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Introduction
Peptidomics, i.e. the comprehensive qualitative and quantitative study of all peptides in a biological sample, has become an important part of food science and technology, as it can help in the characterisation of wanted or unwanted food-derived peptides, not only in the original food, but also after the consequential production, processing, storage and digestion [1]. In the past decades, different food-derived peptides have already been identified with multiple health beneficial properties, going from i.a. antihypertensive and antithrombotic actions to antimicrobial, immunomodulatory, opioid and antioxidant functions. Based on the information from BioPepDB (Bioactive Peptide Database), more than 4000 food-derived bioactive peptides have already been identified with various biological functions. Due to the low toxicity and high specificity, these bioactive peptides may be used in functional foods, nutra- and cosmeceuticals, food-grade bio-preservatives or pharmaceuticals [2, 3].
Bioactive peptides, originating from food (e.g. animal or plant) proteins after digestion or hydrolysis, can be identified using different techniques, after which confirmatory in vitro and in vivo functionality studies may be carried out with the identified synthetic peptides [4]. Different separation methods are generally used during this peptide identification, including capillary electrophoresis (CE) and liquid chromatography (LC). CE is an attractive method due to its fast analysis time and minimum sample preparation steps, even in complex matrices; also a low consumption of sample and reagents is inherent to this technique [5]. Moreover, CE has already proven its potential in a wide range of food-related applications, as summarized by Papetti and Colombo in 2019 [6]. However, liquid chromatography is still the most widely used separation technique for peptide analysis, and is therefore further discussed in detail below. Different steps in the MS-based peptidomic analysis are discussed, including sample preparation, LC separation, detection and data-acquisition using mass spectrometry (MS) as well as data analysis.

Sample preparation
In order to investigate the peptide composition in complex food or biological matrices, an adequate sample preparation is required as matrix components can interfere with the peptide LC-MS signal (“matrix effect”). The ideal sample preparation method should therefore eliminate unwanted analytes without losing a significant amount of the peptides of interest. Different possibilities exist; however, recovering the whole peptidome still remains a challenging task.
A first option for sample preparation is the use of solid-phase extraction (SPE), for peptides in solution. Different SPE-cartridges as well as different peptide separation protocols have been developed, thereby exploring different stationary phase chemistries for peptide isolation (Table 1). SPE is found to be useful in targeted approaches after proper development and validation for the specific peptides, but less for untargeted peptidomic analyses due to the risk of peptide loss [7]. Reversed-phase (RP) SPE is the technique mostly used: a sample dissolved in a polar mobile phase is loaded onto the RP-SPE column, after which the non-retained impurities are eluted by washing with the same polar mobile phase; the peptides of interest are then eluted with a less polar mobile phase containing an organic modifier. Eluents can then be further concentrated using e.g. freeze drying, vacuum/centrifugal evaporation or nitrogen evaporation, and again dissolved in a more polar solvent, compatible for the subsequent RP-LC-MS analysis [8]. Alternatively, hydrophilic interaction chromatography (HILIC) SPE is an interesting option as well, as solvent evaporation is then not required before the RP-LC-MS analysis, i.e. peptides are already present in a polar solvent after SPE elution, which perfectly fits a subsequent analytical RP-LC analysis.

Table 1. Examples of SPE columns used to extract the peptides from its matrix.
	Name of column
	Supplier
	Chemistry
	Sample
	Ref

	Sep-Pak C8
	Waters
	C8
	Plasma
	[9]

	Sep-Pak C18
	Waters
	C18
	Yoghurt/Seaweed/
Crab/Olive water
	[10-13]

	Strata-X
	Phenomenex
	C18
	Urine/Milk/
Yoghurt
	[10, 14, 15]

	Oasis HLB
	Waters
	N-vinylpyrrolidone and divinylbenzene
	Urine/Milk/Dairy
	[7, 15, 16]

	Oasis MAX 
	Waters
	Mixed-mode strong anion exchange (HLB-N+R3)
	Plasma
	[17]

	Oasis WCX
	Waters
	Mixed-mode weak cation exchange (HLB-COO-)
	Plasma
	[18]

	Oasis MCX
	Waters
	Mixed-mode strong cation exchange (HLB-SO3-)
	Cultures
	[19]

