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A B S T R A C T

Background: Ensuring consumer trust is critical in the circular economy and the reintroduction of animal proteins 
into the food chain. Authentication of the tissue and species-specific origin of food and feed samples is crucial for 
maintaining food and food supply chain safety. Along with analytical methods such as DNA-based methods, 
microscopy, nuclear magnetic resonance (NMR), proteomic methods can also be implemented for food 
authentication and safety.
Scopes and approaches: This review focuses on applications of state-of-the-art proteomics methods to safeguard 
food and feed chains in circular food production systems. Specifically, the utilization of targeted and untargeted 
proteomics approaches in the safe reintroducing processed animal proteins (PAPs) into the feed supply chain is 
discussed in a regulatory context. Furthermore, the implementation of proteomics along with DNA-based 
methods in the authentication of fish and insect species in food and feed products will benefit detection of 
fraudulent practices. Proteomic techniques such as targeted and untargeted approaches are discussed to tackle 
authentication challenges and safeguard food safety.
Key findings: We discuss the implementation of proteomic methods in detecting and quantifying prohibited 
protein material, addressing authentication challenges, and ensuring the integrity of food and feed products. For 
PAP product species and tissue, origins can be accurately determined through targeted proteomic approaches. 
Moreover, untargeted proteomics offers the capability of detecting allergens from novel foods such as insects and 
avoiding potential food fraud. Integrating proteomic methods into routine food and feed analysis workflows 
shows promise for enhancing regulatory compliance, consumer confidence, and overall food safety in circular 
food production systems.

1. Introduction

The global population will increase to 8.5 billion by 2030, ultimately 
increasing the demand for food and further straining natural resources 
(FAO, 2023). As per the Food and Agricultural Organization of the 
United Nations (FAO) guidelines, the growing population must have 
access to nutritious, safe, and affordable food while ensuring reduced 
carbon footprint is critical (Mc Carthy et al., 2018). Current food supply 
models rely on finite resources and indicate the need for 
resource-efficient circular food chains. The sustainable utilization of 
marine resources, particularly aquaculture, can benefit food security 
(FAO, 2023). Seafood is a source of essential nutrients, and aquaculture 

has proliferated, increasing demand for sustainable feed ingredients 
(FAO, 2023;VKM, 2022).

Transitioning to a circular bio-based economy is vital for the food 
production industry, efficiently utilizing biological resources in the light 
of food security (Flynn et al., 2019). Recirculation of by-products as 
valuable resources can minimize environmental impacts while 
providing sustainably produced nutritious food (Ghisellini, Cialani, & 
Ulgiati, 2016; Mirabella, Castellani, & Sala, 2014). Circular food systems 
can recycle slaughterhouse by-products into feed material by efficiently 
utilizing resources within the bio-economy (Woodgate et al., 2022). In 
the European aquaculture sector, the scarcity of protein-rich materials is 
a food security challenge due to which alternative protein sources such 
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as insect proteins, single-cell proteins, soybean, and processed animal 
proteins (PAP) from food industry by-products were introduced into the 
food chain (EuropaBio Annual EuropaBio annual Report, 2018). How
ever, in circular food production systems, ensuring safety and trace
ability is crucial. The outbreak of Bovine Spongiform Encephalopathy 
(BSE) showed that circular economies can be hazardous if adequate 
regulations are not in place (Boqvist, Söderqvist, & Vågsholm, 2018; 
Vågsholm, Arzoomand, & Boqvist, 2020). By-products from the food 
industry that are reused as feed material are strictly regulated to follow 
safety standards to uphold consumer safety (Lavelli, 2021). To follow 
these regulations, it is essential to develop and implement novel 
analytical methods to address the possible hazards associated with cir
cular food and feed chains within the context of the bioeconomy.

Along with the inclusion of by-products in food production systems, 
food fraud is another topic in which similar analytical methods are 
required to be implemented. Food fraud is a global concern across 
supply chains in the global food markets. Fraudulent practices such as 
adulteration, substitution, dilution, and use of unauthorized food 
products violate consumer safety, trust, and rights (Ortea, O’Connor, & 
Maquet, 2016; Su, Yu, Liang, Wang, & Wang, 2024). Mislabeling food 
allergens, such as fish, gluten, soybean, egg, or nuts, can have severe 
consequences for sensitive individuals (Visciano & Schirone, 2021). In 
addition to misinformation and mislabeling, food adulteration poses 
significant health hazards. Furthermore, in the global food chain, in
cidents were recorded indicating potential health risks associated with 
food fraud. For example, incidents such as melamine-contaminated milk 
in China affected hundreds of thousands of children (Gossner et al., 
2009) and the “horse meat scandal” in Europe, where beef products 
were adulterated with horse meat contaminated with phenylbutazone, a 
veterinary steroidal drug which raised food safety concern due to 
toxicity and carcinogenic effects in humans (Bouzembrak & Marvin, 
2016). These incidents raised food safety concerns and highlighted the 
need for accurate labeling and compliance control. Seafood is highly 
susceptible to mislabeling and adulteration due to global trade and 
varying market value; furthermore, there are environmental conse
quences of seafood fraud as endangered species may be included in the 
food chain, affecting marine biodiversity (Bouzembrak et al., 2018). 
Preventing seafood fraud is essential for consumer safety and rights and 
conserving valuable marine resources.

Due to the complexity of food and feed fraud, the availability of 
analytical tools for food and feed authenticity and traceability are crit
ical for safeguarding global food chain (Ortea et al., 2016; Saadat, 
Pandya, Dey, & Rawtani, 2022). The ability to verify the authenticity of 
food and feed products is often called “food forensics” (Silva, 2018; 
Saadat et al., 2022). As there is a wide variety of contaminants, adul
terants, and hazards, various r molecular tools are required for food 
forensics to ensure food safety. For example, high-accuracy and 
cost-effective DNA methods have been used to develop rapid assays to 
authenticate food products (Toxqui Rodríguez, Vanhollebeke, & Der
ycke, 2023). Various instrumental methods such as High-Performance 
Liquid Chromatography (HPLC), trace element analysis, light micro
scopy, examination of stable isotope ratios (SIR), Nuclear Magnetic 
Resonance (NMR) spectroscopy, immunoassays, and mass spectrometry 
can be applied for food authentication purposes (Ortea et al., 2016; 
Saadat et al., 2022).

In the context of food and feed safety, as proteins are vital compo
nents in food and feed materials, analyses of proteins are suitable for 
regulatory purposes. Proteome analyses can be implemented to develop 
markers, which can be used to detect the origin of food products or al
lergens, which help develop rapid assay of food products (Ortea et al., 
2016). This review is focused on how proteomics can be implemented 
for food and feed safety in circular food chains by focusing on aquafeed, 
seafood, and edible insect species. Circular ingredients are increasingly 
being used in animal feed, and as food for human consumption. To 
ensure safety and follow European regulations, analytical methods such 
as proteomics will help identify prohibited ingredients in food and feed.

