positioning them as a viable solution to address these food security challenges. Ento-
mophagy has been a traditional dietary practice in numerous cultures across Asia, Latin America, and Africa
for centuries (7, 2). Insects offer several environmental advantages as a nutrient source. Van Huis and Oonincx
(23) reported that insects emit comparable or lower levels of greenhouse gases and ammonia than cattle or
pigs, and require less land and water compared to conventional protein sources (4, 23). Oonincx et al. (3)
found that Locusta migratoria produces 26% and Tenebrio molitor produces 36% of the CO, per kilogram
of mass gain compared to cattle. Insects exhibit high efficiency in biotransforming a wide range of organic
matter into edible body mass, resulting in a high feed conversion ratio, requiring less than 2 grams of
feed to produce 1 gram of weight, compared to 8 grams for cattle. This efficiency is partly attributed to
insects being ectothermic, which reduces their energy requirements for thermoregulation (24).

Moreover, insects can be reared on organic side-streams (bio-waste biomass from food and agriculture)
and can convert them into high-value food and feed resources. Additionally, insects have rapid growth and
reproduction rates, making them a prolific and sustainable protein source. For example, the life cycle of Her-
metia illucens spans approximately 45 days, developing through four stages: egg, larva, pupa, and adult, with
egg-laying commencing 2-4 days after reaching adulthood (5).

Beyond their nutritional and production benefits, insects have been demonstrated to offer health advan-
tages, including antioxidant capacity, anti-inflammatory properties, and blood pressure reduction (6-8).

The European Food Safety Authority (EFSA) has approved six insect-based novel foods for human con-
sumption under the European Union’s Novel Foods Regulation 2015/2283 (Figure 1). These approved
insect species for human consumption include Tenebrio molitor (yellow mealworm), Locusta migratoria
(grasshopper), Acheta domesticus (house cricket) and Alphitobius diaperinus (lesser mealworm).
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January 2021
Dried Tenebrio molitorlarva
July 2021
Frozen, dried, and ground Locusta migratoria
® August 2021
Frozen, dried, and ground Tenebrio molitor larva
Frozen, dried, and ground Acherta domesticus
May 2022 @
Partially defatted Acheta domesticus powder
@ July 2022

Frozen and freeze-dnied Alphitobius diaperinus larva paste or powder

June 2023
UV-treated powder Tenebriomolitor larva
July 2024

Acheta domesticus powder

Figure 1. Insects authorized by European Food Safety Authority (EFSA) as Novel Foods.

In North America, insect production for human consumption primarily focuses on crickets and beetles.
The market is largely dominated by the A. domesticus and Gryllodes sigillatus (banded cricket), with the T.
molitor being the main beetle species sold (9).

Regulatory guidelines from the U. S. Food and Drug Administration (FDA) stipulate that insects sold as
food must be raised specifically for human consumption in facilities adhering to good manufacturing prac-
tices. Manufacturers are also required to ensure the safety and quality of their products (70). Additionally,
companies must meet all food safety and handling regulations, including critical control points, good man-
ufacturing practices, hazard analysis, and risk-based preventive controls (10).

The rising costs and limited availability of conventional feed resources like soymeal and fishmeal for live-
stock and aquaculture highlight the need for alternative solutions (25). Insect rearing offers a promising sol-
ution. Frass, a by-product of insect farming, consists of insect excrement, feeding substrate, insect parts,
dead eggs, and some dead insects. It can be used as a fertilizer, adding value to waste and promoting a cir-
cular economy. Frass enriches soil with nutrients, boosts microbiological activity, and increases plant resili-
ence to stress factors like drought, flooding, and pathogens (26).

For animal feed, a broader range of insect species is accepted in various forms, including whole insects,
live insects, insect proteins, insect fats, and hydrolyzed insect proteins. In Europe, the following eight insect
species have been approved for use in animal feed: Hermetia illucens (black soldier fly), G. sigillatus (banded
cricket), Gryllus assimilis (Jamaican field cricket), A. domesticus (house cricket), A. diaperinus (lesser meal-
worm), T. molitor (yellow mealworm), Musca domestica (housefly), and Bombyx mori (silkworm). These
species are recognized for their potential to provide high-quality and nutritious protein in animal feed.

In Brazil, several insect species, including H. illucens and T. molitor, are approved for use in aquaculture,
pig, and poultry farming without restrictions, according to Normative Instruction No. 110 (24 November
2020). Over the past decade, research into H. illucens larvae as animal feed has increased significantly. In
the United States, the Association of American Feed Control Officials (AAFCO) mandates that H. illucens
larvae ingredients must come from insects fed with ‘feed grade material.” These larvae can only be sold if
they are artificially dried and defatted through mechanical extraction. H. illucens larvae are now an
AAFCO-certified ingredient for feeds intended for salmonoids, poultry, swine, and adult dogs (27). Addition-
ally, in December 2023, AAFCO authorized the commercialization of defatted mealworm proteins (Protein70)
in the United States.

Chemical composition and nutritional value

Insects are a highly diverse group of organisms, resulting in varying nutritional values depending on factors
such as species, sex, life stage, diet, and environmental and breeding conditions (2). Additionally, their
chemical composition can be influenced by the processing methods used. Despite this variability, insects
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generally provide a good balance of energy and protein, with favorable amino acid and fatty acid profiles, as
well as high concentrations of essential micronutrients, including minerals and vitamins (28, 29).

Protein content and value

Insect protein is highly valued for its biological value and bioavailability, constituting the main com-
ponent of insects in dry matter (28). Certain insect species contain protein levels equal to or higher
than traditional animal protein sources such as beef or pork, as well as novel alternative sources like
yeast, microalgae, or fungi (Table 1). The quality of insect protein is determined by its composition;
for human consumption, it provides essential amino acids that the human body cannot synthesize,
making up 50% to 80% of the total protein fraction (28, 30). A selection of amino acid profiles is pre-
sented in Table 2. Protein content is estimated by measuring total nitrogen and applying a nitrogen-
to-protein conversion factor (Kp) of 6.25. However, this factor tends to overestimate actual protein
content because it does not account for non-protein nitrogen in insects. Boulos et al. (37) calculated a
Kp factor of 5.33 based on protein content determination in seven different batches of three insect
species. Janssen et al. (32) determined a Kp factor of 5.60 £ 0.39 after protein extraction and purification
for larvae from T. molitor, A. diaperinus, and H. illucens.

The growing interest in insect proteins has driven research into their techno-functional and physicochem-
ical properties, including solubility, emulsifying capacity, foaming ability, water and oil holding capacity,
rheology, gelling, surface hydrophobicity, and antioxidant activity (33-36).

Wang et al. (36) demonstrated the use of A. diaperinus protein concentrate to stabilize double emul-
sions, showing stability comparable to whey protein and outperforming pea protein, a plant-based
alternative protein source. Their study also evaluated the performance of A. diaperinus protein under
environmental stress conditions (temperature, pH, and osmotic pressure), showing superior performance
at high temperatures and similar stability to whey protein in both acidic and alkaline environments.
Additionally, digestibility and potential health benefits have been explored. Some peptides derived
from insects have demonstrated bioactivity, such as antihypertensive, antimicrobial, and antioxidant
effects (37).

Lipid composition and fatty acid profile

Lipids are the second most abundant component in insects, comprising up to 50% on a dry basis. They serve
as metabolic energy storage and structural components of cell membranes (28, 38, 39). Insect lipids can be
phospholipids, free fatty acids, sterols, or partial glycerides, with triacylglycerols being the most prevalent
(40). Insects acquire lipids through dietary intake or de novo synthesis. These lipids are stored in the fat
body, a multifunctional organ crucial for metabolism and the primary site for nutrient and energy reserve
storage. The B-oxidation of triacylglycerols produces nearly twice the energy of carbohydrates and does
not require water, making it highly efficient for providing energy during extended nonfeeding periods,
growth, and essential events such as reproduction, flight, and immune response (47, 42).

Fatty acid profiles and fat content in insects are highly variable (Table 3). The ratio of saturated fatty acids
(SFA) to unsaturated fatty acids (UFA) determines the melting point of lipid fractions. Most insect lipids are
rich in UFA, including monounsaturated fatty acids (MUFA) and polyunsaturated fatty acids (PUFA), making
them liquid at room temperature, similar to vegetable oils. In contrast, some insect lipids, such as those from
H. illucens, are abundant in SFA, solid at room temperature, and referred to as fat, akin to animal-based lipids

Table 1. Protein content of traditional and alternative protein sources (7, 2).

Protein content

Beef 17-23%
Pork 18-21%
Chicken 17-23%
Salmon 20%

Yeast 26-70%
Microalgae 40-70%

Insects (dry matter) 50-82%
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Table 2. Amino acid profile of different insects extracted under several conditions. Values are represented as g/100 g of
protein based on the previous results (3-5).

Acheta domesticus Tenebrio molitor Alphitobius diaperinus Hermetia illucens Locusta migratoria

larvae larvae larvae larvae larvae
Essential aa
Histidine 2.1 3.6 4.0 39 2.0
Isoleucine 4.2 5.0 4.6 4.6 5.2
Leucine 73 83 7.3 7.5 2.0
Lysine 5.6 6.1 7.1 6.9 39
Methionine 15 15 1.6 2.0 2.5
Phenylanine 33 3.6 5.2 45 54
Threonine 35 45 43 43 33
Tryptophan 0.6 15 15 19 0.0
Valine 6.0 6.4 5.8 6.1 6.6
No essential aa
Arginine 6.3 5.6 53 5.1 10.8
Asparagine+Aspartic 9.0 9.2 9.4 10.6 8.1

acid
Glutamine+Glutamic 8.0 12.3 13.0 13.7 10.9
acid

Serine 49 5.0 44 4.5 45
Glycine 6.0 5.0 4.2 4.9 53
Alanine 7.0 74 6.6 6.2 8.0
Cystine 2.1 1.1 0.9 0.9 0.0
Proline 6.7 79 6.4 58 6.4
Tyrosine 4.1 5.8 85 6.5 8.3

Abbreviations used: aa: amino acid.

Table 3. Fatty acid composition (% fatty acids/total fatty acids) of insects for food and feed.
Tenebrio molitor ~ Alphitobius diaperinus ~ Acheta domesticus  Gryllodes sigillatus ~ Hermetia iflucens ~ Bombyx mori

SFA C12:0 0.00 0.00 0.00 0.00 64.83 0.00
C14:0 3. 0.65 1.80 0.80 9.27 0.10
C16:0 18.52 25.18 25.99 24.61 8.89 24.2
C18:0 243 8.55 6.09 10.61 1.19 4.5
Other SFA 0.22 0.76 0.49 1.31 0.00 0.00
Total 24.28 35.14 3437 36.53 84.17 28.8
MUFA Ci16:1n7 2.09 0.22 2.09 1.40 3.14 1.70
C18:1n9 49.50 38.49 29.14 25.15 7.08 26.0
Other MUFA 0.92 1.08 1.69 1.21 0.00 0.00
Total 52.51 39.77 32.92 27.76 10.21 27.7
PUFA  C18:2n6 21.82 23.28 29.11 33.74 4.96 7.30
C18:3n3 0.84 1.14 1.56 1.60 0.65 36.3
Other PUFA 0.00 0.00 0.64 0.00 0.00 0.00
Total 22.66 24.42 3131 3534 5.62 43.6
SFA/UFA 0.34 0.55 0.54 0.57 5.32 0.40
ratio n6/n3 25.98 20.42 13.26 21.09 7.63 0.20

(43). Despite their diversity, the main SFAs in insects include palmitic acid (C16:0) and stearic acid (C18:0). The
primary components of UFA are palmitoleic acid (C16:1n7) and oleic acid (C18:1n9) for MUFA, and linoleic
acid (C18:2n6) and a-linolenic acid (C18:3n3) for PUFA (28). Linoleic acid, an omega-6 fatty acid, and a-lino-
lenic acid, an omega-3 fatty acid, are considered essential fatty acids because they cannot be synthesized by
humans and must be obtained through diet (44). In the case of H. illucens fat, additional SFAs such as lauric
acid (C12:0), myristic acid (C14:0), and palmitic acid (C16:0) are present.

The ratio of SFA to UFA is related not only to the solidity of the lipids at room temperature but also to
health impacts. SFA intake is associated with higher cholesterol levels and coronary diseases, while PUFA
intake is linked to their prevention. Moreover, the omega-6 to omega-3 fatty acids (n6/n3) ratio is
another commonly used index related to human health. Studies have suggested that a high n6/n3
ratio in the diet is potentially linked to the development of health problems, including cardiovascular,
inflammatory, and autoimmune diseases (45). Recent studies have indicated that omega-3 fatty acids
in T. molitor larvae lipids can be enhanced by omega-3 fatty acid supplementation in the diet.
Oonincx et al. (46) achieved a ratio below 5, recommended for human health, by enriching standard
diets with 1-2% of flaxseed oil.
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Functional compounds, chitin

Following proteins and lipids, fiber is a major component of insects. The most common form of fiber is chitin,
which is the primary constituent of the exoskeleton. Chitin and its derivative, chitosan (produced through
the deacetylation of chitin), have garnered significant economic interest due to their beneficial properties
and biological activity (47). Finke (48) estimated the chitin content of various insect species to range
between 11.6 and 137.2 mg/kg on a dry matter basis, indicating that insects could serve as a viable alterna-
tive source of chitin compared to the crustaceans currently utilized.

Processing methods

Insect manufacturing is essential for producing suitable products for human food, animal feed, and other
uses. The process includes rearing, harvesting, pre-processing, final processing, packaging, and storage to
ensure product safety and quality (Figure 2). It can be divided into primary production, which involves
insect acquisition, and processing activities, which include killing and post-killing steps (49).