	Empore disks
	3M
	C8/C18
	Serum
	[20]

	Bond Elut C18
	Agilent
	C18
	Saliva
	[21]

	Bond Elut SCX
	Agilent
	Mixed-mode strong cation exchange (-SO3-)
	Pea hydrolysate
	[22]

	MonoSpin Amide
	GL Sciences
	HILIC-amide
	Serum
	[23]

	HyperSep C18
	Thermo Scientific
	C18
	Serum
	[24]

	Acclaim 300 C18
	Thermo Scientific
	C18
	Wine
	[25]



Next to SPE, also protein precipitation can be used as sample preparation step for peptide analysis in complex matrices. To remove the proteins, acid addition (e.g. trichloroacetic acid) as well as the addition of different organic solvents (e.g. methanol, acetone or acetonitrile) can be used; also a combination of these agents is possible [23, 24, 26-28]. Although this is a very simple technique, peptide recovery can be low, due to protein-adsorption phenomena and co-precipitation with the proteins [29]. For untargeted peptidomic analysis, the addition of acetonitrile (2:1 ratio) was found to be most efficient for protein precipitation, compared to methanol and ice-cold acetone [30, 31]. For targeted approaches, it is recommended to optimise the experimental conditions and systematically evaluate the different organic solvents (at different concentrations) to obtain the highest recovery for the investigated peptides [32]. As indicated by Taevernier et al., not only the amount of acetonitrile but also the percentage of formic acid can play a major role in protein precipitation during sample preparation: an acetonitrile range of 83 ± 3% and a formic acid content of 1 ± 0.25% was found to give an optimal loss op bovine serum albumin (BSA) in the solutions [33].
Ultrafiltration is another fast and easy-to-apply technique, to separate the low molecular-weight (peptides) and high molecular-weight (proteins) fractions. Different types of molecular weight cut-off membranes exist, which do however not permit complete separation of a specific mass range without partial loss or contamination with other undesired fractions [34, 28]. During ultrafiltration, several parameters such as centrifugation time, speed, pH, ionic strength, temperature and organic solvent composition should be taken into account and optimized for the specific purpose. Moreover, the addition of acetonitrile is recommended to disrupt the protein–peptide interaction [35, 36]. 

Next to the protein-peptide interactions, peptides are known for their aspecific binding to surfaces as well, which becomes more prominent at low concentrations of purified peptides and/or when evaporating the solvent. The use of organic solvents, modified with acid or base, have already been proven beneficial in reducing aspecific adsorption. Moreover, also the type of vial (i.e. glass versus polypropylene vial) that is used and the storage duration can be of influence: for some peptides, polypropylene appears to be most suitable, while for other peptides, less adsorption is observed when using glass vials for the expected duration of storage [37, 38]. Recently, a new LC-MS compatible anti-adsorption approach for peptides was developed based on a bovine serum albumin hydrolysate; this anti-adsorption diluent is easy to prepare and use, and is compatible with acetonitrile and formic acid, which also increases the flexibility in its use [39].