2. Proteomics methods

Proteomics is the study of the abundance and identity of proteins in 
an organism or its tissues. The bottom-up, top-down, and middle-down 
proteomic approaches are implemented to identify and study proteins. 
Bottom-up proteomics approach is still more widely used in proteomic 
studies (Aebersold & Mann, 2003). In bottom-up proteomics, protein 
samples undergo enzymatic digestion, typically employing proteolytic 
enzymes like trypsin, followed by separation and identification using 
high-performance liquid chromatography (HPLC) coupled to 
high-resolution mass spectrometry (HR-MS) (Raes et al., 2018). Prote
omics is often classified as untargeted for biomarker discovery and 
targeted for biomarker verification. Generally, the aim of untargeted 
proteomics is the identification and relative quantification of as many 
proteins as possible based on the generated peptide mass spectra. Using 
bioinformatic search engines, generated tandem mass spectra (MS/MS) 
can be matched to relevant proteomic databases to identify the corre
sponding proteins (Duivesteijn, 2018). Untargeted proteomic ap
proaches are also used to generate peptide spectral libraries. In addition 
to database searching, de novo sequencing is another technique in 
untargeted proteomics where the amino acid sequences of peptides are 
determined directly from the MS/MS data independent of databases. 
This enables the discovery of short bioactive and novel peptides that can 
be used to expanding proteomic databases. Targeted proteomics is often 
used for biomarker candidate verification and absolute quantification 
assays due to improved selectivity and sensitivity (Sobsey et al., 2019). 
Typical targeted proteomics methods involve parallel reaction moni
toring (PRM) using a HR-MS system or multiple reaction monitoring 
(MRM) using a triple quadrupole system. When applying PRM or MRM, 
it is essential to ensure that the targeted peptides are unique for the 
candidate protein. Table 1 lists the applicability of targeted and untar
geted proteomics in food and feed safety by focusing on examples of 
aquafeed, seafood, and edible insect species.

2.1. Targeted proteomics methods

Food and feed are highly complex and heterogeneous mixes, which 
undergo a series of steps such as physical and chemical processing. Due 
to the complex nature of food and feed matrices, the identification of key 
proteins is challenging (Planque et al., 2016). To ensure uniformity of 
food and feed samples, efficient homogenization using grinding is 
required. Robust sample preparation is crucial in targeted proteomics 
(Fig. 1), where samples are extracted, digested, and purified. During the 
sample preparation for the targeted proteomics, sample is homogenized, 
and an extraction buffer with detergents and tris-HCl are added. 
Extracted samples are further reduced and alkalized using dithiothreitol 
(DTT) and iodoacetamide (IAA) before enzymatic digestion for 12 h 
with trypsin. Post-digestion solid phase extraction is performed, and 
isotopically labeled targeted peptides of interest are added before 
analyzing samples using MS (M.C. Lecrenier et al., 2021). The peptides 
are analyzed using LC-MS instruments (Orbitraps, Q-TOFs, triple quad
rupole systems) in traditional (PRM or MRM) or advanced targeted 
acquisition mode. Generally, a chromatographic column of 2.1 × 150 
mm C18 with a flowrate of 0.2 mL/min is used with mobile phase A 
containing water in 0.1% formic acid and mobile phase B acetonitrile in 
0.1% formic acid (Lecrenier et al., 2018). For example, in targeted an
alyses of milk and hemoglobin peptides as described by Lecrenier et al. 
(2018), elution was carried out as follows: 92% mobile phase A from 0 to 
3 min, decreasing to 58% mobile phase A from 3 to 18 min, then to 15% 
mobile phase A from 18 to 18.10 min, maintained at 15% mobile phase 
A from 18.10 to 22.50 min, increased back to 92% mobile phase A from 
22.50 to 22.60 min and finally held at 92% mobile phase A from 22.60 to 
26 min. In this method, a cone flow of 150 L/h and a desolvation flow of 
650 L/h of nitrogen were applied. The capillary voltage was set to 3.0 
kV, and the collision gas flow was set to 0.20 mL/min. The source and 
desolvation temperatures were maintained at 150 ◦C and 350 ◦C, 
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respectively. The cone voltage was fixed at 35 V. Data acquisition and 
processing were performed using MassLynx software (Lecrenier et al., 
2018). The optimization of a targeted method aims at maximizing the 

peptide signals while minimizing the matrix effects. Matrix effects are 
defined as the variation observed in detecting or quantifying the target 
peptide when multiple substances are present in the sample (M.C. 

Table 1 
Proteomics-based methods developed for PAP detection and fish and insect identification.

Category and relevance Author and year Technique used Proteomics approach Samples Used

Traceability of processed animal 
proteins

Belghit et al. (2021) HPLC-MS/MS Targeted and 
untargeted

Processed animal proteins – Insect, bovine

Lecrenier et al. (2021) HPLC-MS/MS Targeted Processed animal proteins – Bovine, pig,
Steinhilber et al. (2019) Antibody-based enrichment 

and HPLC-MS/MS
Targeted Processed animal proteins - Poultry, pig, 

bovine, vegetal feed samples
Niedzwiecka et al. (2019) Antibody-based enrichment of 

Hb
Targeted Processed animal proteins -Blood products

HPLC -MS/MS
Lecrenier et al. (2018) HPLC-MS/MS Targeted Processed animal proteins - blood: bovine 

and porcine, Milk
Marchis et al. (2017) HPLC -MS/MS Targeted Processed animal proteins - Bovine, pig, 

fish, milk
Marbaix et al. (2016) HPLC -MS/MS Untargeted Processed animal proteins- Bovine, pig, 

sheep
Rasinger et al. (2016) HPLC-MS/MS Untargeted Processed animal proteins- Poultry, pig, 

bovine, sheep
Lecrenier et al. (2016) HPLC -MS/MS Untargeted Processed animal proteins - Poultry, pork, 

bovine, fish meal
Authentication of fish species Chien et al. (2022) HPLC -MS/MS Targeted and 

untargeted
Fish samples – 3 species, processed 
samples

Hu et al. (2022) HPLC -MS/MS Untargeted Fish samples – 3 species
Varunjikar, Moreno-Ibarguen 
et al. (2022b)

HPLC -MS/MS Untargeted with 
spectra library

Fish samples – 7 species, mixed samples

Gu et al. (2020) HPLC -MS/MS Targeted and 
untargeted

Fish samples – 2 species, processed 
samples

Nessen et al. (2016) HPLC -MS/MS Untargeted with 
spectra library

Fish samples – 5 species, processed 
samples

Wulff et al. (2013) HPLC -MS/MS Untargeted with 
spectra library

Fish samples – 22 different species

Authentication of feed and food- 
grade insect species

Bose et al., 2021 HPLC-MS/MS Targeted and 
untargeted

Insect samples – 1 insect species

Varunjikar, Belghit, et al. 
(2022a)