During primary production, parameters such as temperature, humidity, ventilation, light, and enclosed
space must be controlled according to the needs of each insect species to prevent escapes. The substrate
also varies; H. illucens are fed with wet substrate, while mealworms and crickets are fed with dry material.
Harvesting occurs after separating the insects from their feeding substrate and frass, using practices like star-
vation or isolation by lowering oxygen concentration. Harvesting involves collecting larvae or adults, either
manually or automatically, using sieves or nets. This process occurs when holometabolous insects reach the
larval stage (e.g. mealworms and flies) and when hemimetabolous insects (e.g. crickets and grasshoppers)
reach the young nymph or adult stage. Before killing, chilling is commonly performed, especially in
freeze-drying cases. The killing method depends on the species; typically, mealworms are killed using hot
water, boiling vapor, or freezing, while H. illucens are usually killed by mincing and hot water. High tempera-
tures in this phase kill microbial flora and instantly kill the insects, reducing the risk of microbiological
dangers in the final product. Alternatively, freezing at temperatures below 5°C maintains the nutritional
values for further use (49, 50).

Several post-killing processing methods can be applied to insects, including thermal, chemical, or mech-
anical techniques. These methods serve various purposes, such as decontamination, water removal, or frac-
tionation. Extraction methods can be classified into wet or dry pathways based on when the drying step is
performed. In the wet mode, moisture is removed in the last step after separating the final product (57). Con-
versely, the dry method involves drying the whole insect before processing or fractionation (52). Techniques
such as freeze-drying, heat-based dehydration, microwaves, or sun drying are used to remove water and
prevent microbiological proliferation.

The final insect product can be whole insects in various forms, such as dried, frozen, or chilled, or a homo-
geneous powder or paste achieved through grinding or milling. It is well documented that several fractions,
including protein, lipids, chitin, and derivatives, can be obtained (49, 50). The first step in fractionation is
defatting, which can be achieved through various methods such as mechanical pressing, organic solvent
extraction (Soxhlet and Folch), aqueous extraction, supercritical CO,, or triple partitioning (44). The choice
of lipid extraction method affects the yield, quality, and composition of the extract. Defatting the insect

Rearing Harvesting Processing, packaging and storage Distribution

O

Breeding
Powders, protein,
00, i Insect E oils and others
0 * > »
ik (Killing step) ﬁ

Eggs  Adults

Frass

v

Figure 2. Insect production activities. Adapted from IPIFF (7).
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powder is necessary for protein extraction and improves the manufacture of the powder by reducing its
stickiness, facilitating storage, and extending product shelf life (53).

In the protein extraction step, common methods include enzymatic extraction, pH shift, and ionic
strength. The yield can be affected by previous pretreatment, and protein conformation can be modified
by high temperatures. The final extract is chitin, which can be obtained after defatting, deproteinization,
and demineralization with hydrogen chloride and high temperature. Chitin and its derivative, chitosan,
are of interest due to their significant biological activity, prompting investigations into alternatives to chemi-
cal demineralization (54). While the aforementioned methods are the most used, emerging techniques are
being studied to improve process efficiency, environmental friendliness, and cost-effectiveness. Examples
include high hydrostatic pressures, pulsed electric fields, ultrasound, and cold atmospheric pressure
plasma (50).

All parameters and conditions throughout the entire process impact the physicochemical properties,
proximate composition, color, and taste, microbial load, and shelf life of the product (50-52, 55).

Insect lipids as food, feed, and use in industry

Insect studies primarily focus on protein extraction; however, lipids are also produced during protein iso-
lation. These lipids have potential applications across various industries, making them valuable products
rather than mere by-products. One of the main objectives is to integrate insects into the diet as a source
of nutrients and energy. Despite the benefits of consuming insects, consumer acceptance remains one of
the largest barriers to the adoption of this novel food, a phenomenon known as neophobia (56). Many con-
sumers perceive insects as dirty, disgusting, and dangerous (57). Research suggests that presenting insects as
an ingredient in convenience foods increases the likelihood of acceptance, as the initial barrier of rejection is
more easily overcome (58, 59). Additionally, effective communication and information dissemination can
help society accept entomophagy as a positive practice (60).

Lipids play a crucial role in the physical, chemical, and sensory characteristics of foods, further highlight-
ing their importance in food applications. They are suitable replacements for vegetable oils or animal fats as
ingredients. Smetana et al. (67) formulated margarine by substituting the hard fraction and liquid oil fraction
with H. illucens fats and T. molitor oil, respectively. The resultant margarine, formulated with 75% insect lipids,
exhibited a reduced environmental impact compared to butter, while retaining comparable spreading prop-
erties to plant-based margarine and improving the yellowish coloration of the margarine. Delicato et al. (62)
incorporated fat from H. illucens larvae as a replacement for butter in bakery products. They observed that
substituting 25% with insect fat did not affect consumer acceptance, and they were even able to substitute
50% in waffle production. Additionally, texture and color were hardly affected, indicating that H. illucens fat
has similar properties to butter. Cheseto et al. (63) analyzed other insect species in bakery products, replacing
olive and sesame oils with lipids from two commonly consumed African grasshoppers (Schistocerca gregaria
and Ruspolia differens). The study demonstrated that while color was not greatly affected, taste was
influenced by insect oils.

Crude insect fats and oils have aftertastes, making it necessary to refine them to improve their organo-
leptic properties and reduce off-flavors (64). To this end, Tzompa-Sosa et al. (65) investigated the sensory
perception of replacing vegetable oil with crude and deodorized T. molitor oil in crackers and hummus for-
mulations, both fresh and baked. They concluded that a high percentage of vegetable oil could be substi-
tuted with deodorized T. molitor oil, but not crude oil, which impacts sensory perception. Tzompa-Sosa et al.
(66) also observed the impact on sensory profiling of using crude and deodorized yellow mealworm oil as
frying oil. The study showed that deodorized T. molitor oil is a viable alternative to vegetable oil for frying.

Insect lipids have not yet been accepted for human consumption in the EU but are allowed for feed appli-
cations. They can fully address all feed markets, including aquaculture, pet food, poultry, pigs, and other
animal nutrition (25). T. molitor oil was evaluated as a replacement for palm oil and poultry fat in broiler
chicken diets. Benzertiha et al. (67) observed an improvement in the fatty acid profiles of muscle tissues
due to the increased n-3 and n-6 fatty acids. Furthermore, no adverse effects were observed on chicken per-
formance, nutrient digestibility, and blood parameters.

Due to their variable composition, insect lipids have potential applications in various industries, including
cosmetics, energy, and industrial sectors (68). Verheyen et al. (69) evaluated lipids from H. illucens, L.
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migratoria, and A. domesticus for potential use in cosmetics. They found that lipids from L. migratoria and A.
domesticus were suitable for skincare products, while lipids from H. illucens, which are rich in lauric acid, were
more appropriate for soaps and shower gels.

Insect lipids also have the potential for biodiesel production. The palmitic and stearic acids present in
large amounts in insects have high calorific value and good viscosity for biodiesel production. Long-chain
SFA tend to produce biodiesel with poor cold flow properties, while polyunsaturated fatty acids PUFA
have been found to have poor oxidative stability. Notably, H. illucens is rich in medium-chain SFA, such as
lauric acid, myristic acid, and palmitic acid, making its lipids potentially ideal substrates for producing
high-quality biodiesel (70, 77).

Novel analytical methods
Vibrational spectroscopy

The demand for new, cost-effective, accessible, and rapid techniques to study food and feed products is
greater than ever. Traditional analytical methods, while accurate, are often time-consuming, expensive,
and require complex procedures, limiting their feasibility for small-scale producers or in situ analysis. In
this context, vibrational spectroscopy has emerged as a promising alternative. With advancements in min-
iaturized and portable equipment, vibrational spectroscopy allows for real-time monitoring and quality
control with minimal sample preparation. This technology is increasingly recognized for enhancing analytical
efficiency and accessibility, making it a developing area of modern analytical chemistry (171-13, 68, 72).

Vibrational spectroscopy includes several techniques that analyze molecular vibrations, including Raman
and infrared (IR) spectroscopy. These methods provide valuable insights into molecular structures and com-
positions, making them widely applicable across various disciplines. Fingerprinting capability of IR spec-
troscopy is one of the most valued factors, as is its potential for both qualitative and quantitative
applications when combined with advanced pattern recognition techniques (77-173, 72).

Near-infrared (NIR), mid-infrared (MIR), Raman spectroscopy, and hyperspectral imaging (HSI), have
proven to be highly effective and widely used as rapid and sensitive methods for evaluating agro-food pro-
ducts (73, 74).

Infrared spectroscopy

The IR spectroscopy studies the interaction between matter and electromagnetic radiation within the IR
range of the electromagnetic spectrum, spanning from 10 to 14,300 cm™', positioned between visible
light and microwaves. This spectral range is subdivided into three regions: near infrared (NIR), mid-infrared
(MIR), and far infrared (FIR), in the intervals of 14,300-4000 cm™', 4000-400 cm™" and 400-10 cm™', respect-
ively. Each region offers unique insights into molecular vibrations and provides valuable information for
analytical purposes (75).

IR radiation is absorbed, either wholly or partially, by the chemical bonds within the sample, altering their
energy states. Each frequency of infrared radiation carries a specific energy, allowing frequencies to be
associated with a molecular bond. The bonds are not static; they experience various types of vibrations:
stretching (symmetric and asymmetric) and bending (scissoring, rocking, twisting, wagging) (76, 77).

The MIR region can be divided based on the types of bonds present. These include the functional groups
region, which includes the single bonds region (4000-2500 cm™Y), the triple bonds region (2500-2000cm™"),
and the double bonds region (2000-1500 cm™"); and the fingerprint region, located between 1500 and
650 cm™". This region contains a complex series of absorptions, producing a unique spectral pattern for
the sample. The fingerprint region is highly specific to each molecule, making it useful for structural identifi-
cation and comparison of different substances (78, 79). MIR has less penetrative power due to the longer
wavelengths used, which means that the information gathered primarily pertains to the sample surface.
In contrast, NIR penetrates deeper into the sample, resulting in a more representative analysis. The NIR
region is divided into two sub-regions: short-wave NIR (SW-NIR, 14,300 to 9,000 cm™"), and long-wave NIR
(LW-NIR, 9,000 to 4,000 cm™"). SW-NIR includes 3rd and 4th overtones; radiation in this range offers stronger
penetration and lower heating effects (80-84). LW-NIR contains bands from the 1st and 2nd overtones, as
well as combination bands, but it exhibits poorer penetration into samples.
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The NIR spectra, compared to MIR, exhibit less selectivity due to the nature of the bands in that region.
Overall, it is feasible to determine whether the composition of two samples is the same by comparing their
infrared spectra. Minor differences in the vibrational frequency of the identical bond between molecules may
occur because the identities and locations of other molecules can slightly modify the wavenumber of a
chemical bond (85).

A spectrum also contains quantitative information. According to Lambert-Beer’s law, the intensity of the
IR bands is correlated with the concentration of the molecule (86). The level of absorbance is directly pro-
portional to the number of bonds irradiated, or equivalently, to the concentration of a functional group.
However, IR spectroscopy responds specifically to chemical bonds, meaning that monoatomic atoms and
ions do not absorb IR radiation. The intensity of the absorption is proportional to the dipole moment of
the molecule; hence, vibrations in homonuclear diatomic molecules, which lack a dipole moment, are not
active in the IR spectrum (75). This limitation means that homonuclear diatomic molecules, such as N,
and O,, cannot be detected using IR spectroscopy. Additionally, water exhibits very broad absorption
bands, complicating the analysis of aqueous samples and complex mixtures due to overlapping signals.
Despite challenges, IR spectroscopy stands out because of its ability to analyze samples in any state of aggre-
gation (solid, liquid, or gas) with minimal or no sample preparation in just a few seconds. This versatility
makes IR spectroscopy a valuable tool for rapid analysis in both scientific research and industrial settings.

In Fourier Transform (FT) IR spectroscopy (87, 88), the incoming light beam is directed through an inter-
ferometer, where its spectral information is encoded by varying the optical path lengths. As the beams
recombine, their interference, both constructive and destructive, produces an interferogram that contains
the encoded spectral data. The interferogram is then sent to the sample compartment, where the
sample’s molecular structure absorbs specific energy frequencies. Following absorption, the detector
records an interferogram that represents energy distribution over time for all frequencies, with a reference
beam serving as a background measurement. A Fourier transformation is subsequently applied to math-
ematically isolate the sample spectrum from the background, producing the final IR spectrum (89).

Raman spectroscopy

Raman spectroscopy is an analytical technique that, like IR spectroscopy, provides information about mol-
ecular vibrations and chemical structures of a sample. It is based on the scattering of monochromatic
light, typically from a laser. When a laser beam interacts with a molecule, two types of scattering can
occur: elastic (Rayleigh) scattering and inelastic (Raman) scattering (90).

During inelastic scattering, the frequency of the re-emitted photons shifts relative to the original mono-
chromatic frequency. This frequency difference, known as the Raman shift, is related to the vibrational and
rotational states of the molecules, providing chemical structural information (90). If the scattered light exhi-
bits a lower frequency than the incident light, the molecule absorbs energy and moves to a higher
vibrational level, a phenomenon known as Stokes Raman scattering. If the scattered light shows an increased
frequency (and shorter wavelength), the molecule loses energy and transitions to a lower vibrational level,
resulting in anti-Stokes Raman scattering.

A Raman spectrum typically displays the intensity of scattered light as a function of the Raman shift,
where each band corresponds to a specific vibrational mode of the molecules in the sample (76). The inten-
sity of Raman bands is proportional to the concentration of scattering molecules, providing quantitative
information about the sample composition.

Hyperspectral imaging

Hyperspectral imaging (HSI) is an analytical method that integrates imaging technology with spectroscopy,
enabling the acquisition of both spatial and spectral data from a given object (97). HSI can collect data across
various regions of the electromagnetic spectrum, including ultraviolet (50,000-25,000 cm™"), visible (26,320~
12,500 cm™"), near-infrared (NIR, 14,300-4000 cm™"), and short-wave infrared (4000-10,310 cm™"). HSI offers
flexibility in terms of the spectral region collected, spatial resolution, and field of view (FOV). This adaptability
allows it to be used for a wide range of applications, making it suitable for different types of samples and
analytical needs. The process of hyperspectral image analysis involves several steps (92). The process
begins with the segmentation of a calibrated hyperspectral image, followed by the extraction of spectra.
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The final step involves the selection of optimal wavelengths using weighting coefficients. The resulting data
is then processed to create a spectral image that can be analyzed for various properties.