Liquid chromatography
When using liquid chromatography for peptide separation, different stationary phases can be applied. Reversed-phase liquid chromatography (RP-LC) remains the most widely used mode for peptide separation, thereby separating the molecules roughly based on differences in hydrophobicity. Favoured RP-LC packings for the vast majority of peptide separations continue to be silica-based supports containing covalently bound octyl (C8) or octadecyl (C18) functionalities, with peptides being eluted from these stationary phases in order of increasing overall peptide hydrophobicity [40]. Mobile phases generally consist of aqueous trifluoroacetic acid (TFA) or formic acid (FA)/acetonitrile (ACN) or methanol systems. Low concentrations of the acid are added to decrease the pH and form ion-pairs with the peptides, thereby improving the chromatographic peak shape (symmetry and peak width) [8]. For UV-detection, TFA is generally the strong acid of choice as it gives much sharper peaks and thus a better resolution compared to FA [41]. However, during mass spectrometry (MS) analysis, TFA causes ion suppression, due to the formed ion pairs with the peptides, and the use of FA becomes more favourable. Alternatively, also the post-column addition of a mixture of propionic acid and isopropanol (TFA-Fix) can be applied to overcome the problem of TFA ion suppression during MS analysis [42, 43].
The linear-solvent-strength (LSS) model for gradient elution, which is based on an isocratic retention behaviour, describes the retention in function of the mobile phase composition and is therefore used for method development in RP-LC (equation 1).
log k = log kw – Sφ			(equation 1)
with φ the volume-fraction of organic solvent in a RP-LC mobile phase, k the retention factor, kw the (extrapolated) value of k for φ = 0, and S a constant for a given compound and fixed experimental conditions (other than φ). This LSS model predicts a linear decrease in log k during the gradient with either time or the volume of mobile phase that has left/entered the column [44, 45]. Peptides possess S-values that range from 15 to 50 and therefore, both isocratic and gradient systems can in principle be used. However, for peptidomic analysis (with peptides with varying molecular weight, charge and length and relatively high S values [46]), gradient elution is almost exclusively applied. When using isocratic conditions, a dramatic change in retention time is observed with small changes in organic modifier concentration (mobile phase); the operational range of organic modifier concentration, applicable for practical isocratic separation of different peptides to baseline resolution, is thus very narrow [47]. Moreover, the mobile phase must have a broad range of eluting power to ensure elution of all the bound peptides. In comparison, proteins have much higher S-values (ranging between 30 and 300) and therefore are also very sensitive to small changes in mobile phase composition. For small molecules (S-values ranging from 1 to 30), a robust system can be applied using an isocratic system (Figure 1).
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Figure 1. Use of gradient or isocratic elution in RP-LC based on the average change in log k per unit change in the volume fraction of organic solvent (S-value).

Next to RP-LC, HILIC is applied in peptidomic analysis as well: it can be used for the separation of hydrophilic/polar peptides that demonstrate little or no retention on RP stationary phases [48]. Separating molecules on a HILIC column is primarily based on the partitioning of the polar molecule between a bulk eluent and a water-rich layer, immobilized at the polar stationary phase surface. Next, analyte adsorption to the stationary phase surface through various interactions, e.g. electrostatic interaction, hydrogen bonding or hydrophobic interaction, also plays an important role in the retention mechanism [49, 50]. The elution trend using gradient elution (low aqueous to high aqueous mobile-phase composition) is thus more related to a variety of physicochemical properties rather than hydrophobicity alone. 
A wide range of HILIC stationary phases have been described, which can be divided into neutral, charged or zwitterionic stationary phases [51]. Silica and silica modified with amino, diol, amide or zwitter-ionic groups are traditional polar stationary phases for HILIC; the formation of hydrogen bonds with unmodified silica or ion-exchange interactions with both unmodified and modified silanol groups are known interaction mechanisms for peptides [52, 53]. 
Peptide separation using a HILIC stationary phase is also dependent on the mobile phase composition: next to the choice of the organic solvent used, also the nature and the concentration of the buffer solution has an effect on the selectivity of the method. Buffers such as ammonium formate and ammonium acetate may therefore be recommended for peptide analysis to avoid peak tailing [53]. 
Janvier et al. showed that HILIC is a good alternative for the detection of peptides in comparison with RP-HPLC, because of its ability to retain polar peptides and because of its compatibility with MS [48]. This was confirmed by Debunne, who investigated the retention times of 33 peptides using RP and HILIC LC-MS: a low correlation between both retention times was observed, illustrating the high degree of orthogonality between the two chromatographic systems (Figure 2) [54]. This orthogonality was also confirmed by Gilar et al. for the analysis of about 200 tryptic peptides: the HILIC-RP 2D-LC system, where peptide separation occurred on a HILIC stationary phase followed by a C18-RP separation, demonstrated the highest degree of orthogonality compared to phenyl-C18, pentafluorophenyl-C18, C18-C18, size exclusion chromatography (SEC)-C18 and strong cation exchange (SCX)-C18 combinations [55]. Tandem (2-dimensional) HILIC-RP liquid chromatography was also found to be a valuable and universal tool in the non-targeted screening of various types of complex food samples, including red wine, coffee and meat extract, as it increases the covered polarity range compared to a classical one-dimensional chromatography [56]. 