HPLC-MS/MS Untargeted with 
spectra library

Insect samples – 5 insect species

Stobernack et al. (2022) HPLC-MS/MS Targeted and 
untargeted

Insect samples – 1 insect species

Bose et al. (2021) HPLC-MS/MS Targeted and 
untargeted

Insect samples – 1 insect species

Francis et al. (2020) HPLC-MS/MS Untargeted Insect samples - 4 insect species
Leni, tedeschi, et al. (2020) HPLC-MS/MS Targeted Insect samples - 2 insect species
Belghit et al. (2019) HPLC-MS/MS Untargeted with 

spectra library
Insect samples – 4 insect species

Fig. 1. Workflow for targeted proteomics with multiple reaction monitoring for identification of food and feed samples. Proteins are extracted from samples, 
digested, desalted, and spiked with isotope-labeled reference peptides, i.e., peptide biomarkers for proteins. Using the UHPLC MS/MS system, peptides are quantified 
using this workflow feed and, samples are authenticated on species and tissue levels. Generated using app.biorender.com. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.)
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Lecrenier et al., 2021). This effect is due to the co-elution of other 
molecules with the target peptides and dramatically influences the 
identification and quantification of analytes (Zhou, Yang, & Wang, 
2017). These effects are of significant concern in MS analysis as this 
affects the sensitivity and the accuracy of the method by decreasing or 
increasing the signal intensity (Zhou et al., 2017) and background noise 
(M. C. Lecrenier, Plasman, Cordonnier, & Baeten, 2023). As matrix ef
fects cannot be avoided completely during LC-MS analysis, certain 
precautions can be taken during sample preparations and HPLC-MS/MS 
analyses to minimize these (Zhou et al., 2017). Implementation of 
sample clean-up steps such as solid-phase extraction removes interfering 
substances, thereby reducing matrix effects. Additionally, dilution 
strategies are also capable of decreasing matrix components while 
maintaining measurable levels of targeted peptides, which helps to 
reduce ion suppression. Amendments to HPLC parameters, such as low 
flow rate, slow gradient, and mixed column mode, can help to minimize 
matrix effects (Zhou et al., 2017). While developing methods, validation 
must be performed on different food samples to ensure the robustness of 
the method.

Many strategies exist to remove the undesirable compounds that 
interfere with detecting targeted peptides by mass spectrometry. In the 
context of PAP detection, various approaches are already proposed, such 
as immunoaffinity enrichment of the targeted peptides (Niedzwiecka 
et al., 2019, 2019; Steinhilber et al., 2018b; 2019) or preliminary 
sedimentation concentrating the ingredients of interest (Lecrenier, 
2023). Such measures are adopted to improve the sensitivity of peptide 
detection during sample analyses.

Different sample preparation strategies can lead to the selection of 
different markers, as highlighted by an interlaboratory study on the 
detection of bovine PAPs (M.-C. Lecrenier et al., 2021). Therefore, it is 
essential to choose the optimal target peptide markers. Food or feed 
processing methods such as heat or acid treatment can cause 
post-translational modifications in proteins (Piras, Roncada, Rodrigues, 
Bonizzi, & Soggiu, 2016). Such modifications result in mass changes that 
can make the analyte undetectable MS analyses if it is not included in the 
peptide selection (Raes et al., 2018).

MRM is the targeted proteomics method of choice when the candi
date proteins to target are known based on the sample composition or a 
literature review. Two approaches may be considered for identifying 
target peptides for an MRM assay. Firstly, an in-silico approach which 
can be performed with freely available software. The in-silico approach 
predicts the peptides generated by the digestion of a protein obtained 
from a protein sequence database. Freely available software such as 
Skyline (https://skyline.gs.washington.edu) can be used to create a 
theoretical list of peptides and their related transitions and design the 
MRM method. Similarly, a targeted method can be prepared from a 
preliminary discovery study conducted using an untargeted approach 
(M. C. Lecrenier et al., 2016). This approach is necessary in cases where 
the protein composition of the sample is unknown (described in point 
1.2).

Targeted proteomics can be further developed into absolute quan
tification methods, which involve the addition of stable isotope standard 
peptides (SIS peptides) to the samples. For this, targeted peptides are 
identified from the protein of interest based on their suitability for the 
MS analyses. The SIS peptides are synthesized, stable isotope-labeled 
versions of the target peptides, which differ slightly in mass but have 
the same chromatographic abilities. The labeled peptides are spiked into 
the sample in known quantities before LC-MS/MS analysis, allowing 
them to co-elute with the endogenous peptides. SIS peptides compensate 
for loss during sample preparation and any changes in retention time 
during HPLC and monitor the MS ratios that can be altered due to 
inherent matrix effects. Instead of SIS peptides, synthetic proteins can be 
added as a linear concatenation of tryptic peptides. These concatemers 
are cleaved to individual peptides upon digestion with trypsin and can, 
therefore, be added from the start of the preparation. In this manner, the 
relative signal intensities of the labeled and endogenous peptides are 

compared. This comparison allows for precise quantification of the 
target peptides, accounting for variations in sample preparation and 
instrument response, thereby enhancing the accuracy and reliability of 
the targeted MS analysis (Gavage et al., 2020; M. C. Lecrenier et al., 
2018).

In complex matrixes such as feed products containing blood meal, 
blood products, and milk of bovine origine, non-specific signals can be 
observed despite the high sensitivity and reliability of targeted prote
omics (Marchis et al., 2017). In studies conducted on PAP products 
contaminated with hemoglobin, the lower limit of detection was found 
to be lower than 0.1% (Lecrenier et al., 2018, Marchi et al., 2017). 
Although matrix effects are known to affect the limits of detection and 
quantification, the application of the targeted method could detect 
0.015% of blood products in the feed material (Lecrenier et al., 2018, 
Marchi et al., 2017). The legal limit set by the European Commission, for 
detection methods used to quantify illicit ingredients in the feed mate
rial, a sensitivity of 0.1% (w/w) is required. Most of the targeted pro
teomics studies are limited to the legal limits of detecting blood products 
in feed material (Gavage et al., 2020; M. C. Lecrenier et al., 2018; Raes 
et al., 2018).

In targeted proteomics, quality control is crucial while maintaining 
the efficiency required for processing a large number of samples as 
required for food and feed control. Implementing automated sample 
preparation methods can reduce time and minimize human error, 
thereby maintaining consistent quality of samples and enhancing 
throughput (Gavage et al., 2020). Additionally, samples are spiked with 
internal standards such as SIS peptides to monitor the efficiency of 
protein extraction and digestion. Using retention time standards in 
HPLC analyses can help maintain consistent chromatography across 
samples (Sobsey et al., 2019). Furthermore, in mass spectrometry ana
lyses, scheduling regular calibration of mass spectrometers to maintain 
accuracy benefits the accurate detection of peptides. Acquiring data in 
each run including quality control samples while running analyses, can 
help to monitor instrument performance and data quality. While pro
cessing data, automated data processing pipelines for processing data 
can improve peak detection and quantification.