Instrumentation

In IR and Raman spectroscopy, the sample is irradiated with light. Most of the light passes through the
sample, causing specific molecular bonds to vibrate and absorb some energy. The reflected or transmitted
light is then collected by a detector, which generates an electronic signal proportional to the light’s intensity.
This signal is processed to produce a corresponding electronic output, which is then converted into the spec-
trum of the sample. Vibrational spectroscopy devices consist of a light source, a wavelength selector, and a
detector (93).

The integration of FT with NIR, MIR, and Raman spectroscopy enhances the analytical capabilities by
improving resolution and sensitivity and allowing faster data acquisition. FT-NIR is particularly effective
for analyzing overtone and combination vibrations of molecular bonds, making it valuable for determining
the composition and concentration of organic compounds in the pharmaceutical and food industries. FT-MIR
provides detailed spectral information on molecular vibrations, facilitating functional group identification
and chemical characterization. FT-Raman spectroscopy improves signal-to-noise ratio, making it particularly
useful for analyzing samples that are difficult to examine using conventional Raman methods, such as those
that exhibit fluorescence or have low scattering efficiency. These FT-based techniques enable real-time
monitoring and advanced analysis across various fields.

Trends in analytical chemistry are moving towards simple and less time-consuming analytical methods,
leading to the development of portable and handheld spectrometers. These devices offer flexibility for in
situ measurements, enabling real-time data acquisition (94, 95). IR spectroscopy is particularly suited for min-
iaturization due to its simplicity, speed, selectivity, and minimal sample preparation requirements. In recent
years, portable MIR and NIR spectrometers have become commercially available, serving a wide range of
analytical applications. Portable devices are typically classified into suitcase-format devices (>4 kg) and hand-
held devices (<1 kg). While NIR spectrometers have been successfully miniaturized to palm-sized formats, the
miniaturization of MIR spectrometers faces challenges due to moving parts and quantum-type pyroelectric
detectors that require cooling to reduce thermal noise (93, 96, 97). These portable devices can be operated
by non-expert users, function in harsh conditions outside of controlled laboratory environments, and
provide outputs that may be a value or an identification rather than a spectrum (94).

The development of portable and handheld spectrometers has been enabled by advances in semiconduc-
tor and photonic technology, coupled with software development for ease of use by non-expert users, com-
munication technologies (Bluetooth, Wi-Fi), battery power, chemometrics, algorithms, and cloud integration
(85). Despite the significant reduction in size and weight, infrared spectroscopy capabilities have led to suc-
cessful qualitative and quantitative calibration results for a broad range of applications (97). Due to minia-
turization and lower costs, portable and handheld NIR spectrometers have become the most
commercially developed (Table 4). However, portable FT-MIR devices, incorporating Michelson interferom-
eters, are also commercially available (Table 5) (98).

Strategies to reduce the size of spectrometers primarily focus on light-splitting and detecting com-
ponents. Key wavelength selection techniques include the Hadamard mask, Fabry-Pérot filter, micro opto
electro-mechanical systems (MOEMS), linear variable filters (LVF), and digital micromirror devices (DMD).
Additionally, advances in novel technologies such as thin-film filters, lasers, LEDs, alternative light sources,
and high-performance detector arrays have further enabled the reduction in size and enhancement in per-
formance of IR spectrometers (96). As shown in Table 4, many of these miniaturized devices primarily use
InGaAs detectors. Although cost and power consumption are major drivers in miniaturization, single-
element detectors, which are more cost-effective and energy-efficient, often result in noisier spectra (99).
Another approach is the use of LEDs, as seen in the SciO instrument, which offers extremely low power con-
sumption, compactness, and durability; however, this approach only partially covers the NIR region.

Advances in micro-electro-mechanical systems (MEMS) and their integration with micro-optics (MOEMS)
have significantly reduced the size and production cost of spectrometers. MEMS technology integrates
mechanical and electrical components at a microscopic scale, enabling the development of compact,
robust, and highly sensitive IR sensors. This technology enables the rotation of miniature gratings to
obtain a spectrum within milliseconds while improving the signal-to-noise ratio through the co-addition
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Table 4. Examples of miniaturized NIR devices available on the market.

IR Wavelength Wavelength Region Spectral Resolution
Spectrometer Manufacturer Source Selector Detector (nm) (nm)
AvaSpec- Mini-  Avantes Tungsten halogen - InGaAs 900-1700 12
NIR
C14486GA Hamamatsu Tungsten halogen  MEMS InGaAs 950-1700 5
C15511-01 Hamamatsu Tungsten halogen ~ MEMS InGaAs 1100-2500 5.7
MicroNIR 1700 VIAVI Tungsten halogen  LVF InGaAs 950-1650 12.5
ES
MicroPHAZIR Thermo Fisher Tungsten halogen ~ MEMS InGaAs 1600-2400 1
Scientific
nanoFTIR NIR SouthNest Tungsten halogen  MEMS InGaAs 800-2600 6
Technology
Proxiscout Biichi Labortechnik ~ Tungsten halogen ~ MEMS InGaAs 1350-2550 16
Scanner AG
NIRONE Spectral Engines Tungsten halogen ~ MEMS InGaAs 1100-1350 1350-1650 12-16
1550-1950 1750-2150 13-17
2000-2500 15-21
16-22
18-28
NIRscan Texas Instruments ~ Tungsten halogen ~ MEMS InGaAs 950-1700 10
NIR-S-G1 InnoSpectra Tungsten halogen ~ MEMS InGaAs 950-1700 10
SCGio Consumer Physics LED Si photodio de 740-1070 -

of multiple scans (100-102). LVFs are optical bandpass filters with transmission characteristics that vary along
their length due to changes in the thickness of the coating. This enables precise selection of wavelengthsin a
compact form without moving parts (93). Fabry-Pérot interferometers consist of two mirrors separated by a
cavity. Incident light undergoes multiple reflections between the mirrors, creating constructive or destruc-
tive interference depending on the wavelength (703). Hadamard-transform spectrometers use a single-pixel
photodetector operating at any wavelength. The light beam is encoded after passing through the sample,
the grating, and the mask, and then arrives at the detector, with the spectrum being restored through a
Hadamard transform (703). LVFs, Hadamard, and DMD are wavelength selectors that eliminate the need
for moving parts, thereby significantly reducing the size and production costs of devices (93).

The technologies described have been integrated into several devices available on the market (Tables 4
and 5). Examples include the NIRONE sensor, equipped with a Fabry-Pérot interferometer; the MicroNIR by
VIAVI, which combines an InGaAs detector with an LVF; the NIRScan, which incorporates a DMD; the Micro-
Phazir, which utilizes a MEMS Hadamard mask; and the NeoSpectra Scanner (new Proxiscout Scanner), which
employs MEMS Michelson interferometers. The increasing popularity of miniaturized Raman spectrometers
is attributed to their compact size and ease of portability (Table 6), making them ideal for a wide range of
applications, including field analysis and agricultural settings (104). These devices typically integrate key
components such as lasers, optics, and detectors into a single, compact unit, which not only reduces the
overall size of the system but also simplifies its complexity.

Table 5. Examples of miniaturized mid-infrared devices available on the market.

IR Wavenumber Spectral Resolution
Spectrometer Manufacturer Source Wavenumber Selector  Detector Region (cm™") (cm™)
Agilent Cary 630 Agilent Wire-wound Michelson dTGS KBr 7000-350 <2
element interferometer ZnSe 5100-600
Agilent 4500 Agilent Wire-wound Michelson dTGS 4000-650 2-6
element interferometer
Agilent 4300 Agilent Wire-wound Michelson dTGS 5200-650 4-16
element interferometer
Agilent 5500 Agilent Wire-wound Michelson dTGS 4000-650 2-16
element interferometer
TruDefender FTX ThermoFisher  Tungsten halogen  Michelson dTGS 4000-650 4
interferometer
Alpha Il Bruker SiC globar Michelson dTGS 4000-400 2
interferometer
MOBILE-IR Il Bruker SiC globar Michelson MCT 6000-670 2
interferometer
ARCoptix FTIR- ARCoptix SiC globar Michelson MCT 5000-1660 /6600-1200 0.5-4
rocke interferometer 5000-830

5000-650
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Table 6. Examples of miniaturized Raman devices available on the market.

Spectral Range

Type Spectrometer Manufacturer Laser (nm)  Laser Power (mW)  Spectral Resolution (em™h (em™")
RX210 Renishaw, plc. 500 100-2000
Portable  EZRaman-1 Dual Enwave Optronics, Inc. 532 50 6 100-3200
785 350 7 250-2350
i-Raman Prime Methrom 532 35 8 150-3350
785 340 8 150-3400
Xantus-2 Rigaku Corporation 532-1064 60-490 10-15/15-18 200-3000 /200-2000
785-1064 60-490 710/15-18 200-2000
i-Raman EX Methrom 1064 500 10 100-2500
Handheld  FirstGuard Rigaku Corporation 532 10-60 10-15 200-3000
785,1064
RaPort Enspectr 532 60 3 140-4180
RSL-1 Digilab Raman 785 500
FirstDefender XL Thermo Fisher Scientific 785 300 7-10.5 250-2900
Bravo Bruker 785,853 100 10-12 300-3200
MIRA P Methrom 785 100 8-10 400-2300

Chemometrics

The application of vibrational spectroscopy generates large datasets comprising hundreds or thousands of
samples and variables, making data analysis challenging. Effective tools are required to manage and analyze
this data, enabling the extraction of as much information as possible. Chemometrics, a multivariate statistical
analysis of chemical data, involves the selection of optimal experimental designs and data processing
methods for chemical investigations through mathematical and statistical techniques. It focuses on identify-
ing and evaluating relevant information from unprocessed data (705, 106).

Preprocessing is essential before any data analysis to reduce variation from experimental conditions. Min-
iaturized devices are exposed to fluctuating environmental factors, such as temperature and humidity, which
can lead to spectral drift. Therefore, preprocessing is a key step to mitigate these effects. This includes mean
centering, standardization, normalization, smoothing, transformation, or data reduction (707). The most
common multivariate methods can be classified into three categories: exploratory or pattern recognition,
classification or discrimination, and prediction (708). There are two primary types of qualitative methods
based on multivariate data analysis: supervised and unsupervised methods. Unsupervised approaches aim
to identify clusters or associations between samples without prior knowledge of class or group membership.
Conversely, supervised methods require class data, enabling qualitative information to be incorporated into
the classification process, to achieve the best possible separation of groups and maximize the classification
method’s predictive capability. These methods undergo a training phase to construct a classification or dis-
criminating model based on pattern recognition methods (705, 708). Quantitative analysis, on the other
hand, links spectra to quantifiable properties of samples. Its objective is to establish relationships
between a response variable and several independent variables, in this case, the wavenumbers (708).

Principal component analysis (PCA) is one of the most common unsupervised exploratory pattern recog-
nition techniques in multivariate data analysis. It reduces the number of variables, known as dimension
reduction, by establishing new variables called principal components (PCs). Each PC is a linear combination
of the initial variables (wavenumbers), with the first principal component (PC1) explaining the largest var-
iance, the second PC (PC2) explaining the second largest variance, and so forth. The main outputs of PCA
are the principal component scores, which represent the projections of the samples from the original
data space onto the PCs, and the loadings. Loadings are used to identify which regions in the dataset
have the largest effect on each component and contribute to the separation (87, 109). Another common
exploratory methodology is hierarchical cluster analysis (HCA), which utilizes agglomerative clustering tech-
niques. In HCA, the samples are grouped based on their similarities, and the results are typically represented
as a dendrogram. Samples that are closer together in the dendrogram exhibit greater similarities, while those
that are farther apart are less similar (79).

Some supervised classification analyses include Soft Independent Modeling of Class Analogy (SIMCA),
Linear Discriminant Analysis (LDA), and Partial Least Squares Discriminant Analysis (PLS-DA). SIMCA utilizes
PCA models for each class to identify similarities between classes. It considers each class separately through
its own model of principal components. The discriminating power is used to assess which variables are most
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important for separating the classes, with higher values indicating greater power for discriminating among
classes (79, 105). LDA, a PCA-based method, selects directions, which are combinations of the original vari-
ables, that achieve maximum separation among different classes (79). PLS-DA identifies key spectral differ-
ences between specified groups and creates a discriminant model based on these differences, maximizing
covariance between the independent and dependent variables (705, 108).

In partial least squares regression (PLSR), a quantitative supervised multivariate analysis, a large number of
variables are compressed into a small number of latent variables (PLS factors) to explain the maximum var-
iance. The goal is to establish a relationship between the spectral data (independent variables) and the quan-
titative data (dependent variables). The variance included in the model and the total number of samples
significantly influence the robustness of the model (79, 108).

Model validation is essential to prevent overfitting, where the model becomes excessively complex due to
the inclusion of too many factors, and to assess the predictive performance on future samples. Overfitting
occurs when irrelevant variables encode noise or lack discriminating power. Conversely, if the number of
principal components/latent variables/factors is too small, important information may be lost, leading to
low predictive power (710). Some options, such as leave-one-out, leave-n-out, or cross-validation, have
become more common for conducting internal validation of the model. However, only when the dataset
is sufficiently large that it is highly recommended to employ an independent dataset. The dataset is
divided into calibration and test sets. The calibration set should be representative of the entire sample popu-
lation and is used for adjusting the parameters of the model. The test set measures the predictive ability of
the model (777). Chemometric models are often developed and validated using a single ‘master’ instrument.
Nonetheless, directly applying these models to predict quantitative traits from data collected by a secondary
instrument can lead to prediction errors. To address this, calibration transfer algorithms are used to math-
ematically align spectral responses. This process is applicable when transferring models between different
benchtop or miniaturized devices. Alternatively, robust calibration strategies that incorporate data from mul-
tiple instruments can also be used to effectively minimize inter-device variability.