Figure 2. Retention time (RT) plot of peptides (numbers are from QuorumPeps database), comparing reversed phase (RP) chromatography to hydrophilic-interaction (HILIC) chromatography: a low correlation (R² = 0.0198) is observed, indicating a high degree of orthogonality between both chromatographic systems [54].

A third mode of LC for peptide separation uses the net charge of the peptide, called ion-exchange chromatography (IEC). It separates the peptides based on charge differences, by using a gradient of increasing salt concentration (ionic strength); small, less charged peptides thereby elute prior to the longer peptides. Both acidic (net negative charge) and basic (net positive charge) peptides can be retained, using either primary, secondary, tertiary (weak anion-exchange) or quaternary amine (strong anion-exchange) groups adsorbed or covalently bound to a support, or carboxyl (weak cation-exchange) or sulfonate (strong cation-exchange) groups bound to a support matrix, respectively [40]. For cation-exchange chromatography, the applied pH should be below the isoelectric point (pI) of the peptides; for anion-exchange chromatography, it is recommended to use a pH above the peptide pI. 

Next to the type of stationary phase, LC columns are characterised by different sizes (diameter and length) as well as dimensional particle characteristics such as particle size (distribution) and pore sizes. Wide pore silica (300 Å diameter) is mostly used for larger peptides and proteins, while small pore silica (100 – 130 Å diameter) can be used for separating smaller peptides (e.g. from protein digests). The latter are able to enter the small pores, thereby interacting with the surface, resulting in a good peptide separation; this is not the case for the larger peptides. However, wide pore silicas also separate (smaller) peptides well and result in different selectivity and resolution [57]. Column length can also play a role in peptide separation, while this is less the case for proteins (high S-value): peptides interact less strongly with the hydrophobic reversed-phase surface than proteins, resulting in a better peak resolution with longer column (and gradient) length [58].
The design of analytical LC columns witnesses a continuous miniaturization, allowing not only smaller sample sizes to be analysed but also an increased greenness (due to e.g. lower solvent consumption), improved performance in selectivity and sensitivity. As such, capillary- and nano-LC are using internal diameters of 100-500 µm and <100 µm, respectively. The capillary columns can either be filled (particle packed or monolithic) or open tubular (wall coated or porous layer). The potential of nano-LC-MS in peptide food analysis was demonstrated by the identification of the bioactive peptides produced during in vitro gastrointestinal digestion of soybean seeds (1173 peptides) and soy milk (1364-1422 peptides) [59]. Moreover, microfluidic LC-MS devices are being extensively developed, with several microchips already commercially available. The increase in sensitivity is exemplified by the identification of 65 glycosylated lactoferrins in goat milk using nano-LC-Chip-Q-TOF-MS [60]. 

Mass spectrometry
Most peptide detection and quantification occurs via ultraviolet (UV) detection and/or mass spectrometry (MS). While UV detection is an inexpensive analysis, the MS detector has become one of the most attractive techniques for peptide analysis, because of its high sensitivity and selectivity.
The first step in the mass spectrometric analysis is the production of gas phase ions of the molecules, generated by the ion source. These ions can whether or not be fragmented, followed by the separation of the ions according to their mass-to-charge (m/z) ratio by the mass analyser and detected in proportion to their abundance, resulting in a mass spectrum. Different ionization sources exist, but ElectroSpray Ionization (ESI) and (to a lesser extent) Matrix-Assisted Laser Desorption Ionization (MALDI) are most frequently used for peptide characterization [61]; these soft ionization methods have made it possible to ionize large and thermally labile peptides and transfer them to the gas phase without dissociation [62]. For MALDI, the sample to be analysed is dissolved in a matrix of small organic molecules (e.g. 2,5-dihydroxybenzoic acid), which show a strong absorption at the laser wavelength; this mixture is then dried before analysis, so the analyte molecules are embedded throughout the matrix, completely isolated from each other. Next, the sample is irradiated by a pulsed laser, leading to the ionization of the molecules. It shows a high efficiency, together with a high sensitivity, due to the presence of this matrix; a minimal amount of sample clusters as well as sample damage is observed, thereby making it an ideal way to characterize peptides. For ESI, the sample to be analysed is dissolved in a solution (e.g. LC eluate), which is sprayed through a capillary tube with a high electric field (2-5 kV) at the end. This field induces a charge accumulation (redox reaction due to electron flows) at the liquid surface, located at the end of the capillary, which will break to form highly charged droplets. Nitrogen gas is then injected co-axially to evaporate the solvent molecules, thereby breaking down the droplets into smaller parts (Coulomb fission). In ESI-MS, high molecular weight molecules such as larger peptides typically carry multiple charges, thereby providing both an accurate molecular mass and structural information; small molecules will produce mainly monocharged ions [63].