In addition to quality control measures, the choice of mass spec
trometer and data acquisition techniques are crucial for optimal results 
in food and feed analyses using targeted proteomics. Triple quadrupole 
mass spectrometers are preferred for high-sensitivity MRM targeted 
analyses, whereas Q-TOF and Orbitrap mass spectrometers offer high 
resolution and mass accuracy and are suitable for data-dependent and 
independent acquisition. A multi-laboratory ring test conducted by 
Lecrenier et al. (2021) showed that six laboratories using different types 
of instruments i.e., high-resolution Q-Orbitrap and low-resolution triple 
quadrupole were able to detect prohibited bovine material in feed 
samples. Another study used an orbitrap mass spectrometer in parallel 
reaction monitoring for targeted acquisition to detect banned feed 
products (Steinhilber et al., 2019). Both orbitrap and triple quadrupole 
are suitable for food and feed authentication analyses.

2.2. Untargeted proteomics approaches

As novel feed and food materials such as insects, algae, and single- 
cell proteins are being introduced into the food chain, the develop
ment of targeted methods for all species and tissues will be time- 
consuming. Due to the wide variety of protein sources that can poten
tially be used to adulterate food and feed material, it is challenging to 
detect non-permitted proteic material using targeted assays that must be 
developed for specific use (Varunjikar, 2023). Therefore, to overcome 
analytical challenges associated with targeted methods in the context of 
feed and food safety, untargeted proteomics can be implemented to 
detect species and tissue origin of ingredients in complex mixtures 
(Belghit et al., 2021; Rasinger et al., 2016; Varunjikar, Moreno-Ibarguen 
et al., 2022b). As discussed above, sample preparation is a critical part of 
untargeted proteomics; optimization and standardization of extraction 
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procedures are crucial due to variability between samples (Belghit et al., 
2019). In untargeted proteomics, sample preparation involves extrac
tion of proteins using a buffer with detergents followed bottom-up 
proteomics, by reduction and alkylation using DTT and IAA, respec
tively, before performing tryptic digestion for 12 h. Proteins are subse
quently digested into peptides and solid phase extraction is performed to 
remove salt and other impurities before performing MS analyses. For 
example, Lecrenier et al. (2016), described that peptides were analyzed 
using an ESI-MS/MS instrument coupled with a nano-UPLC system. The 
digested samples, corresponding to 1 μg of protein, were separated by 
reverse-phase liquid chromatography on a C18 column with dimensions 
of 75 μm × 250 mm using a flow rate of 300 nL/min. The mobile phase 
consisted of two components: mobile phase A, which was 95% water, 
5% acetonitrile, and 0.1% formic acid, and mobile phase B, which was 
20% water, 80% acetonitrile, and 0.1% formic acid. The digested sample 
was injected into the system, and the organic content of the mobile 
phase was linearly increased from 4% B to 30% B over 160 min, followed 
by an increase from 30% B to 90% B over 25 min. The system then 
washed with 90% B for 10 min and reconditioned the column with 4% B 
for 20 min. The column effluent was directed to a spray source. Mass 
spectrometry spectra were acquired every 0.5 s in the mass-to-charge 
(m/z) range of 50–2200. The most intense peptide ions, with charges 
of 2+ to 4+, were sequenced over 3 s. The collision-induced dissociation 
(CID) energy was automatically adjusted based on the m/z ratio and 
charge state of the precursor ion. The system operations were controlled 
by appropriate software (Lecrenier et al., 2016).Untargeted proteomics 
methods are extremely useful when targeted MRM proteomics assays are 
unavailable for a given tissue or species (Varunjikar, Belghit, et al., 
2022a). In the untargeted spectral library-based approach, reference 
spectral libraries are compiled using known reference samples for each 
specific tissue and species. These reference libraries are used for the 
detection of unknown samples as shown in Fig. 2 (Önder, Shao, Lam, & 
Brisson, 2014). Additionally, untargeted methods are often used as a 
screening tool, investigating a complete proteome of an organism or 
tissue before developing MRM assays (Marbaix et al., 2016; Rasinger 
et al., 2016). For the detection of peptide biomarkers, protein sequence 
information is required to analyze untargeted proteomics data; however, 
due to the lack of genome and proteome information, it is challenging to 
detect biomarkers for all food and feed-relevant species. Proteomics 
analysis using spectra library-based methods can be used to identify and 
differentiate several sources of food and feed protein. This analytical 
approach has been developed and implemented in regulatory labora
tories for food and feed authentication (Belghit et al., 2021; Nessen 

et al., 2016; Ohana et al., 2016; Varunjikar, Moreno-Ibarguen et al., 
2022b; Wulff, Nielsen, Deelder, Jessen, & Palmblad, 2013). The spectral 
library-based approach has previously been used for tracing blood meal 
sources in ticks, seafood, and meat authentication, the detection and 
species and tissue differentiation of processed animal proteins (PAP), the 
detection of insect species in feed, and the detection of non-permitted 
feed material in insect feed, and farmed insects (Ohana et al., 2016; 
Van Der Plas-Duivesteijn et al., 2014; Varunjikar, 2022a; Varunjikar, 
Moreno-Ibarguen et al., 2022b; Önder, Shao, Kemps, Lam, & Brisson, 
2013). However, generating spectral libraries for food- and 
feed-relevant species or having a centralized database for food and feed 
samples is a prerequisite for this approach. In contrast to targeted pro
teomics methods, the untargeted approach can be either qualitative or 
semi-quantitative, depending on the data acquisition technique used. 
When DDA is employed, the approach tends to be more qualitative due 
to limited cycle time, affecting the ability to achieve optimum points for 
chromatographic peak quantitation (Peterson, Russell, Bailey, West
phall, & Coon, 2012). However, the spectral library-based approach 
offers higher sensitivity for identifying peptides present in the spectra 
libraries (Deutsch et al., 2018; Lam, 2011). Data-independent acquisi
tion (DIA) can overcome the limitations of DDA by providing quanti
tative reproducibility combined with speed and sensitivity. In the future, 
along with the spectral library-based approach; the spectral library-free 
approaches implemented in software like DIA-NN can benefit protein 
detection and ultimately benefit food safety applications.

Biomarker proteins can be quantified using untargeted proteomic 
methods in complex matrices such as food and feed. However, targeted 
proteomic methods are preferred for the quantification of peptides due 
to their accuracy. Several studies have used the untargeted spectral li
brary method for species detection. However, there is not a large body of 
literature on the limit of detection and quantification (Ohana et al., 
2016; Van Der Plas-Duivesteijn et al., 2014; Varunjikar, 2022b; Var
unjikar, Moreno-Ibarguen et al., 2022b; Önder et al., 2013). Belghit et al. 
(2021) showed that feed adulterated with 1% bovine hemoglobin was 
detected using a spectral library method, which is indicative of the limit 
of detection, however the actual limit of detection was not measured 
specifically in the study.

Quality control measures must be implemented while analyzing food 
and feed samples to ensure the accuracy and reliability of untargeted 
proteomics. As mentioned before, targeted proteomics and the use of 
automated sample preparation benefits throughput and quality control. 
While working with complex matrices such as food and feed, automated 
homogenization of samples is crucial (Rasinger et al., 2016). 