Application of vibrational spectroscopy with insects
Infrared spectroscopy

The application of vibrational spectroscopy for insects incorporates a broad range of areas, from entomology
and agriculture to food science and environmental monitoring. The application of IR spectroscopy initially
was found to be useful in taxonomic studies, age, and sex determination of insects, and later expanded
into metabolomics (772-714). With the increasing interest in insects for various applications, including
food and feed production, there is a growing need for efficient control measures throughout the production
and post-production processes. Addressing this demand requires exploring novel techniques that enable
rapid, in situ, and cost-effective analysis, particularly for food manufacturers and farmers. In this context,
vibrational spectroscopy emerges as a promising alternative to conventional analytical methods.
Vibrational spectroscopy, particularly NIR and MIR techniques, has become essential for analyzing both
proteins and lipids in insect-based products, allowing species identification, quality control, and nutritional
assessment. Several studies have focused on different insect species and showed how these methods can be
used for analysis, with the incorporation of advanced data models for more accurate predictions (Tables 7
and 8). For insect species identification, Mellado-Carretero et al. (14) used ATR-FTMIR spectroscopy combined
with SIMCA, a supervised classification algorithm, to authenticate several edible insect powders. The insect
species studied were T. molitor, A. diaperinus, G. sigillatus, A. domesticus, and L. migratoria. The ATR-FTMIR
spectra were used to capture characteristic spectral bands, particularly associated with chitin and lipids,
which differ significantly across species. SIMCA helped build models that discriminated between species
based on their unique spectral features. Robertson et al. (15) analyzed the molecular structure and chemical
composition of insect powders, specifically H. illucens larvae, T. molitor, G. sigillatus, and G. assimilis, using
ATR-FTMIR spectroscopy combined with multivariate statistical methods. The study showed distinct differ-
ences in the chemical profiles of these insect species, which were linked to variations in digestibility and
protein hydrolysis. PCA was used to identify these differences, highlighting variations in carbohydrate,
protein, and lipid content that are critical for understanding the nutritional value of insect powders. The
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Table 7. Recent research activity of MIR spectroscopy combined with chemometrics in insects.

Application Instrument Analysis and Results
Insect powders discrimination by origin and species (6) Portable SIMCA
ATR-FT-MIR
(Agilent Cary 630)
Predict the percentage of insect powder in dough and Portable PLSR
snack (7) ATR-FTMIR Range: 0-13.9%,
(Agilent Cary 630) RZ = 0.97-0.99, RMSEp = 1.08-1.90
Monitor compositional changes in H. illucens larvae feeding  Portable PCA and PLS-DA
with different waste (8) ATR-FTMIR
(Bruker Alpha MIR)
Qualitative characterization of green ant from Australia by ~ Benchtop PCA
the chemical composition (9) ATR-FTMIR
(PerkinElmer Spectrum
100™™)
Determination of insect lipids and their fatty acid profile in  Portable PLSR
dough (70) ATR-FTMIR Insect lipid
(Agilent Cary 630) R%V =0.95, RMSEcy=0.71, RPD =5.21;

Unsaturated and saturated fatty acid
R&v > 0.98, RMSEy<1.88, RPD>5.70
Fatty acid profile

R2, > 0.98, RMSE¢y = 2.01, RPD>5.55

Predict fat content in edible insect powders (11) Portable PLSR
ATR-FTMIR R%V =0.89, RMSE¢y =3.22, RPD =231
(Agilent Cary 630)
Portable PLSR
ATR-FT-MIR RZy =0.89, RMSEcy=3.22, RPD = 2.31
(Agilent 4500)
Predict essential amino acids on insects (72) Benchtop FTMIR PLSR
(WQF-510) R% > 0.65, RMSEp<0.71,RPD>1.37;

Decision tree
R3 > 0.79, RMSEp<0.41,RPD>1.14;
Radial basis artificial neural network
R3 > 0.74, RMSE»<0.60, RPD>1.40

Classification of adulterated edible insect flours (73) Benchtop SIMCA
FTMIR Sensitivity = 66.66-86.67%, Specificity = 73.33-
(PerkinElmer Spectrum 95.24%, Efficiency = 69.92-90.85%
Two™™)
Identify differences on molecular structure of insect Benchtop PCA
powders (74) ATR-FTMIR
(Nicolet iS5)

combination of FT-MIR and PCA proved to be an effective, rapid technique for classifying insect-derived pro-
ducts, aiding in quality control and fraud prevention in the animal feed industry. Both studies demonstrated
the potential of vibrational spectroscopy, combined with advanced statistical and chemometric tools, to
provide a reliable, non-destructive approach for species identification and quality assurance in insect-
based products. These methods are essential for ensuring the integrity and nutritional value of insect
powders used in food products and animal feed.

In addition to species identification, MIR spectroscopy has been found valuable in quantifying the pro-
portion of insect powders in food products, such as baked goods or protein bars. This application ensures
that manufacturers meet nutritional claims and labeling requirements regarding the inclusion of insect
ingredients. It also allows for the detection of non-target species or adulterants, maintaining product integ-
rity and consumer trust. Garcia-Gutiérrez et al. (76) used ATR-FTMIR spectroscopy with PLSR models to
analyze insect powders in food products such as doughs and 3D-printed snacks. The insect species analyzed
were A. diaperinus and L. migratoria. The composition of the doughs included chickpea flour, which was par-
tially replaced by insect powders in varying amounts (0-13.9%). The study demonstrated that PLSR models
could effectively predict insect powder concentrations in doughs, allowing for accurate identification of the
insect content in both raw and cooked food products. The results also showed that this method could suc-
cessfully discriminate between different insect powders in food matrices, highlighting the potential for
routine quality control in the food industry. Ni et al. (77) used NIR spectroscopy to study various insect
protein powders derived from H. illucens, A. domesticus, and T. molitor. The study utilized PLSR models to
differentiate between these species and detect adulteration levels in insect protein powders. The study
achieved high prediction accuracy, with R* values ranging from 0.98 to 0.99, showing the model's
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Table 8. Recent research activity of NIR spectroscopy combined with chemometrics in insects.

Application Instrument Results
Quantitative analysis of insect protein content in handcrafted Benchtop PLSR
fitness bars (intact and milled) (75) FTNIR Range: 19.3-23.0%,
(Biichi NIRFlex R% =0.94, RMSE=0.21
N-500)

Quantify different insect powders in wheat flour (76)

Predict the fat content and the fatty acid profile in living
T. molitor larvae (17)

Fatty acid profiling and amino acid quantification in instars of T.
molitor larvae (18)

Detection of insect adulteration in simulated matrix of insect
powders (79)

Prediction of protein and lipid content in H. iflucens larvae flour
(20)

Classify insect powder samples and predict macronutrients in
different insect powders (27)

Predict total lipids and fatty acids in H. illucens larvae (22)

Determination of protein content in single H. illucens larvae (22)

Determination of insect lipids and their fatty acid profile in
dough (70)

Handheld FTNIR
(MicroNIR 1700 ES)

Handheld FTNIR
(SCiO Sensor)

Handheld FTNIR
(Tellspec Enterprise Sensor)

Benchtop
FTNIR
(Bruker MPA Multipurpos
FTNIR)

(PSS 2120, Polytec GmbH)

(PSS 2120, Polytec GmbH)

Portable NIR
(ASD LabSpec)

Portable NIR-S-G1
(innoSpectra)

Handheld NIR
(NeoSpectra Scanner)

Portable FTNIR
(NeoSpectra Micro
Development Kit)

Handheld NIR
(SCiO Sensor)

NIR-hyperspectral imaging
(SisuCHEMA)

NIR-hyperspectral imaging

(SisuCHEMA)

Handheld FTNIR
(NeoSpectra Scanner)

PLSR

Range: 19.3-23.0%,

R? = 0.62, RMSE, = 0.53
PLSR

Range: 19.3-23.0%,

R? = 0.55, RMSE, = 0.57
PLSR

Range: 19.3-23.0%,

R? = 0.55, RMSEp = 0.57
PLSR

Range: 5-50%,

R =0.99, RMSEcy = 0.65, RPD = 21

PLSR
Fat content
Range: 5.7-16.1%,
R3 = 0.99, RMSE, = 0.27, RPD = 8.33;
Fatty acid profile
RMSEp = 0.26-2.11, RPD = 1.96-5.55
PLSR
Fatty acid profile
R? = 0.57-0.96, RMSEp=0.071-0.81, RPD =
1.51-4.98;
Amino acid content
R3=0.51-0.95, RMSE; = 0.076-0.54, RPD =
1.43-4.42

PLSR
Range: 0-100%
RZy = 0.98-0.99, RMSE, = 1.85-4.11, RPD =
7.66-17.06
Fat content
PLSR, R2 = 0.76, RMSE, = 6.44, RPD = 2.35
SVMR, R3 =0.91, RMSEp = 3.76,RPD = 4.04;
Protein content
PLSR, R3 =0.81, RMSEp= 1.31, RPD = 2.42,
SVMR, R3 = 0.0.85, RMSE,= 1.19, RPD = 2.66
Fat content
PLSR, R? = 0.85, RMSEp=5.73,RPD = 2.65
SVMR, R2 = 0.94, RMSEp = 3.51,RPD = 4.32;
Protein content
PLSR, R3 = 0.83, RMSEp = 1.27, RPD = 2.50,
SVMR, R3 =0.85, RMSE, = 1.19, RPD = 2.66
PLSR
Macronutrients prediction
R? = 0.71-0.94, RMSEp = 1.00-2.00, RPD =
1.80-3.80
PLSR
Macronutrients prediction
R? = 0.94-0.99, RMSEp = 0.18-1.04, RPD =
3.65-11.01
Fat content
PLSR, RMSEp = 5.25, RPD = 2.9
SVMR, RMSEp = 4.76,RPD = 3.2;
Fatty acid content
PLSR, RMSEp = 0.15-3-00,RPD = 1.8-3.3
SVMR, RMSEp = 0.09-1.38, RPD = 2.5-5.5
PLSR, R? = 0.731-0-751, RMSEp = 1.61-1.66,
RPD = 2.18-2.26,
SVMR, R3 = 0.75-0.773, RMSEp = 1.57-1.634,
RPD =2.22-2.31
PLSR
Insect lipid
RZ, =0.99, RMSEcy =0.39, RPD =5.53,
Unsaturated and saturated fatty acid
Rev > 0.88, RMSEcy<5.64, RPD>2.64,

(Continued)
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Table 8. Continued.
Application Instrument Results

Fatty acid profile
Rév > 0.90, RMSE¢y<4.42, RPD>1.97

Predict fat content in edible insect powders (11) Handheld FTNIR PLSR
(NeoSpectra Micro RZy =0.98, RMSEcy =1.26, RPD = 7.42
Development Kit)
Handheld FTNIR PLSR
(NeoSpectra Scanner) R&, =0.98, RMSEcy=1.26 RPD =7.42

effectiveness in identifying insect species and estimating adulteration levels in protein powders. This model
enabled the detection of compositional differences, including rearing methods and processing, which could
be used to verify the authenticity of insect protein products in the food and feed industries. Foschi et al. (78)
applied ATR-FTMIR spectroscopy to authenticate insect flours and detect adulteration. Mixtures of A. domes-
ticus and A. diaperinus flours were prepared to mimic adulterated samples, along with pure flours of the same
insects. The research highlighted significant differences in the spectral characteristics between pure insect
flours and those adulterated with whole grain flours. Specifically, it identified key absorption bands associ-
ated with lipids, chitin, and proteins. The study used sequential preprocessing through orthogonalization
discriminant analysis (SPORT-DA) and SIMCA to effectively classify and differentiate the samples. For A.
domesticus flour, the SPORT-DA model achieved the best results, accurately classifying 100% of the test
samples. The SIMCA model provided the most accurate predictions for A. diaperinus, correctly classifying
90% of the test samples. Hou et al. (19) explored FTMIR spectroscopy combined with machine learning tech-
niques to predict the amino acid content in insect-derived products. In this study, 200 samples from 9 com-
mercial insect species, T. molitor, Zophobas morio, grasshoppers (Acrida cinerea and L. migratoria), Bombyx
mori, Teleogryllus emma, Chrysomya megacephala, Musca domestica, and H. illucens, were tested. Radial
basis artificial neural network (RBA-NN) accurately predicted amino acid profiles, achieving R* of 0.97 for
phenylalanine content. This model outperformed others, PLSR and decision tree, especially when using
the first derivative of the FTMIR spectra. Bec¢ et al. (775) focused on FTNIR spectrometers for A. diaperinus
protein content analysis in handcrafted insect bars. To predict protein content, the study used both PLSR
and Gaussian process regression (GPR) calibration methods. These models were used to analyze the spectral
data obtained from the spectrometers. The root mean square error of prediction (RMSEP) values ranged from
0.55% to 0.66% for intact bars and 0.23% to 0.34% for milled samples, demonstrating the models’ ability to
reliably quantify protein content. The study also showed that the GPR calibration improved the predictive
performance, highlighting the model’s flexibility in handling different spectrometer types for on-site
protein content analysis.

On the lipid side, Mantilla et al. (776) explored the lipid content of edible Australian green ants (Oecophylla
smaragdina) using FTMIR spectroscopy. The study used PCA to process the spectral data. PCA helped identify
variations in the chemical composition of different anatomical parts of the insects, with the abdomen
showing the highest lipid content. Key absorbance peaks were identified for lipids and fatty acids, with sig-
nificant differences found in the aliphatic CH, groups (lipids and fatty acids) and amide | and Il groups (pro-
teins and chitin). PCA clustering allowed the separation of insect body parts based on their chemical profiles,
and it also showed that storage conditions affected the lipid composition, emphasizing the importance of
understanding storage impacts.