After the ionization, the ions are further incorporated by the mass analyser to be separated according to their m/z values. For peptide analysis, typically quadrupole, Time-of-flight (TOF), ion trap or Fourier transform ion cyclotron resonance (FTICR) mass analysers are used [63]. Quadrupole mass analysers resolve m/z by applying radio frequency (RF) and direct current (DC) voltages, allowing only a narrow mass/charge range to reach the detector. TOF analysers accelerate the ions by using a short voltage gradient and measure the time ions take to traverse a field-free flight tube; the flight time is thereby proportional to the square root of the m/z [63]. An ion trap on the other hand is a device that uses an oscillating electric field to store ions. It works by using a RF quadrupolar field that traps the ions in two (linear ion trap) or three (the Paul ion trap) dimensions [63]. An electrostatic ion-trap (Orbitrap) stores ions in a stable flight path by balancing their electrostatic attraction by their inertia coming from an RF only trap [65]. With FTICR MS, high magnetic fields are used to trap the ions and cyclotron resonance to detect and excite them [63].
Generally, ion trap and quadrupole analysers offer high sensitivity but limited resolution. Orbitrap and TOF, on the other hand, offer high resolving power [66]. A comparison of the different mass analysers is given in Table 2. To increase the sensitivity and selectivity in targeted or untargeted peptidomic studies, it is common to combine mass analysers in a hybrid way, such as in triple quadrupole, linear trap quadrupole–orbitrap (LTQ-orbitrap) [67], and quadrupole-TOF (Q-TOF) [68, 69]. An overview of studies using these combined MS techniques for the analysis of gluten peptides in foods was recently given by Alves et al. [70]. Also very recently, different (allergen) peptides were summarized by Pilolli et al., thereby indicating the different MS platforms that were used for peptide identification [71].
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Table 2. The resolution, advantages and disadvantages of the mass analysers used for peptide analysis.
	Analyzer
	Resolution
	Advantages
	Disadvantages

	Quadrupole
	2,000
	Relatively cheap
	Low resolution

	
	
	Sensitive SIR
	Not suited for pulsed ionization

	
	
	Continuous
	Small dynamic range

	TOF
	20-25,000
	Fast analyser
	Requires pulsed ionization

	
	
	Highest mass range
	Intensive calibration

	
	
	Relatively high resolution
	Large equipment

	Ion-trap
	2-15,000
	High sensitive TICs
	Lower resolution

	
	
	Relatively cheap
	Small dynamic range

	
	
	Compact
	Space charge effects

	FT-
ion cyclotron resonance
	100-1,000,000
	Ultra-high resolution 
	Very expensive

	
	
	Powerful capabilities
	Small dynamic range

	
	
	High sensitivity
	Hugh equipment

	Orbitrap
	50-250,000
	High resolution
	Expensive
Less sensitive



Ion mobility mass spectrometers (IMS) also require ionization of the analytes before they can be detected. In contrast to the other mass analysers, where separation occurs according to the m/z value, in IMS, ions are separated based on their mobility in neutral buffer gas under the influence of an electric field [72]. Interfacing IMS with MS, i.e. ion mobility-mass spectrometry (IM-MS or IMS-MS), has gained much attention recently, as it is able to separate ions with different charges, structures and conformations, thereby thus increasing the selectivity [73]. Different instrumental platforms are currently available, depending on the electric field (E) applied (static or oscillating), absence or presence (parallel or perpendicular) of gas flow, ion-trap system (influencing the duty cycle and hence detection limits) and filter-possibilities (increasing selectivity). Currently, drift tube ion mobility spectrometry (DTIMS by e.g. Agilent), travelling wave ion mobility spectrometry (TWIMS by e.g. Waters), trapped ion mobility spectrometry (TIMS by e.g. Bruker) and high-field asymmetric waveform ion mobility spectrometry (FAIMS by e.g. Sciex) are commonly used. A detailed review of these different types of IMS can be found in [73, 74]. TIMS hybridized with MS, like timsTOF, is a relatively recent advance, which combines TIMS with ultra-high resolution TOF technology, thereby increasing the selectivity of the device and giving more confidence during compound identification [75-79]. The added value of ion mobility separation, including high resolution MS/MS, was clearly demonstrated by Gevaert et al.: using LC-MS, 638 unique peptides were identified in a pig cerebrolysin sample, with the number of identified peptides and unique sequences being higher when using ion mobility separation compared to the ion trap or TOF mass analyzers [80].