Fig. 2. Untargeted spectra library workflow for food and feed authentication. Proteins are extracted from samples, digested, desalted, and separated using HPLC MS/ 
MS. Collected spectra are matched against the spectra library to detect the tissue and species origin of samples. Generated using app.biorender.com. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Furthermore, spiking samples with known internal standards is recom
mended to monitor consistent sample preparations. For HPLC-MS/MS 
analyses, calibration of the retention time, flow rate, and mass spec
trometer performance is crucial (Marbaix et al., 2016). Additionally, for 
untargeted data analyses, the use of a high-quality protein database for 
peptide identification along with appropriate parameters ensures the 
accuracy of protein detection. Appropriate quality control measures 
ensure reproducible results are generated in untargeted proteomics an
alyses. As described in targeted proteomics, several strategies such as 
sample clean up, sample dilution, and the use of standardized methods 
can be employed in untargeted workflow to mitigate matrix effects.

Choice of mass spectrometer and data acquisition techniques are 
essential in untargeted approach while building spectral libraries for 
feed and food authentication. High-resolution instruments such as 
orbitrap mass spectrometers are suitable for data-dependent and inde
pendent acquisition, therefore, chosen widely for untargeted analyses. 
However, previous studies on food and feed material used instruments 
such as QTOF and ion-trap for building spectral libraries and analyzing 
samples (Nessen et al., 2016; Varunjikar, Belghit, et al., 2022a). These 
studies highlight the flexibility of using different mass spectrometers in 
untargeted proteomics approaches. Orbitrap mass spectrometers are a 
popular for untargeted proteomics workflow due to their high resolution 
and mass accuracy. Other instruments, such as QTOF and ion-trap, have 
also been proven valid for food and feed authentication.

Furthermore, for exploratory proteomics the generation of a prote
ome database is crucial for searching proteins. In the case of commer
cially important species, proteome information is limited, or genome 
information is incomplete. Protein databases are created by translating 
genomes, using tools such as Expasy Translate tool, into amino acids. For 
spectra searching, open-source tools such as MaxQuant, Trans- 
proteomic pipeline, skyline, and Spectronaut can be used. Detected 
peptides are used for selecting species-specific markers; software-based 
selection or machine-learning algorithms can be used to identify these 
peptides, which can benefit food and feed authentication (Marbaix et al., 
2016; Rasinger et al., 2016). If the genome is unavailable for the species 
of interest, direct spectral comparison (Ohana et al., 2016; Rasinger 
et al., 2016) or DIA-based approaches can be used to authenticate spe
cies in food and feed samples.

3. Implementing proteomics for the safe reintroduction of 
processed animal proteins (PAPs) into the food chain

Animal by-products (ABPs) are defined as “animal-derived materials 
no longer intended for human consumption and deemed safe for utili
zation as animal feed” (L. W. D. van Raamsdonk et al., 2019). In the 
circular economy concept, these materials are valuable feed ingredients 
for terrestrial livestock and aquaculture. However, due to the risk of 
transmissible spongiform encephalopathies (TSEs), a complete ban was 
introduced on the use of ABPs such as processed animal proteins (PAPs) 
(European Comission 2001/999). Prions were found to be the causative 
agent of TSE, and PAP utilization in animal feed was identified as the 
likely cause of bovine spongiform encephalopathy (BSE) transmission 
observed in 2001 (European Comission 2001/999, L. W. D. van 
Raamsdonk et al., 2019). A risk assessment conducted by the European 
Food Safety Authority (EFSA) indicated that the presence of ruminant 
proteins in animal feed was associated with an increased risk of BSE 
outbreaks; the risk was considered negligible if ruminant proteins were 
absent from animal feed (EFSA, 2005). ABPs were categorized into three 
categories according to their risks to farm animals, the environment, and 
public health (European Commission 2002/1774). Category 3 materials 
are ABPs from healthy animals that were fit for human consumption but 
are no longer intended for human consumption, which includes pro
cessed blood, bone, and other body parts (European Comission 
2001/999).

In 2013, after meticulous re-evaluations of non-ruminant PAPs, these 
protein sources were reauthorized for use as feed material in 

aquaculture (European Commission, 2013/56, EFSA, 2011). In order to 
control for compliance with the legislation, the real-time polymerase 
chain reaction (rtPCR) method was developed to detect the presence of 
ruminant material in feed samples (European Commission, 2013/51; 
European Commission, 2013/56). The current operational protocol 
followed by the European Union-Reference Laboratory for Animal Pro
teins (EURL-AP) for feed analyses is shown in Fig. 3. The official method 
implemented first for PAP detection includes light microscopy, and if the 
sample tests positive in light microscope testing, rtPCR is implemented 
for further testing.

An EFSA assessment in 2018 revealed a fourfold reduction in the risk 
of BSE compared to 2011 (EFSA, 2018). As a result, the reintroduction of 
non-ruminant PAPs, specifically pig and poultry-derived, was approved 
in Europe (European Commission, 2021/1372), and present regulations 
permit the inclusion of PAPs in aquafeed, poultry, and pig feed 
(European Commission, 2021/1372). The development of analytical 
techniques played a pivotal role in facilitating the safe reintegration of 
non-ruminant PAPs into the food chain in compliance with evolving 
legislative guidelines. However, the legalization of certain PAP prod
ucts, especially in terrestrial animal feed, such as collagen, gelatin, bone, 
and blood meal, poses an analytical challenge since none of the official 
methods (rtPCR and light microscopy (European Commission, 
2013/51)) can determine both species and tissue of origin simulta
neously. While the microscopy method can identify different tissues 
(bone, collagen, muscle), it is limited with regard to species identifica
tion. The rtPCR can determine species but not tissue of origin. Given the 
risks associated with BSE, ruminant PAP products such as blood, meat, 
bone meal, and other tissues are still prohibited from being used as feed 
products (van Raamsdonk et al., 2019). However, milk products, 
collagen, and gelatin from ruminants are accepted as legal feed com
ponents; hence, distinguishing between different tissues in feed samples 
is importance.

Proteomics approaches can significantly contribute to the species 
and tissue-level differentiation of PAP samples in highly processed feed 
products (Rasinger et al., 2016). Targeted proteomic approaches, such 
as selected reaction monitoring (SRM) or multiple reaction monitoring 
(MRM), offer high specificity and sensitivity for detecting specific pro
teins (M.-C. Lecrenier et al., 2021; Marbaix et al., 2016; Niedzwiecka 
et al., 2019; Steinhilber et al., 2018a; Steinhilber et al., 2018b, 2019). 
The precision offered by the MRM assay is crucial compared to 
DNA-based methods when it comes to the identification and 

Fig. 3. Standard operational protocol for determination of animal sources in 
feed material analyses followed by the European Union-Reference Laboratory 
for Animal Proteins. Plus, sign (+) shows that the results are positive for 
terrestrial PAP or blood products; minus sign (− ) indicates that the results are 
negative for terrestrial PAP or blood products. Feed material includes products 
of vegetable or animal origin. Source: adapted from the European Union-Reference 
Laboratory for Animal Proteins Standard Operating procedures, 2022. Generated 
using app.biorender.com. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.)
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quantification of specific proteins separating prohibited tissue material 
such as blood or bone from legal ingredients such as milk. DNA-based 
methods cannot detect tissue origin due to the inherent limitation of 
the method, and therefore, proteomics methods are suitable for such 
detection. These targeted proteomic methods enable the differentiation 
of proteins in highly processed feed samples, including those derived 
from PAPs. Specific peptide markers such as hemoglobin, casein, 
beta-lactoglobulin, and collagen have already been demonstrated to 
distinguish proteins in feed samples (Fumière, Zagon, & Lecrenier, 2022; 
M.-C. Lecrenier et al., 2021; M. C. Lecrenier et al., 2018; Marbaix et al., 
2016; Marchis et al., 2017). Targeted proteomics bridges the regulatory 
gaps between rtPCR and microscopy by confirming the absence of spe
cific proteins, especially ruminant-derived proteins, in animal feed 
(Lecrenier et al., 2016, 2018).