Méndez-Sanchez et al. (1717) used both ATR-FTMIR and FTNIR spectroscopy to quantify fat content in
insect powders, specifically from T. molitor and A. diaperinus. The study applied PLSR to the spectral data
obtained from handheld FTNIR spectrometer. The models developed demonstrated strong correlations
(Rp up to 0.99) between the spectral data and the fat content in the insect powders, with standard errors
of prediction (SEP) around 1.05%. This method allowed for the real-time, on-site analysis of fat content in
insect powders, providing a fast and cost-effective approach to nutritional assessment. The study also high-
lighted that handheld FTNIR device showed superior performance for field-based applications, which is
crucial for on-the-go monitoring of insect-based food products. Méndez-Sanchez et al. (20) evaluated the
effectiveness of portable ATR-FTMIR and handheld FTNIR spectrometers for quantifying insect lipids and
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their fatty acid profiles in chickpea-based dough. The study found that the FTNIR spectrometer was particu-
larly effective at predicting total insect lipid content showing a low SE-y =0.39% and strong correlation
(Rey=0.99), while the FTMIR spectrometer showed superior performance in predicting individual fatty
acids particularly saturated and unsaturated fatty acids with values of standard error in prediction (SEp.
<2.81%) and an Rp >0.97. The insect species tested included T. molitor, A. diaperinus and A. domesticus.
These results confirmed the strong predictive capabilities of both spectroscopic methods for lipid quantifi-
cation in insect-based products.

Finally, vibrational spectroscopy, particularly NIR, is not only useful for protein and lipid analysis but also
plays an essential role in ensuring that insect-based food products meet nutritional labeling and regulatory
requirements. By quantifying the proportion of insect powders in food products, it supports manufacturers
in verifying their nutritional claims, particularly regarding protein, fat, and carbohydrate content. This infor-
mation is crucial for product formulation and marketing, ensuring that insect-based foods align with consu-
mer expectations and industry standards. Additionally, the technique’s ability to detect non-target species or
adulterants helps maintain product integrity and supports consumer trust in insect-based food products.

Some researchers have focused on applying vibrational spectroscopy to study the chemical composition
of live insect larvae (118). This application is particularly useful during the rearing stage, as it allows for the
real-time monitoring of larvae growth and health. By tracking these parameters, it becomes possible to opti-
mize environmental conditions and feeding strategies to achieve the best quality and nutritional content in
the larvae.

One of the major advantages of vibrational spectroscopy is its non-destructive nature. Unlike traditional
laboratory techniques, this method allows researchers to analyze insect samples without altering their phys-
ical state, ensuring that the larvae can still be used or sold after analysis. This non-invasive characteristic
makes vibrational spectroscopy a preferred tool for routine quality control during the rearing of larvae. By
incorporating this technique throughout the rearing process, farmers can ensure that larvae consistently
meet the necessary standards for quality and composition before harvest. Kroncke et al. (179) investigated
the impact of different dietary substrates on the fat and fatty acid composition of T. molitor larvae, empha-
sizing how nutrition influences the larvae’s nutritional profile. The study used NIR spectroscopy to analyze fat
content and fatty acid composition, showing that different diets lead to significant variations in the larvae’s
fat composition, including saturated, monounsaturated, and polyunsaturated fatty acids. The NIR technology
allowed for the non-destructive, rapid measurement of the larvae’s nutritional composition without killing
them. Kroncke et al. (120) also explored nutrient variations in T. molitor larvae across different developmental
instars, finding that younger larvae have higher moisture and protein content, while fat content increases as
larvae mature. The study also highlighted the utility of NIR spectroscopy in predicting amino acid and fatty
acid content, offering valuable insights for insect farmers to optimize harvesting times based on nutritional
yield. The study suggests that earlier instar stages are preferable for harvesting, balancing growth rates with
economic factors in insect farming. Hoffman et al. (127) used ATR-FTMIR spectroscopy to monitor and classify
H. illucens larvae based on their growth stages (5th and 6th instars) and dietary waste streams. The study
achieved 100% classification accuracy, distinguishing larvae based on their diet types, bread-vegetable
mixture and soy waste. The MIR spectra revealed key differences in the larvae’s chemical composition,
with certain absorbance bands correlating to water, protein, and lipid content, allowing the researchers
to identify spectral signatures associated with each diet type. Using PLS-DA regression, the study achieved
strong classification and prediction performance, with R* values greater than 0.80 for predicting diet type.
The research also demonstrated that a higher carbohydrate proportion in the diet (like the bread-vegetable
mix) yielded different spectral characteristics compared to the soy waste diet.

Cruz-Tirado et al. (722) used NIR-HSI as a non-contact and non-destructive analytical method to estimate
the protein content in individual, intact H. illucens larvae. The larvae were placed on a Teflon® plate, and NIR-
HSI images were captured using a SisuCHEMA SWIR hyperspectral camera, with a spectral range of 928 to
2524 nm. The study involved capturing nineteen hyperspectral images of 380 larvae, followed by image pro-
cessing that included background removal using K-means clustering and morphological corrections. These
steps improved the quality of the data and enabled more accurate analysis. Chemometric techniques, includ-
ing PLSR and support vector machine regression (SVMR), were tested to develop predictive models for esti-
mating protein content. PCA revealed the heterogeneous distribution of proteins and lipids, with protein
accumulation being higher at the edges of the larvae. The study highlighted the potential of NIR-HSI as a
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rapid, non-destructive method for estimating protein content and observing its distribution, providing valu-
able insights for quality control in insect protein production. In a follow-up study by Cruz-Tirado et al. (27),
NIR-HSI was used to predict lipid content and fatty acid composition in H. illucens larvae. Both PLSR and
SVMR models were applied, with SVMR outperforming PLSR in predicting fatty acids, achieving excellent pre-
dictive accuracy for total lipid content and specific fatty acids like lauric, myristic, palmitic, and oleic acids.
The lipid content in H. illucens larvae was found to reach up to 63.90%, with variations depending on
their feeding and conditioning systems. The study demonstrated that variable selection methods such as
Bootstrapping soft shrinkage (BOSS) and iPLS improved model performance. The findings emphasize the
advantages of NIR-HSI for assessing the nutritional quality of insect-based products.

Vibrational spectroscopy can be applied to monitor changes in the chemical composition of insect-based
products during processing (e.g. drying, baking). This helps ensure that the final product meets quality stan-
dards. While not as common, there is potential for vibrational spectroscopy to be used in assessing microbial
contamination in insect products. Rapid detection of pathogens can enhance food safety.

One of the significant advantages of vibrational spectroscopy is that it allows for non-destructive testing
of samples. This means that products can be analyzed without altering their physical state, preserving them
for sale. Vibrational spectroscopy provides a fast and cost-effective method for analyzing insect products
compared to traditional laboratory techniques, making it suitable for routine quality control in food pro-
duction. Overall, the application of vibrational spectroscopy in the insect food sector enhances food
safety, ensures compliance with regulations, and supports the growing market for edible insects as a sustain-
able source of protein.

The main MIR bands typically identified in insects (Table 9) include chitin bands associated with CN
stretching vibrations around 900-1100 cm™!, CO stretching around 1150-1200 cm™, and the amide |
band, which appears as a doublet at 1655 and 1625 cm™'. Protein bands, linked to C=0 stretching
vibrations of peptide bonds, are found around 1650 cm™', while NH bending and CN stretching vibrations
are observed around 1540-1560 cm™'. Lipid bands are associated with CH stretching around 2800-
3000 cm™', and carbohydrate bands, including CC stretching, appear in the range of 1000-1200 cm™".
These carbohydrate bands are attributed to various components, including glucose derivatives found in
the insect cuticle.

In NIR spectroscopy (Table 9), bands related to chitin are also identified, with CH stretching typically found
around 4250-4100 cm™', while OH and NH stretching are often observed in the 5300-5900 cm™' range.
Protein-related NH bending occurs around 6700-6300 cm™' and 5100-4350 cm™', while lipid bands are
characterized by CH stretching overtones in the 5900-5500 cm™' range and bending vibrations within
lipid chains at 4350-4250 cm™".

Raman spectroscopy

Raman spectroscopy has the potential to play a key role in quality control by monitoring insect powders and
insect-based products, detecting changes in chemical composition that indicate spoilage, contamination, or
degradation. It can also be effective in identifying additives, preservatives, and contaminants in insect pro-
ducts, ensuring compliance with food safety regulations. As a non-destructive method, Raman spectroscopy

Table 9. Main absorption bands of insects.

1

IR Range Wavenumber (cm™’) Functional group Structure

MIR 3500-3000 O-H Chitin
3000-2800 C-H Lipid
1740 c=0 Lipid
1700-1500 N-H, C=0 Proteins, Chitin
1300-1200 c0 Chitin, Lipids
1200-900 C-H Carbohydrates/polysac

NIR 8600-8200 C-H Lipid
7250-7100 C-H Chitin
6700-6300 N-H Protein
5900-5500 C-H Lipid
5100-4350 N-H Protein
4350-4250 C-H Lipid

4250-4100 CH Chitin
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Table 10. Recent research activity of Raman spectroscopy combined with chemometrics in insects.

Application Instrument Results
Determine the presence of resilin in Schistocerca gregaria (23) Confocal Raman (HORIBA Jobin  PCA
Yvon)
Identify the effects of enzymatic hydrolysis on H. iflucens protein  Microscopy Raman (DXR2) PCA
concentrate (24)
Discriminate and classify mosquito species (25) Raman microscopy (Technos®) Linear Discriminant Analysis (LDA)

Accuracy = 86%;

Quadratic Discriminant Analysis (QDA)
Accuracy = 89%;

Logistic Regression (LR),
Accuracy = 85%;

Quadratic Support Vector Machine
(QSVM),
Accuracy =93%

Note: These bands are based on the results of several investigations (6, 7, 16, 19, 21).

allows for the analysis of insect samples without altering their properties, making it particularly suitable for
quality assessments. Portable Raman spectrometers enable on-site analysis in farm settings. Additionally, the
technique can also be used to investigate the biochemical composition of insects, their metabolic processes,
and the effects of rearing conditions. However, Raman spectroscopy has been explored for only a limited
number of applications (Table 10). This technique can be crucial for species identification, distinguishing
between insect species based on their unique Raman spectral signatures, ensuring product authenticity,
and preventing mislabeling.

Omucheni et al. (123) used Raman spectroscopy in combination with machine learning techniques to
enable the rapid and non-destructive identification of two mosquito species, Anopheles gambiae and Ano-
pheles arabiensis, which are morphologically indistinguishable and traditionally differentiated through mol-
ecular methods. This approach offers several advantages over conventional PCR assays, including reduced
sample preparation time and the ability to reuse samples. The study applied several machine learning algor-
ithms for species classification, including linear discriminant analysis (LDA), Logistic Regression (LR), quadra-
tic discriminant analysis (QDA), and quadratic support vector machine (QSVM). The Raman bands most
relevant for mosquito species identification were predominantly centered around 1400, 1590 cm™', and
2067cm™" linked to the presence of melanin pigment present in the mosquito cuticle. Regarding model per-
formance, the cross-validation accuracy was 86% for LDA, 85% for LR, 89% for QDA, and 93% for QSVM. When
applied to the test data set, the accuracies were 79% for LDA, 82% for LR, 81% for QDA, and 93% for QSVM.
These results suggested that the QSVM model outperformed the others in both cross-validation and test
scenarios, demonstrating its superior ability to classify the mosquito species accurately.

Batish et al. (124) evaluated the impact of three commercial enzymes, alcalase, papain, and pepsin, on the
hydrolysis of H. illucens larvae protein. Raman spectroscopy was used in this study to analyze the structural
changes in the protein of H. illucens larvae after enzymatic hydrolysis. The technique provided secondary
structural information about proteins by examining specific regions (amide | and amide 1) that indicate
changes in the protein structure, such as C=0 stretching and N-H bending. The Raman spectral data
showed that enzymatic hydrolysis produced structural changes in the a-helices and B-sheets of the
protein following enzymatic hydrolysis.

Woodrow et al. (725) used Raman spectroscopy for the non-invasive identification and analysis of resilin,
an elastic protein found in insect structures, particularly in the desert locust (Schistocerca gregaria). PCA was
applied to analyze the variance in the Raman spectra, discriminating between different types of cuticles. The
technique allowed for the differentiation between resilin-rich and low-resilin cuticular regions based on their
unique spectral signatures, all while preserving the integrity of the samples. The study also identified key
Raman bands associated with tyrosine, dityrosine, and chitin skeletal modes, providing valuable insights
into the molecular structure and composition of the cuticle.

Conclusions and outlooks

As the demand for insects continues to grow due to their sustainability and nutritional value, the need for
efficient, non-destructive, and cost-effective analytical methods is increasing. Vibrational spectroscopy can
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be a powerful tool for ensuring the authenticity, quality, and compliance of insect-based food products with
its ability to provide rapid, on-siteanalyses. IR spectroscopy, including MIR and NIR techniques, has already
been tested to successfully predict protein, amino acids, and lipid content in insect powders and a variety of
food products. Combining IR spectral data with traditional machine learning algorithms such as PLSR, PCA,
and SIMCA has been studied to differentiate insect species and detect adulteration in insect powders.
Additionally, vibrational spectroscopy allows monitoring the growth of live insect larvae. Real-time analysis
of larvae during the rearing process helps to optimize feeding and environmental conditions. Raman spec-
troscopy, although having fewer applications than IR techniques, is a promising method for detecting struc-
tural changes in insect proteins, as well as identifying species-specific spectral signatures. Raman
spectroscopy can be used to detect biochemical composition differences of insects in response to
different rearing conditions. This potential application may provide useful data for optimizing insect
farming practices.

Overall, the integration of vibrational spectroscopy into the insect food industry demonstrates benefits,
including quality control, real-time monitoring capabilities, and improved production efficiency. The contin-
ued development of portable and miniaturized spectroscopic devices further supports the implementation
of these techniques in field applications, offering convenience and cost-effectiveness for insect farmers and
insect food manufacturers. Future research should focus on optimizing spectroscopic techniques for specific
insect species and developing standardized protocols for quality assessment across the insect industry, while
addressing challenges such as calibration transfer and real-world deployment constraints for miniaturized
devices.

Author contributions

CRediT: Carmen Mendez-Sanchez: Conceptualization, Methodology, Writing — original draft; Mayreli Ortiz: Resources,
Supervision, Writing - review & editing; Carme Giiell: Resources, Writing - review & editing; Montserrat Ferrando:
Resources, Writing - review & editing; Daniel Cozzolino: Supervision, Writing - review & editing; Silvia De Lamo Cas-
tellvi: Conceptualization, Methodology, Resources, Supervision, Writing - original draft, Writing - review & editing.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Data availability statement

Data sharing is not applicable-no new data generated.