A recent inter-laboratory study where six participating laboratories 
applied their own LC-MS/MS-based proteomic methods for the detection 
of PAP in samples provided by EURL-AP showed how the targeted 
methods can be implemented along with official methods to detect 
prohibited materials in feed (Lecrenier et al., 2021). The sample set 
analyzed during this study consisted of blank feed or feed adulterated 
with bovine PAP and milk products at various inclusion levels. An 
adulteration level of 1% (w/w) from various proteins of bovine origin 
was successfully detected using this method, and the study showed the 
potential of targeted LC-MS/MS-based proteomics to address current 
analytical gaps in the detection and differentiation of PAP (Lecrenier 
et al., 2021).

Along with the targeted methods, untargeted methods such as 
spectral library-based methods were implemented for the detection of 
insect species fed on prohibited PAP materials, such as bovine hemo
globin, to differentiate those from insects fed legal substrates such as 
milk (Belghit et al., 2021). Insects produced for feed are also considered 
farmed animals and, thus, are subject to the same feed legislation as 
other farmed animals (European Commission, 2017/893) (authentica
tion of insect species discussed further in point 4). This work demon
strated that spectral library-based proteomics could monitor and detect 
non-permitted proteic material along the food chain when applied with 
other analytical methods. In this study, three types of spectral libraries 
were built (i.e., insects, bovine milk, and bovine hemoglobin), and feed 
samples were matched against these libraries to identify prohibited 
material-fed insect samples (Belghit et al., 2021). Ten samples from five 
diets were analyzed, and feed material spiked with different concen
trations of bovine hemoglobin was analyzed. This study showed that the 
spectral library method is effective for detecting prohibited PAPs in feed 
samples or insects fed on illicit PAP samples (Belghit et al., 2021).

In summary, safely reintegrating Processed Animal Proteins (PAPs) 
into the feed and food chain is crucial to maintaining protein security in 
Europe (EuropaBio Annual EuropaBio annual Report, 2018). However, 
for animal and consumer safety and for regulatory compliance, the feed 
and food must be produced from novel recycled protein sources. Pro
teomic methods such as targeted and untargeted proteomics can facili
tate the safe utilization of non-ruminant PAPs by detecting illicit 
ingredients in complex feed mixtures. Fig. 4 shows how proteomic 
methods can be implemented in standard operational protocols to 
determine animal sources in aquafeed material and other molecular 
methods. In relation to feed ban relaxation for regulatory purposes, feed 
samples are analyzed using light microscopy. If the results are positive 
for terrestrial PAP, further analyses are performed using rt-PCR. Further, 
if the sample tests positive for bovine material, it is crucial to determine 
whethe the positive signal is due to the presence of milk, a legal ingre
dient, or a prohibited ingredient, such as blood or bone. Therefore, mass 
spectrometry-based methods can be implemented in the regulatory 
framework to test the tissue origin of PAP samples. Furthermore, pro
teomic methods can provide additional precision, facilitating the 
detection and differentiation of specific proteins, especially those 
derived from prohibited sources. However, “on-spot” testing kits are 
difficult to develop using proteomics-based approaches due to the 

analytical complexity of the methods. Devices such as MasSpect pen 
Technology can be further developed for regulatory use to overcome 
current limitations in order to monitor the supply chain.

4. Proteomics for authentication of fish species from food and 
feed

In circular food supply chains, aquaculture practices can circulate 
by-products into high-quality seafood. Classic aquafeed ingredients such 
as fishmeal are sourced from capture fisheries and used as feed in
gredients, while by-products from farmed fish are prohibited from being 
used as feed ingredients for the same species; this requires the devel
opment of tools such as PCR to identify fish species in feed (L. W. D. D. 
van Raamsdonk, Prins, van de Rhee, Vliege, & Pinckaers, 2017). 
Moreover, in the global food market, the mislabeling of fish products has 
been an issue, with approximately 27% of cases indicating incorrect 
labeling of seafood products (Bouzembrak et al., 2018; Khaksar et al., 
2015). It is essential to specify the origin of seafood, whether it is pro
duced by aquaculture or caught in the wild. As per European regulation, 
consumers should be properly informed about the contents of the food 
they consume due to safety reasons (European Commission 2011/1169). 
Reliable analytical methods are essential to detect fraudulent labeling of 
seafood products, to ensure consumer safety, and to adhere to the food 
authenticity regulations.

In recent years, DNA-based methods such as DNA-barcoding, quan
titative polymerase chain reaction (qPCR), and shotgun sequencing have 
been employed for seafood authentication purposes due to their ability 
to discriminate between closely related fish species (Klapper et al., 2023; 
Sawyer, Wood, Shanahan, Gout, & McDowell, 2003; Shokralla, Hell
berg, Handy, King, & Hajibabaei, 2015; Varunjikar, Moreno-Ibarguen 
et al., 2022b). For the quantification of mixed seafood (mixture of 
multiple species) products, combinations of several approaches, such as 
metabarcoding and next-generation sequencing, were shown to be 
effective (Klapper et al., 2023; Varunjikar, Moreno-Ibarguen et al., 
2022a).

Fig. 4. Standard operational protocol for determination of animal sources in 
feed material analyses followed by the European Union-Reference Laboratory 
for Animal Proteins for future. In relation to feed ban relaxation, mass 
spectrometry-based proteomics can be implemented in the future with official 
methods i.e., light microscopy and PCR. Plus, sign (+) shows that the results are 
positive for terrestrial PAP or blood products; minus sign (− ) indicates that the 
results are negative for terrestrial PAP or blood products. Source: adapted from 
the European Union-Reference Laboratory for Animal Proteins Standard Operating 
Procedures, 2022 and workshop of the European Union-Reference Laboratory for 
Animal proteins Standard Operating Procedures, a future combination of methods. 
Generated using app.biorender.com. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of 
this article.)
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However, when dealing with highly processed, thermally- and acid- 
treated seafood materials, identifying and quantifying fish species can 
be challenging for DNA-based methods. Proteomics offers a promising 
supportive methods for the identification of fish species in both pure and 
mixed seafood samples (Carrera, Cañas, & Gallardo, 2013; Chien et al., 
2022; Hu et al., 2022; Nessen et al., 2016; Varunjikar, Moreno-Ibarguen 
et al., 2022a; Wulff et al., 2013). Similar to the DNA-based methods, it is 
important to standardize collection, storage, and processing of samples 
while analyzing highly processed fish samples using proteomic methods.