ORCID

Carmen Mendez-Sanchez ‘2 http://orcid.org/0000-0001-6843-3927
Mayreli Ortiz © http://orcid.org/0000-0002-9423-0055

Carme Giiell (2 http://orcid.org/0000-0002-4566-5132

Montserrat Ferrando (2 http://orcid.org/0000-0002-2076-4222
Daniel Cozzolino 2 http://orcid.org/0000-0001-6247-8817

Silvia De Lamo Castellvi 2 http://orcid.org/0000-0002-5261-6806

References

[1]1 Bukkens, S.G.F. The Nutritional Value of Edible Insects. Ecol. Food Nutr. 1997, 36 (2-4), 287-319. doi:10.1080/
03670244.1997.9991521.

[2] Van Huis, A; Klunder, H.; Van Itterbeeck, J.; Mertens, E.; Halloran, A.; Muir, G.; Vantomme, P. Edible Insects: Future
Prospects for Food and Feed Security. Food Agric. Organ. U. N. 2013, 171, 5.

[3] Oonincx, D.G.AB.; Van Itterbeeck, J.; Heetkamp, M.J.W.; Van Den Brand, H.; Van Loon, JJ.A,; Van Huis, A. An
Exploration on Greenhouse Gas and Ammonia Production by Insect Species Suitable for Animal or Human
Consumption. PLoS One 2010, 5 (12), e14445. doi:10.1371/journal.pone.0014445.

[4] Grau, T, Vilcinskas, A.; Joop, G. Sustainable Farming of the Mealworm Tenebrio Molitor for the Production of Food
and Feed. Z. Fiir Naturforschung C 2017, 72 (9-10), 337-349. doi:10.1515/znc-2017-0033.



(5]

(6]

(7]

(8l

(9l

[0
(11

[12]

[13]

[14]

[15]

[16]

(171

(18]

19

[20]

[21]

[22]
[23]

[24]

[25]

GREEN CHEMISTRY LETTERS AND REVIEWS . 21

Barragan-Fonseca, K.B.; Dicke, M.; Van Loon, J.J.A. Nutritional Value of the Black Soldier Fly (Hermetia lllucens L.)
and lts Suitability as Animal Feed - a Review. J. Insects Food Feed 2017, 3 (2), 105-120. doi:10.3920/JIFF2016.0055.
Cheseto, X, Kuate, S.P.; Tchouassi, D.P; Ndung'u, M.; Teal, P.E.A; Torto, B. Potential of the Desert Locust
Schistocerca Gregaria (Orthoptera: Acrididae) as an Unconventional Source of Dietary and Therapeutic Sterols.
PLoS One 2015, 10 (5), €0127171. doi:10.1371/journal.pone.0127171.

Di Mattia, C,; Battista, N.; Sacchetti, G.; Serafini, M. Antioxidant Activities in Vitro of Water and Liposoluble Extracts
Obtained by Different Species of Edible Insects and Invertebrates. Front. Nutr. 2019, 6, 106. doi:10.3389/fnut.2019.00106.
Pessina, F.; Frosini, M.; Marcolongo, P.; Fusi, F.; Saponara, S.; Gamberucci, A.; Valoti, M.; Giustarini, D.; Fiorenzani, P.,
Gorelli, B, et al. Antihypertensive, Cardio- and Neuro-Protective Effects of Tenebrio Molitor (Coleoptera:
Tenebrionidae) Defatted Larvae in Spontaneously Hypertensive Rats. PLoS One 2020, 15 (5), e0233788. doi:10.
1371/journal.pone.0233788.

Finke, M.; Koutsos, L. Insect Production and Utilization of Insect Products in the USA and Canada. In Insects as
Animal Feed: Novel Ingredients for use in Pet, Aquaculture and Livestock Diets: Hall, H., Fitches, E., Smith, R., Eds.;
CABI, 2021; pp 79-81. d0i:10.1079/9781789245929.0011.

Food and Drug Administration, Department of Health and Human Services. ART 117—Current Good Manufacturing
Practice, Hazard Analysis, and Risk-Based Preventive Contros for Human Food; 2015; 141(508), 2500.

Cebi, N.; Bekiroglu, H.; Erarslan, A; Rodriguez-Saona, L. Rapid Sensing: Hand-Held and Portable FTIR Applications
for On-Site Food Quality Control from Farm to Fork. Molecules 2023, 28 (9), 3727. doi:10.3390/molecules28093727.
Ellis, D.l.; Muhamadali, H.; Haughey, S.A.; Elliott, C.T.; Goodacre, R. Point-and-Shoot: Rapid Quantitative Detection
Methods for on-Site Food Fraud Analysis — Moving out of the Laboratory and into the Food Supply Chain. Anal.
Methods 2015, 7 (22), 9401-9414. doi:10.1039/C5AY02048D.

Pérez-Marin, L. Innovation for Food Integrity Assessment and Fraud Detection Using NIRS as a Nontargeted
Method: Towards Intelligent Product and Process Control. N/R News 2020, 371 (7-8), 5-8. doi:10.1177/
0960336020978715.

Mellado-Carretero, J.; Garcia-Gutiérrez, N.; Ferrando, M.; Gliell, C.; Garcia-Gonzalo, D.; De Lamo-Castellvi, S. Rapid
Discrimination and Classification of Edible Insect Powders Using ATR-FTIR Spectroscopy Combined with
Multivariate Analysis. J. Insects Food Feed 2020, 6 (2), 141-148. doi:10.3920/JIFF2019.0032.

Robertson, K., Ortuiio, J.; Stratakos, A, Stergiadis, S.; Theodoridou, K. Attenuated-Total-Reflection Fourier-
Transformed Spectroscopy as a Rapid Tool to Reveal the Molecular Structure of Insect Powders as Ingredients
for Animal Feeds. J. Insects Food Feed 2024, 10 (12), 2143-2156. doi:10.1163/23524588-00001092.
Garcia-Gutiérrez, N.; Mellado-Carretero, J.; Bengoa, C.; Salvador, A,; Sanz, T.; Wang, J.; Ferrando, M.; Guell, C.; Lamo-
Castellvi, S.D. ATR-FTIR Spectroscopy Combined with Multivariate Analysis Successfully Discriminates Raw Doughs
and Baked 3D-Printed Snacks Enriched with Edible Insect Powder. Foods 2021, 70 (8), 1806. doi:10.3390/
foods10081806.

Ni, D.; Nelis, J.L.D.; Dawson, A.L.; Bourne, N.; Juliano, P.; Colgrave, M.L,; Juhasz, A.; Bose, U. Application of Near-
Infrared Spectroscopy and Chemometrics for the Rapid Detection of Insect Protein Adulteration from a
Simulated Matrix. Food Control 2024, 159, 110268. doi:10.1016/j.foodcont.2023.110268.

Foschi, M.; D'Addario, A.; Antonio D’Archivio, A.; Biancolillo, A. Future Foods Protection: Supervised
Chemometric Approaches for the Determination of Adulterated Insects’ Flours for Human Consump-
tion by Means of ATR-FTIR Spectroscopy. Microchem. J. 2022, 183, 108021. doi:10.1016/j.microc.2022.

108021.

Hou, Y.; Zhao, P.; Zhang, F.; Yang, S.; Rady, A.; Wijewardane, N.K,; Huang, J.; Li, M. Fourier-Transform Infrared
Spectroscopy and Machine Learning to Predict Amino Acid Content of Nine Commercial Insects. Food Sci.
Technol. 2022, 42, e100821. doi:10.1590/fst.100821.

Mendez-Sanchez, C,; Ranasinghe, MK,; Guell, C.; Ferrando, M.; Rodriguez-Saona, L.; de Lamo Castellvi, S. Rapid
Determination of Insect Lipids and Their Fatty Acid Profile in Dough Using Handheld and Portable Infrared
Spectrometers. Food Bioprocess Technol. 2025, 18 (6), 5303-5317. doi:10.1007/s11947-025-03772-2.

Cruz-Tirado, J.P.; Dos Santos Vieira, M.S.; Ferreira, R.S.B.; Amigo, J.M.; Batista, E.A.C; Barbin, D.F. Prediction of Total
Lipids and Fatty Acids in Black Soldier Fly (Hermetia Illucens L.) Dried Larvae by NIR-Hyperspectral Imaging and
Chemometrics. Spectrochim. Acta. A. Mol. Biomol. Spectrosc. 2025, 329, 125646. doi:10.1016/j.saa.2024.125646.
United Nations. World Population Prospects https://www.un.org/development/desa/pd/sites/www.un.org.
development.desa.pd/files/wpp2022_summary_of_results.pdf.

Van Huis, A; Oonincx, D.G.A.B. The Environmental Sustainability of Insects as Food and Feed. A Review. Agron.
Sustain. Dev. 2017, 37 (5), 43. d0i:10.1007/s13593-017-0452-8.

Dossey, AT, Tatum, J.T,, McGill, W.L. Modern Insect-Based Food Industry: Current Status, Insect Processing
Technology, and Recommendations Moving Forward. In Insects as Sustainable Food Ingredients; Dossey, A.T.,
Morales-Ramos, J. A., Rojas, M.G., Eds.; Amsterdam: Elsevier, 2016; pp 113-152. doi:10.1016/B978-0-12-802856-8.
00005-3.

Makkar, H.P.S.; Tran, G.; Heuzé, V.; Ankers, P. State-of-the-Art on Use of Insects as Animal Feed. Anim. Feed Sci.
Technol. 2014, 197, 1-33. doi:10.1016/j.anifeedsci.2014.07.008.



22 (&) C MENDEZ-SANCHEZETAL.

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]
[42]
[43]
[44]
[45]
[46]
[47]
[48]
[49]
[50]

[51]

Poveda, J. Insect Frass in the Development of Sustainable Agriculture. A Review. Agron. Sustain. Dev. 2021, 41 (1), 5.
doi:10.1007/513593-020-00656-X.

Butner, J,; Shockley, M. Eating Insects Athens Conference 2018 and the North American Coalition for Insect
Agriculture. Ann. Entomol. Soc. Am. 2019, 112 (6), 500-504. doi:10.1093/aesa/saz040.

Rumpold, B.A.; Schliter, O.K. Nutritional Composition and Safety Aspects of Edible Insects. Mol. Nutr. Food Res.
2013, 57 (5), 802-823. d0i:10.1002/mnfr.201200735.

Xiaoming, C,; Ying, F.; Hong, Z; Zhiyong, C. Review of the Nutritive Value of Edible Insects. In Forest Insects as Food:
Humans Bite Back; Durst, P.B., Johnson, D.V.,, Leslie, R.L., Shono, K., Eds.; Bangkok: FAO Regional Office for Asia and
the Pacific, 2010 pp 85-92.

Akhtar, Y.; Isman, M. B. Insects as an Alternative Protein Source. In Proteins in Food Processing; Yada, R.Y., Ed.;
Elsevier, 2018; pp 263-288. doi:10.1016/B978-0-08-100722-8.00011-5.

Boulos, S.; Tannler, A; Nystrom, L. Nitrogen-to-Protein Conversion Factors for Edible Insects on the Swiss Market: T.
Molitor, A. Domesticus, and L. Migratoria. Front. Nutr. 2020, 7, 89. doi:10.3389/fnut.2020.00089.

Janssen, R.H,; Vincken, J.-P.; Van Den Broek, L.A.M.; Fogliano, V.; Lakemond, C.M.M. Nitrogen-to-Protein Conversion
Factors for Three Edible Insects: Tenebrio Molitor, Alphitobius Diaperinus, and Hermetia lllucens. J. Agric. Food Chem.
2017, 65 (11), 2275-2278. doi:10.1021/acs.jafc.7b00471.

Ballon, A.; Romero, M.-P.; Rodriguez-Saona, L.E.; De Lamo-Castellvi, S.; Glell, C; Ferrando, M. Conjugation of Lesser
Mealworm (Alphitobius Diaperinus) Larvae Protein with Polyphenols for the Development of Innovative
Antioxidant Emulsifiers. Food Chem. 2024, 434, 137494. doi:10.1016/j.foodchem.2023.137494.

Gravel, A; Doyen, A. The Use of Edible Insect Proteins in Food: Challenges and Issues Related to Their Functional
Properties. Innov. Food Sci. Emerg. Technol. 2020, 59, 102272. doi:10.1016/}.ifset.2019.102272.

Jayakumar, J.; Ballon, A; Pallares, J.; Vernet, A.; De Lamo-Castellvi, S.; Glell, C.; Ferrando, M.; Lesser, M.D. Protein as a
Replacement for Dairy Proteins in the Production of O/W Emulsions: Droplet Coalescence Studies Using
Microfluidics under Controlled Conditions. Food Res. Int. 2023, 172, 113100. doi:10.1016/j.foodres.2023.113100.
Wang, J; Ballon, A; Schroén, K; De Lamo-Castellvi, S.; Ferrando, M.; Glell, C. Polyphenol Loaded W1/0/W2
Emulsions Stabilized with Lesser Mealworm (Alphitobius Diaperinus) Protein Concentrate Produced by
Membrane Emulsification: Stability under Simulated Storage, Process, and Digestion Conditions. Foods 2021, 10
(12), 2997. doi:10.3390/foods10122997.

De Castro, R.J.S.; Ohara, A.; Aguilar, J.G.D.S.; Domingues, M.A.F. Nutritional, Functional and Biological Properties of
Insect Proteins: Processes for Obtaining, Consumption and Future Challenges. Trends Food Sci. Technol. 2018, 76,
82-89. doi:10.1016/j.tifs.2018.04.006.

Tzompa-Sosa, D.A;; Yi, L; Van Valenberg, H.J.F; Van Boekel, M.AJ.S.; Lakemond, C.M.M. Insect Lipid Profile:
Aqueous versus Organic Solvent-Based Extraction Methods. Food Res. Int. 2014, 62, 1087-1094. doi:10.1016/j.
foodres.2014.05.052.