Among these methods, targeted proteomic methods often rely on 
species-specific peptide markers, which are highly effective in detecting 
of species (Carrera et al., 2013; Hu et al., 2022). Recent studies have 
shown that peptide biomarkers from proteins such as Collagen alpha-2 
(I) chain isoform X1, myosin, light polypeptide 3–1, Collagen alpha-2 
(I) chain isoform X1, and Collagen alpha-1(I) chain were effective to 
identify adulteration of Atlantic salmon and rainbow trout in seafood 
products (Gu et al., 2020). Previously, for the differentiation of fish 
species from the Merlucciidae family, parvalbumin fractions were used 
for the classification of ten commercially valued species (Carrera et al., 
2013).

While targeted proteomics methods are known to be effective in 
species identification and authentication, the detection of specific pep
tide marker reference proteome from targeted species is required. 
Reference proteomes are not readily available in the UniProt or NCBI 
protein databases for detecting species-specific peptide markers in non- 
model fish species to validate targeted methods. For example, for 
zebrafish (model organism), more reviewed and unreviewed protein 
sequences are available in the UniProt database compared to commer
cially important species such as cod, haddock, salmon, tilapia, and 
pangasius as shown in Table 2. To validate targeted peptide markers, 
reviewed proteomic sequences provide a reliable reference for con
firming the presence of peptide markers in the test samples (Desiere, 
2006). Consequently, databases need to be developed using available 
genome sequences and translation tools, as mentioned in 1.2. Similarly, 
it is possible to include sequences from model organisms or higher 
taxonomic levels, i.e. (teleost relevant taxa), to detect species-specific 
markers. It is challenging to implement targeted methods with 
species-specific biomarkers for seafood authentication (Varunjikar, 
Moreno-Ibarguen et al., 2022b), and, along with established targeted 
proteomics methods, spectral library-based proteomic methods can be 
implemented for species identification and quantification of seafood in 
mixed samples (Nessen et al., 2016; Varunjikar, Moreno-Ibarguen et al., 
2022b; Wulff et al., 2013).

Spectral library-based approaches have previously been used to 

identify fish species from 47 samples (Wulff et al., 2013) and closely 
related flatfish species in processed and fresh samples (Nessen et al., 
2016). Furthermore, the spectral library-based approach was practical 
for quantifying fish species in mixed samples containing cod, tilapia, and 
pangasius (Varunjikar, Moreno-Ibarguen et al., 2022b). Generating ac
curate spectral libraries for fish species is a prerequisite for imple
menting the spectral library approach in proteomics. The libraries 
contain high-quality tandem mass spectra to which sample spectra can 
be matched to quantify and identify given fish species in the mixture. 
Spectral library-based proteomics provides a helpful tool for seafood 
authentication due to its analytical flexibility and capability to simul
taneously detect and quantify several proteins. However, spectral li
brary methods face challenges in accurately quantifying closely related 
species in mixed samples, such as cod and haddock (Varunjikar, 
Moreno-Ibarguen et al., 2022b). The conserved nature of proteins in 
closely related species, i.e., similarity in protein sequences, reduces the 
quantification accuracy of the spectral library method (Nessen et al., 
2016). In contrast, DNA-based methods such as shotgun DNA 
sequencing are more accurate when quantifying closely related species 
in mixed samples (Klapper et al., 2023). Among the proteomic ap
proaches, targeted proteomics methods are capable of separating closely 
related species, such as Atlantic salmon and rainbow trout, by focusing 
on selected peptide biomarkers (Gu et al., 2020). The study conducted 
by Gu et al. (2020) analyzed 37 samples from different regions and 
batches and commercially available processed food products. The study 
identified 30 Atlantic salmon samples and five rainbow trout samples by 
detecting adulteration instances where precision and recovery of the 
method were measured using relative standard deviation.

Overall, a combination of DNA-based and proteomic methods can be 
used to authenticate fish species in food and feed products (Varunjikar, 
Moreno-Ibarguen et al., 2022b). Protein sequences will also become 
more readily available as genetic information for fish species becomes 
more abundant and easily accessible, which can benefit species-specific 
biomarker design and detection for targeted proteomics approaches. 
Implementing proteogenomic approaches on commercially important 
fish species will also benefit seafood and feed safety studies.

5. Proteomics for authentication of feed and food-grade insect 
species

Insects are sustainably cultivated using food by-products and have 
high contents of protein, fat, and minerals, such that they are considered 
an ideal ingredient for animal feed (Lock, Arsiwalla, & Waagbø, 2016; 
Makkar, Tran, Heuzé, & Ankers, 2014; L. W. D. van Raamsdonk et al., 
2019). Food and farm by-products can be effectively valorized by 
cultivating insect species to produce feed and food ingredients (van 
Huis, 2020). When used as feed ingredients, insects are considered PAPs 
and are subjected to the same rules and regulations as farmed animals, 
including the legislation on the prevention of TSE (European Commis
sion, 2021/1372; European Commission, 2017/893; European Com
mission 2021/1925). Insect species can be used as feed material for pigs, 
poultry, and aquafeed (European Commission, 2021/1372; European 
Commission, 2017/893; European Commission 2021/1925). The insect 
species authorized to be used as feed material in the European Union 
include (i) black soldier fly (BSF; Hermetia illucens), (ii) common 
housefly (Musca domestica), (iii) yellow mealworm (Tenebrio molitor), 
(iv) lesser mealworm (Alphitobius diaperinus), (v) house cricket (Acheta 
domesticus), (vi) banded cricket (Gryllodes sigillatus), (vii) field cricket 
(Gryllus assimilis), and (viii) silkworm (Bombyx mori) (European Com
mission, 2021/1372; European Commission, 2017/893; European 
Commission 2021/1925). Due to their high protein, fat, and mineral 
content, insects can also be food ingredients. Currently, yellow meal
worm (Tenebrio molitor), migratory locust (Locusta migratoria), and 
house cricket (Acheta domesticus) are allowed to be used as novel food 
ingredients in the European food market (European Commission, 
2021/882, European Commission, 2022/188).

Table 2 
Comparison of reviewed and unreviewed sequences in model and non-model 
commercial fish species. Compared to non-model species, more reviewed se
quences were available for zebrafish (Danio rerio). Based on Uniprot (www.un 
iprot.org) data from 2023.