Tzompa-Sosa, D.A.; Dewettinck, K.; Provijn, P.; Brouwers, J.F.; De Meulenaer, B.; Oonincx, D.G.A.B. Lipidome of
Cricket Species Used as Food. Food Chem. 2021, 349, 129077. doi:10.1016/j.foodchem.2021.129077.
Stanley-Samuelson, D.W.; Jurenka, R.A.; Cripps, C.; Blomquist, G.J., De Renobales, M. Fatty Acids in Insects:
Composition, Metabolism, and Biological Significance. Arch. Insect Biochem. Physiol. 1988, 9 (1), 1-33. doi:10.
1002/arch.940090102.

Arrese, E.L.; Soulages, J.L. Insect Fat Body: Energy, Metabolism, and Regulation. Annu. Rev. Entomol. 2010, 55 (1),
207-225. doi:10.1146/annurev-ento-112408-085356.

Roma, G.C.; Bueno, O.C.; Camargo-Mathias, M.l. Morpho-Physiological Analysis of the Insect Fat Body: A Review.
Micron 2010, 41 (5), 395-401. doi:10.1016/j.micron.2009.12.007.

Sosa, D. A. T,; Fogliano, V. Potential of Insect-Derived Ingredients for Food Applications. In Insect Physiology and
Ecology; Shields, V. D. C,, Ed.; InTech, 2017; pp 215-231. doi:10.5772/67318.

Aguilar, J.G.D.S. An Overview of Lipids from Insects. Biocatal. Agric. Biotechnol. 2021, 33, 101967. doi:10.1016/j.
bcab.2021.101967.

Simopoulos, A.P. The Importance of the Ratio of Omega-6/0Omega-3 Essential Fatty Acids. Biomed. Pharmacother
2002, 56 (8), 365-379. d0i:10.1016/50753-3322(02)00253-6.

Oonincx, D.G.A.B; Laurent, S.; Veenenbos, M.E.; Van Loon, J.J.A. Dietary Enrichment of Edible Insects with Omega 3
Fatty Acids. /nsect Sci. 2020, 27 (3), 500-509. doi:10.1111/1744-7917.12669.

Zainol Abidin, N.A.; Kormin, F.; Zainol Abidin, N.A,; Mohamed Anuar, N.A.F.; Abu Bakar, M.F. The Potential of Insects
as Alternative Sources of Chitin: An Overview on the Chemical Method of Extraction from Various Sources. Int. J.
Mol. Sci. 2020, 21 (14), 4978. doi:10.3390/ijms21144978.

Finke, M.D. Estimate of Chitin in Raw Whole Insects. Zoo Biol. 2007, 26 (2), 105-115. doi:10.1002/200.20123.
International Platform of Insects for Food and Feed (iPIFF); Guide on Good Hygiene Practices: 2024. https://ipiff.org/
wp-content/uploads/2024/02/Folder-IPIFF_Guide_A4_19.02.2024_black-colour-1.pdf.

Ojha, S.; BuB3ler, S.; Psarianos, M.; Rossi, G.; Schliter, O.K. Edible Insect Processing Pathways and Implementation of
Emerging Technologies. J. Insects Food Feed 2021, 7 (5), 877-900. doi:10.3920/JIFF2020.0121.

Ravi, HK;; Degrou, A.; Costil, J,; Trespeuch, C.; Chemat, F.; Vian, M.A. Effect of Devitalization Techniques on the Lipid,
Protein, Antioxidant, and Chitin Fractions of Black Soldier Fly (Hermetia lllucens) Larvae. Eur. Food Res. Technol.
2020, 246 (12), 2549-2568. doi:10.1007/500217-020-03596-8.



[52]

[53]

[54]

[55]

[56]
[57]
[58]

[59]

[60]
[61]

[62]

[63]

[64]

[65]

[66]

[67]
[68]
[69]
[70]
[71]
[72]

[73]

[74]

[75]

[76]

GREEN CHEMISTRY LETTERS AND REVIEWS . 23

Purschke, B.; Briiggen, H.; Scheibelberger, R.; Jager, H. Effect of Pre-Treatment and Drying Method on Physico-
Chemical Properties and Dry Fractionation Behaviour of Mealworm Larvae (Tenebrio Molitor L.). Eur. Food Res.
Technol. 2018, 244 (2), 269-280. doi:10.1007/500217-017-2953-8.

Son, Y.-J,; Lee, J.-C,; Hwang, I.-K.; Nho, C.W.; Kim, S.-H. Physicochemical Properties of Mealworm (Tenebrio Molitor)
Powders Manufactured by Different Industrial Processes. LWT 2019, 116, 108514. doi:10.1016/j.Iwt.2019.108514.
Da Silva, F.K.P,; Briick, D.W.; Briick, W.M. Isolation of Proteolytic Bacteria from Mealworm (Tenebrio Molitor)
Exoskeletons to Produce Chitinous Material. FEMS Microbiol. Lett. 2017, 364 (17), fnx177. doi:10.1093/femsle/
fnx177.

Zulkifli, N.F.N.M.; Seok-Kian, A.Y.; Seng, L.L.; Mustafa, S.; Kim, Y.-S.; Shapawi, R. Nutritional Value of Black Soldier Fly
(Hermetia lllucens) Larvae Processed by Different Methods. PLoS One 2022, 17 (2), €0263924. doi:10.1371/journal.
pone.0263924.

Van Huis, A.; Rumpold, B. Strategies to Convince Consumers to Eat Insects? A Review. Food Qual. Prefer. 2023, 110,
104927. doi:10.1016/j.foodqual.2023.104927.

Looy, H.; Dunkel, F.V.; Wood, J.R. How Then Shall We Eat? Insect-Eating Attitudes and Sustainable Foodways. Agric.
Hum. Values 2014, 31 (1), 131-141. doi:10.1007/510460-013-9450-x.

Hartmann, C; Siegrist, M. Becoming an Insectivore: Results of an Experiment. Food Qual. Prefer. 2016, 51, 118-122.
doi:10.1016/j.foodqual.2016.03.003.

Tuccillo, F,; Marino, M.G.; Torri, L. Italian Consumers’ Attitudes towards Entomophagy: Influence of Human Factors
and Properties of Insects and Insect-Based Food. Food Res. Int. 2020, 137, 109619. doi:10.1016/j.foodres.2020.
109619.

Mancini, S.; Sogari, G.; Menozzi, D.; Nuvoloni, R.; Torracca, B.; Moruzzo, R.; Paci, G. Factors Predicting the Intention of
Eating an Insect-Based Product. Foods 2019, 8 (7), 270. doi:10.3390/foods8070270.

Smetana, S.; Leonhardt, L.; Kauppi, S.-M.; Pajic, A.; Heinz, V. Insect Margarine: Processing, Sustainability and Design.
J. Clean. Prod. 2020, 264, 121670. doi:10.1016/j.jclepro.2020.121670.

Delicato, C.; Schouteten, J.J.; Dewettinck, K.; Gellynck, X.; Tzompa-Sosa, D.A. Consumers’ Perception of Bakery
Products with Insect Fat as Partial Butter Replacement. Food Qual. Prefer. 2020, 79, 103755. doi:10.1016/j.
foodqual.2019.103755.

Cheseto, X.; Baleba, S.B.S.; Tanga, C.M.; Kelemu, S.; Torto, B. Chemistry and Sensory Characterization of a Bakery
Product Prepared with Oils from African Edible Insects. Foods 2020, 9 (6), 800. doi:10.3390/foods9060800.
Perez-Santaescolastica, C,; De Winne, A.; Devaere, J; Fraeye, I. The Flavour of Edible Insects: A Comprehensive
Review on Volatile Compounds and Their Analytical Assessment. Trends Food Sci. Technol. 2022, 127, 352-367.
doi:10.1016/j.tifs.2022.07.011.

Tzompa-Sosa, D.A.; Dewettinck, K,; Gellynck, X.; Schouteten, J.J. Replacing Vegetable Qil by Insect Oil in Food
Products: Effect of Deodorization on the Sensory Evaluation. Food Res. int. 2021, 141, 110140. doi:10.1016/j.
foodres.2021.110140.

Tzompa-Sosa, D.A.; Provijn, P.; Gellynck, X.; Schouteten, J.J. Frying Dough with Yellow Mealworm Oil: Aroma Profile
and Consumer Perception at a Central Location Test and at Home. J. Food Sci. 2023, 88 (S1), A130-A146. doi:10.
1111/1750-3841.16389.

Benzertiha, A.; Kieroniczyk, B.; Rawski, M.; Kotodziejski, P.; Bryszak, M.; Jézefiak, D. Insect Oil as An Alternative to
Palm Qil and Poultry Fat in Broiler Chicken Nutrition. Animals. (Basel) 2019, 9 (3), 116. d0i:10.3390/ani9030116.
Lorrette, B.; Sanchez, L. New Lipid Sources in the Insect Industry, Regulatory Aspects and Applications. OCL 2022,
29, 22. doi:10.1051/0cl/2022017.

Verheyen, G.R; Ooms, T.; Vogels, L.; Vreysen, S.; Bovy, A.; Van Miert, S.; Meersman, F. Insects as an Alternative
Source for the Production of Fats for Cosmetics. J. Cosmet. Sci. 2018, 69 (3), 187-202.

Manzano-Agugliaro, F.; Sanchez-Muros, M.J.; Barroso, F.G.; Martinez-Sanchez, A.; Rojo, S.; Pérez-Bafidn, C. Insects
for Biodiesel Production. Renew. Sustain. Energy Rev. 2012, 16 (6), 3744-3753. doi:10.1016/j.rser.2012.03.017.
Surendra, K.C.; Olivier, R.; Tomberlin, J.K,; Jha, R.; Khanal, S.K. Bioconversion of Organic Wastes into Biodiesel and
Animal Feed via Insect Farming. Renew. Energy 2016, 98, 197-202. doi:10.1016/j.renene.2016.03.022.

Lohumi, S.; Lee, S.; Lee, H.; Cho, B.-K. A Review of Vibrational Spectroscopic Techniques for the Detection of Food
Authenticity and Adulteration. Trends Food Sci. Technol. 2015, 46 (1), 85-98. doi:10.1016/j.tifs.2015.08.003.

Qu, J.-H, Liu, D,; Cheng, J.-H.; Sun, D.-W.; Ma, J.; Pu, H.; Zeng, X.-A. Applications of Near-Infrared Spectroscopy in
Food Safety Evaluation and Control: A Review of Recent Research Advances. Crit. Rev. Food Sci. Nutr. 2015, 55 (13),
1939-1954. doi:10.1080/10408398.2013.871693.

Arendse, E.; Nieuwoudt, H.; Magwaza, L.S.; Nturambirwe, J.F.I; Fawole, O.A.; Opara, U.L. Recent Advancements on
Vibrational Spectroscopic Techniques for the Detection of Authenticity and Adulteration in Horticultural Products
with a Specific Focus on Oils, Juices and Powders. Food Bioprocess Technol. 2021, 14 (1), 1-22. doi:10.1007/s11947-
020-02505-x.

Faraldos, M.; Goberna, C. Técnicas de Andlisis y Caracterizaciéon de Materiales; Madrid: Consejo Superior de
Investigaciones Cientificas, 2012. https://www.torrossa.com/en/resources/an/5062608

Rodriguez-Saona, L.; Ayvaz, H.; Wehling, R. L. Infrared and Raman Spectroscopy. In Food Analysis; Nielsen, S. S., Ed.;
Food Science Text Series; Springer International Publishing: Cham, 2017; pp 107-127. doi:10.1007/978-3-319-
45776-5_8.



24 e C. MENDEZ-SANCHEZ ET AL.

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

Siesler, HW.; Ozaki, Y.; Kawata, S.; Heise, H.M. Near-Infrared Spectroscopy: Principles, Instruments, Applications;
Weinheim: John Wiley & Sons, 2008. https://books.google.com/books?hl=ca&lr=&id=U7vqrf2YgmcC&oi=
fnd&pg=PP2&dq=siesler+ozaki&ots=R2m32RRixB&sig=wpC6EMFIDwgfr7Y8c3ha2yGL6ho#v=0onepage&q=siesler
%200zaki&f=false

Kamal, M.; Karoui, R. Analytical Methods Coupled with Chemometric Tools for Determining the Authenticity and
Detecting the Adulteration of Dairy Products: A Review. Trends Food Sci. Technol. 2015, 46 (1), 27-48. doi:10.1016/j.
tifs.2015.07.007.

Rodriguez-Saona, L. E.; Giusti, M. M,; Shotts, M. Advances in Infrared Spectroscopy for Food Authenticity Testing. In
Advances in Food Authenticity Testing; Downey, G., Ed.; Elsevier, 2016; pp 71-116. d0i:10.1016/B978-0-08-100220-9.
00004-7.

Cozzolino, D. An Overview of the Use of Infrared Spectroscopy and Chemometrics in Authenticity and Traceability
of Cereals. Food Res. Int. 2014, 60, 262-265. doi:10.1016/j.foodres.2013.08.034.

Johnson, J.B.; Walsh, K.; Naiker, M. Application of Infrared Spectroscopy for the Prediction of Nutritional Content
and Quality Assessment of Faba Bean (Vicia faba L.). Legume Sci. 2020, 2 (3), e40. doi:10.1002/leg3.40.
Rodriguez-Saona, L.E.; Allendorf, M.E. Use of FTIR for Rapid Authentication and Detection of Adulteration of Food.
Annu. Rev. Food Sci. Technol. 2011, 2 (1), 467-483. doi:10.1146/annurev-food-022510-133750.

Guo, Z.; Huang, W.; Peng, Y.; Chen, Q.; Ouyang, Q.; Zhao, J. Color Compensation and Comparison of Shortwave near
Infrared and Long Wave near Infrared Spectroscopy for Determination of Soluble Solids Content of ‘Fuji’ Apple.
Postharvest Biol. Technol. 2016, 115, 81-90. doi:10.1016/j.postharvbio.2015.12.027.

Santos Panero, P.D.; Santos Panero, F.D.; Santos Panero, J.D.; Bezerra Da Silva, H.E. Application of Extended
Multiplicative Signal Correction to Short-Wavelength near Infrared Spectra of Moisture in Marzipan. J. Data
Anal. Inf. Process. 2013, 01 (03), 30-34. d0i:10.4236/jdaip.2013.13005.

Be¢, K.B.; Grabska, J.; Huck, C.W. Biomolecular and Bioanalytical Applications of Infrared Spectroscopy — A Review.
Anal. Chim. Acta 2020, 1133, 150-177. doi:10.1016/j.aca.2020.04.015.

Haas, J.; Mizaikoff, B. Advances in Mid-Infrared Spectroscopy for Chemical Analysis. Annu. Rev. Anal. Chem. 2016, 9
(1), 45-68. doi:10.1146/annurev-anchem-071015-041507.

Bracewell, R.N. The Fourier Transform. Sci. Am. 1989, 260 (6), 86-95. doi:10.1038/scientificamerican0689-86
Smith, B.C. Fundamentals of Fourier Transform Infrared Spectroscopy; Boca Raton: CRC Press, 2011. https://books.
google.com/books?hl=ca&lr=&id=LRIHkK2cP_0C&oi=fnd&pg=PP1&dq=smith+fundamentals&ots=iNFdG7SO_
D&sig=88LQsUezn6QSWco489FUWtF56J0#v=0nepage&q=smith%20fundamentals&f=false

Jaggi, N.; Vij, D. R. FOURIER TRANSFORM INFRARED SPECTROSCOPY. In Handbook of Applied Solid State
Spectroscopy; Vij, D. R., Ed.; Springer US: Boston, MA, 2006; pp 411-450. doi:10.1007/0-387-37590-2_9.

Rostron, P.; Gaber, S.; Gaber, D. Raman Spectroscopy, Review; Laser, 2016. https://www.researchgate.net/profile/
Paul-Rostron/publication/309179824_Raman_Spectroscopy_a_review/links/580329fe08ae23fd 1b673f34/Raman-
Spectroscopy-a-review.pdf

Liu, P.; Zhang, H.; Eom, K.B. Active Deep Learning for Classification of Hyperspectral Images. /EEE J. Sel. Top. Appl.
Earth Obs. Remote Sens. 2017, 10 (2), 712-724. doi:10.1109/JSTARS.2016.2598859.

Liu, Y.; Li, J.; Plaza, A. Spectrometer-Driven Spectral Partitioning for Hyperspectral Image Classification. /EEE J. Sel.
Top. Appl. Earth Obs. Remote Sens. 2016, 9 (2), 668-680. doi:10.1109/JSTARS.2015.2437614.

Be¢, K.B.; Grabska, J.; Huck, CW. Principles and Applications of Miniaturized Near-Infrared (NIR) Spectrometers.
Chem. - Eur. J. 2021, 27 (5), 1514-1532. d0i:10.1002/chem.202002838.

Leary, P. E,; Crocombe, R. A.,; Kammrath, B. W. Introduction to Portable Spectroscopy. In Portable Spectroscopy and
Spectrometry; Crocombe, R, Leary, P, Kammrath, B, Eds.; Chichester: Wiley, 2021; pp 1-13. doi:10.1002/
9781119636489.ch1.

Seelenbinder, J. A; Robb, C. S. Applications of Portable and Handheld Infrared Spectroscopy. In Portable
Spectroscopy and Spectrometry; Crocombe, R., Leary, P., Kammrath, B., Eds.; Chichester: Wiley, 2021; pp 227-247.
doi:10.1002/9781119636489.ch33.

Rodriguez-Saona, L.; Aykas, D.P.; Borba, K.R.; Urtubia, A. Miniaturization of Optical Sensors and Their Potential for
High-Throughput Screening of Foods. Curr. Opin. Food Sci. 2020, 31, 136-150. doi:10.1016/j.cofs.2020.04.008.
Yan, H. Siesler, H. W. Applications of Handheld Near-Infrared Spectrometers. In Portable Spectroscopy and
Spectrometry; Crocombe, R., Leary, P, Kammrath, B, Eds.; Chichester: Wiley, 2021; pp 267-298. doi:10.1002/
9781119636489.ch35.

McVey, C, Elliott, C.T,; Cannavan, A.; Kelly, S.D.; Petchkongkaew, A.; Haughey, S.A. Portable Spectroscopy for High
Throughput Food Authenticity Screening: Advancements in Technology and Integration into Digital Traceability
Systems. Trends Food Sci. Technol. 2021, 118, 777-790. doi:10.1016/j.tifs.2021.11.003.

Pu, Y.; Pérez-Marin, D.; O'Shea, N.; Garrido-Varo, A. Recent Advances in Portable and Handheld NIR Spectrometers
and Applications in Milk, Cheese and Dairy Powders. Foods 2021, 10 (10), 2377. doi:10.3390/foods10102377.

[100] Kenda, A.; Frank, A, Kraft, M.; Tortschanoff, A.; Sandner, T.; Schenk, H.; Scherf, W. Compact High-Speed

[101]

Spectrometers Based on MEMS Devices with Large Amplitude In-Plane Actuators. Procedia Chem. 2009, 1 (1),
556-559. doi:10.1016/j.proche.2009.07.139.
Wolffenbuttel, R.F. MEMS-Based Optical Mini- and Microspectrometers for the Visible and Infrared Spectral Range.
J. Micromechanics Microengineering 2005, 15 (7), S145-S152. doi:10.1088/0960-1317/15/7/021.



[102]

[103]
[104]

[105]

[106]
[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

GREEN CHEMISTRY LETTERS AND REVIEWS . 25

Huck, C. W. New Trend in Instrumentation of NIR Spectroscopy—Miniaturization. In Near-Infrared Spectroscopy;
Ozaki, Y., Huck, C., Tsuchikawa, S. Engelsen, S. B., Eds.; Springer Singapore: Singapore, 2021; pp 193-210.
doi:10.1007/978-981-15-8648-4_8.

Crocombe, R.A. Portable Spectroscopy. Appl. Spectrosc. 2018, 72 (12), 1701-1751. d0i:10.1177/0003702818809719.
Ali, A.; Nettey-Oppong, E.E,; Effah, E; Yu, C.Y.; Muhammad, R.; Soomro, T.A.; Byun, KM.; Choi, S.H. Miniaturized
Raman Instruments for SERS-Based Point-of-Care Testing on Respiratory Viruses. Biosensors. 2022, 12 (8), 590.
doi:10.3390/bios12080590.

Esteki, M.; Simal-Gandara, J.; Shahsavari, Z,; Zandbaaf, S.; Dashtaki, E.; Vander Heyden, Y. A Review on the
Application of Chromatographic Methods, Coupled to Chemometrics, for Food Authentication. Food Control
2018, 93, 165-182. doi:10.1016/j.foodcont.2018.06.015.

Roberts, J.J,; Cozzolino, D. An Overview on the Application of Chemometrics in Food Science and Technology—An
Approach to Quantitative Data Analysis. Food Anal. Methods 2016, 9 (12), 3258-3267. doi:10.1007/512161-016-0574-7.
Racz, A.; Bajusz, D.; Héberger, K. Chemometrics in Analytical Chemistry. In Applied Chemoinformatics; Engel, T.,
Gasteiger, J., Eds.; Chichester: Wiley, 2018; pp 471-499. doi:10.1002/9783527806539.ch9.

Roggo, Y.; Chalus, P,; Maurer, L.; Lema-Martinez, C.; Edmond, A.; Jent, N. A Review of near Infrared Spectroscopy
and Chemometrics in Pharmaceutical Technologies. J. Pharm. Biomed. Anal. 2007, 44 (3), 683-700. doi:10.1016/j.
jpba.2007.03.023.

Cozzolino, D.; Power, A.; Chapman, J. Interpreting and Reporting Principal Component Analysis in Food Science
Analysis and Beyond. Food Anal. Methods 2019, 12 (11), 2469-2473. doi:10.1007/s12161-019-01605-5.

Buvé, C,; Saeys, W.; Rasmussen, M.A.; Neckebroeck, B.; Hendrickx, M.; Grauwet, T.; Van Loey, A. Application of
Multivariate Data Analysis for Food Quality Investigations: An Example-Based Review. Food Res. Int. 2022, 151,
110878. doi:10.1016/j.foodres.2021.110878.

Hoffmann, U.; Pfeifer, F.; Siesler, H. W. Spectra Transfer Between Benchtop Fourier-Transform Near-Infrared and
Miniaturized Handheld Near-Infrared Spectrometers. In Portable Spectroscopy and Spectrometry; Crocombe, R.,
Leary, P., Kammrath, B., Eds.; Chichester: Wiley, 2021; pp 249-266. doi:10.1002/9781119636489.ch34.

Barbosa, T.M.; De Lima, L.A.S.; Dos Santos, M.C.D.; Vasconcelos, S.D.; Gama, R.A; Lima, KM.G. A Novel Use of Infra-
Red Spectroscopy (NIRS and ATR-FTIR) Coupled with Variable Selection Algorithms for the Identification of Insect
Species (Diptera: Sarcophagidae) of Medico-Legal Relevance. Acta Trop. 2018, 185, 1-12. doi:10.1016/j.actatropica.
2018.04.025.

Srivastava, A.K.; Iconomidou, V.A.; Chryssikos, G.D.; Gionis, V.; Kumar, K, Hamodrakas, S.J. Secondary Structure of
Chorion Proteins of the Lepidoptera Pericallia Ricini and Ariadne Merione by ATR FT-IR and Micro-Raman
Spectroscopy. Int. J. Biol. Macromol. 2011, 49 (3), 317-322. doi:10.1016/j.ijbiomac.2011.05.006.

Fischnaller, S.; Dowell, F.E.; Lusser, A.; Schlick-Steiner, B.C.; Steiner, F.M. Non-Destructive Species Identification of
Drosophila Obscura and D. Subobscura (Diptera) Using near-Infrared Spectroscopy. Fly (Austin) 2012, 6 (4), 284-289.
doi:10.4161/fly.21535.

Be¢, K.B.; Grabska, J.; Plewka, N.; Huck, C.W. Insect Protein Content Analysis in Handcrafted Fitness Bars by NIR
Spectroscopy. Gaussian Process Regression and Data Fusion for Performance Enhancement of Miniaturized
Cost-Effective Consumer-Grade Sensors. Molecules 2021, 26 (21), 6390. doi:10.3390/molecules26216390.
Mantilla, S.M.O.; Alagappan, S.; Sultanbawa, Y.; Smyth, H.E.; Cozzolino, D. A Mid Infrared (MIR) Spectroscopy Study
of the Composition of Edible Australian Green Ants (Oecophylla Smaragdina)—a Qualitative Study. Food Andl.
Methods 2020, 13 (8), 1627-1633. doi:10.1007/s12161-020-01783-7.

Mendez-Sanchez, C.; Guell, M.C,; Ferrando, M.; Rodriguez-Saona, L.; Jimenez-Flores, R.; Domingo, J.C.; De Lamo
Castellvi, S. Prediction of Fat Content in Edible Insect Powders Using Handheld FT-IR Spectroscopic Devices.
LWT 2024, 207, 116652. doi:10.1016/j.lwt.2024.116652.

Kroncke, N.; Benning, R. Determination of Moisture and Protein Content in Living Mealworm Larvae (Tenebrio
Molitor L.) Using Near-Infrared Reflectance Spectroscopy (NIRS). /nsects 2022, 13 (6), 560. doi:10.3390/
insects13060560.

Kréoncke, N.; Neumeister, M.; Benning, R. Near-Infrared Reflectance Spectroscopy for Quantitative Analysis of Fat
and Fatty Acid Content in Living Tenebrio Molitor Larvae to Detect the Influence of Substrate on Larval
Composition. Insects 2023, 14 (2), 114. doi:10.3390/insects14020114.

Kroncke, N.; Wittke, S.; Steinmann, N.; Benning, R. Analysis of the Composition of Different Instars of Tenebrio
Molitor Larvae Using Near-Infrared Reflectance Spectroscopy for Prediction of Amino and Fatty Acid Content.
Insects 2023, 14 (4), 310. doi:10.3390/insects14040310.

Hoffman, L.C,; Zhang, S.; Alagappan, S.; Wills, V.; Yarger, O.; Cozzolino, D. Monitoring Compositional Changes in
Black Soldier Fly Larvae (BSFL) Sourced from Different Waste Stream Diets Using Attenuated Total Reflectance
Mid Infrared Spectroscopy and Chemometrics. Molecules 2022, 27 (21), 7500. doi:10.3390/molecules27217500.
Cruz-Tirado, J.P.; Amigo, J.M,; Barbin, D.F. Determination of Protein Content in Single Black Fly Soldier (Hermetia
lllucens L.) Larvae by near Infrared Hyperspectral Imaging (NIR-HSI) and Chemometrics. Food Controf 2023, 143,
109266. doi:10.1016/j.foodcont.2022.109266.

Omucheni, D.L.; Kaduki, K.A.; Mukabana, W.R. Rapid and Non-Destructive Identification of Anopheles Gambiae and
Anopheles Arabiensis Mosquito Species Using Raman Spectroscopy via Machine Learning Classification Models.
Malar. J. 2023, 22 (1), 342. doi:10.1186/512936-023-04777-y.



26 e C. MENDEZ-SANCHEZ ET AL.

[124] Batish, I,; Brits, D.; Valencia, P.; Miyai, C.; Rafeeq, S.; Xu, Y.; Galanopoulos, M.; Sismour, E.; Ovissipour, R. Effects of
Enzymatic Hydrolysis on the Functional Properties, Antioxidant Activity and Protein Structure of Black Soldier
Fly (Hermetia Illucens). Protein. Insects 2020, 11 (12), 876. doi:10.3390/insects11120876.

[125] Woodrow, C,; Cullen, D.A.; Montealegre-Z, F.; Gonzalez-Rodriguez, J. Non-Invasive Characterization of the Elastic
Protein Resilin in Insects Using Raman Spectroscopy. Int. J. Biol. Macromol. 2024, 254, 127967. doi:10.1016/j.
ijbiomac.2023.127967.