Organisms 
(Fish)

Scientific name Reviewed number 
of UniProt KB 
sequences

Unreviewed number 
of UniProt KB 
sequences

Zebrafish 
(model 
organism)

Danio rerio 3601 114570

Atlantic cod Gadus morhua 64 63698
Atlantic 

haddock
Melanogrammus 
aeglefinus

1 200

Nile tilapia Oreochromis 
niloticus

22 79640

Northern pike Esox lucius 113 80077
Atlantic 

salmon
Salmo salar 182 89282

Platyfish Xiphophorus 
maculatus

8 35388

Pangasius Pangasianodon 
hypophthalmus

0 21535
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Authentication of insect species is crucial to ensure food safety, as 
illicit insect species can enter the food and feed chain (L. W. D. van 
Raamsdonk et al., 2019). Analytical methods such as microscopy are still 
under development for detecting insect species, as the chitin fragments 
in krill and insects are known to be difficult to discriminate (L. W. D. D. 
van Raamsdonk et al., 2017). PCR-based reactions have been developed 
to authenticate legal insect species with a high specificity and sensitivity 
in feed materials (Zagon, Di Rienzo, Potkura, Lampen, & Braeuning, 
2018). For the detection of edible insect species in Europe, such as 
yellow mealworm (Tenebrio molitor), migratory locust (Locusta migra
toria), and house cricket (Acheta domesticus), a multiplexed real-time 
PCR method has been developed which can authenticate edible insect 
species (Köppel et al., 2019). The near-infrared spectrometry (NIR) 
method is based on the profiling of samples by using electromagnetic 
spectra. This non-invasive method measures light absorbed by the 
chemical bonds to detect insect species in feed ingredients (L. W. D. van 
Raamsdonk et al., 2019). The limit of detection for insect PAP using NIR 
is about 1%, which is above the current acceptable limit of detection. 
However, the method is widely used by the industry and researchers due 
to cost-effectiveness, non-invasive nature, and rapid analyses. In addi
tion to these methods, mass spectrometry-based approaches such as 
proteomics can be used implemented to detect of insect species in food 
and feed samples for regulatory purposes (Leni, Prandi, et al., 2020).

Due to the limited number of proteins in proteomic databases for 
insect species, developing targeted proteomic methods for insect 
authentication has been challenging (Belghit et al., 2019; Bose et al., 
2021). However, targeted methods have been developed for the house 
cricket (Acheta domesticus), black soldier fly (BSF; Hermetia illucens), 
lesser mealworm (Alphitobius diaperinus), and silkworm (Bombyx mori) 
(Bose et al., 2021; Leni, Prandi, et al., 2020; Stobernack et al., 2022). 
The method developed by Leni, tedeschi, et al. (2020) demonstrated that 
the limit of detection (LOD) for insects in aquafeed was 1% (Leni, 
Prandi, et al., 2020). As more protein sequences become available for 
insect species of commercial importance, more peptide biomarkers will 
be detected.

Furthermore, untargeted proteomic approaches were implemented 
for insect species to detect peptide biomarkers and to create insect 
spectral libraries (Bose et al., 2021; Francis et al., 2020; Stobernack 
et al., 2022; Varunjikar, Belghit, et al., 2022a). A spectral library-based 
approach can be implemented for insect species to overcome the limi
tation associated with the lack of sequences in genomic and proteomic 
databases. Previously, this approach has been tested with five insect 
species, i.e., black soldier fly larvae (Hermetia illucens), yellow meal
worm (Tenebrio molitor), lesser mealworm (Alphitobius diaperinus), house 
cricket (Acheta domesticus), morio worm (Zophobas morio) and for these 
species spectral libraries were created using two different 
high-resolution accurate mass instruments (Orbitrap and Q-TOF) 
(Varunjikar, Belghit, et al., 2022a).

As novel sources of proteins, such as insects, are becoming available 
in the market, significant concerns are raised due to their allergenic 
reactions (Pali-Schöll et al., 2019). Along with edible insects, algae 
spirulina proteins and fungal protein sources such as Quorn also cause 
allergenic reactions (Hoff, Trüeb, Ballmer-Weber, Vieths, & Wuethrich, 
2003; Le, Knulst, & Röckmann, 2014). Several rapid, sensitive, immu
nochemical, and DNA-based methods have been developed for allergens 
(Monaci & Visconti, 2010). Mass spectrometry-based proteomic ap
proaches are another valid tool for confirming the presence of allergenic 
proteins and peptides (Bose et al., 2021; Varunjikar, Belghit, et al., 
2022a). Thus, non-target proteomics analyses in insect species can also 
be used for rapid allergenicity pre-screening of novel food sources. For 
example, Bose et al. (2021) developed an assay to detect and quantify 
arginine kinase in house cricket (Acheta domesticus) samples and pro
vided evidence for the presence of several other allergens. Several al
lergens, such as tropomyosin, tropomyosin-2, EF-hand proteins, 
troponin C, and arginine kinase, were detected in five insect species 
(Varunjikar, Belghit, et al., 2022a). Similarly, untargeted proteomics has 

been implemented for the allergenicity assessment of lesser mealworm 
and black soldier fly larvae (Leni et al., 2020). Risk assessment of insects 
as novel food products by the European Food Safety Authority (EFSA) 
took into consideration the proteomic and bioinformatics studies per
formed on insects studies (EFSA NDA panel, 2021a, EFSA NDA panel, 
2021b, EFSA NDA panel, 2022).

By employing proteomics approaches, it is possible to authenticate 
feed and food-grade insect species from feed and food samples. Targeted 
and untargeted proteomics methods are being developed to detect legal 
insect species, and the high accuracy of these methods, as demonstrated 
by Leni, tedeschi, et al. (2020) in processed food materials, is promising. 
Therefore, in the future, as the sequence information for economically 
important insect species becomes available, proteomic methods will 
improve. A recent study on black soldier fly larvae (Hermetia illucens) 
using a metaproteomic approach shows that insect proteomics is 
expanding (Bose et al., 2021). However, DNA and NIR-based methods 
are preferred for feed authentication, due to the ease of analyses 
compared to proteomic-based methods. Analytical complexity is a major 
hurdle when applying proteomics for insect feed authentication, but 
developing technologies can overcome these challenges in future.

6. Conclusions

Proteomics approaches can effectively address challenges in circular 
food chains. In the future, along with established regulatory methods, i. 
e., rtPCR and microscopy, mass spectrometry-based proteomic ap
proaches can be used; nevertheless, challenges such as feed material 
homogeneity and proteome availability in the database still exist. For 
compliance with feed regulations and accurate detection of tissue and 
species origin of PAP ingredients, proteomics methods will be imple
mented in routine analyses. Combining the proteomic method with 
official methods of EURL-PAP for feed analysis will advance the 
authenticity testing of feed by continuously updating regulations. 
Similarly, proteomic approaches such as the spectral libraries and 
library-independent method offer accuracy in fish and insect species 
authentication, which can benefit enhancing consumer confidence. 
Overall, proteomics methods can detect potential feed and food fraud in 
circular food chains, which can ultimately help in regaining consumer 
trust.

In conclusion, proteomics methods are crucial for authentication of 
species and tissue origin of protein ingredients and implementing these 
methods will benefit food and feed safety. With further advancements 
such as developing MasSpect Pen technology for spot testing proteomic 
approaches can effectively help combat food fraud in the circular food 
chain.
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