After passing through the mass analyser, the ions are detected and transformed into a usable signal by a detector. Electron multiplier detectors, being the most widely used ion detectors in mass spectrometry, are based on the kinetic energy transfer of incident ions by collision with a surface that in turn generates secondary electrons, which are further amplified to give an electronic current. On the other hand, the detectors in FTICR or Orbitrap MS consist of a pair of metal plates within the mass analyser region close to the ion trajectories; ions are then detected by the image current that they produce in a circuit connecting the plates [64].

An important aspect of mass spectrometry is the development of tandem MS (MS/MS) or MSn instruments in which specific ions (protonated or other adducts) can be selected, fragmented, and the m/z of the fragment ions measured [81]. 
Gas-phase fragmentation of single or multiple charged peptide ions in tandem MS analysis is a powerful tool for the identification and structural elucidation. In the Roepstorff nomenclature, peptide fragment ions are indicated based on the location of dissociation and charge. Fragment ions comprising of the N-terminal amino acids are indicated by a, b or c specifying the site of cleavage around the cleaved peptide bond, and numbered by the amino acids contained in the fragment (Figure 3). Analogously, fragment ions comprising of the C-terminal amino acids are indicated by x, y, z and numbered accordingly [82]. Collision induced fragmentation (CID) is the most commonly used fragmentation method, but the use of electron mediated fragmentation techniques is increasing. CID yields mostly b- and y-type ions, but additional a- and x-type ions are also formed [83]. Different modes, e.g. depending on the applied collision energy and activation time parameters, are possible, influencing the fragmentation pattern obtained [84-87]. Electron mediated fragmentation is achieved through electron capture dissociation (ECD) by the introduction of low energy electrons (<1 eV), or electron transfer dissociation (ETD) using radical anions (e.g. chemically ionized fluoranthene) as an electron donor. Electron mediated techniques yield c-type ions and z-type radical ions [88, 89]. Multi-fragmentation protocols combining ETD with CID in MSn analysis can also be used to map post-translational modifications such as disulphide bridging or glycosylation [85, 90, 91]. As indicated by Wen et al. with some soybean peptides, doubly charged parent ions can be dissociated to form singly charged fragments, which then can have a higher m/z value. This group identified 51 bioactive peptides by matching experimental product ions to those generated in silico (from protein hydrolysis), thereby focusing on a, b and y fragments [92]; in contrast, Nimalaratne et al. identified 2 antioxidant peptides from chicken egg white, by only focussing on y fragments [93].
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Figure 3: Roepstorff nomenclature of peptide fragmentation along the backbone (top) and an illustration of the most abundant ions resulting from CID and ETD/ECD fragmentation (bottom).

A frequently used instrument is a triple quadrupole MS (QqQ), where three quadrupoles are used: the first and third quadrupole are used as mass analysers, while the second one is used as the collision cell (RF-only quadrupole) where the ions are activated by collision with neutral gas molecules (e.g. argon or helium), resulting in smaller fragments. In ion-traps, there is only one mass analyzer, which can be operated in different electronic modes, to (1) trap the ions in the sample, (2) electronically destabilize all ions, except the ion of interest, (3) activate this ion electronically to produce fragments, and (4) shift to analysis mode to read out the fragment ions by sequentially ejecting them from the trap for detection [63]. Alternatively, also fragment ions can be trapped and further fragmented, resulting in MSn spectra [63, 64]. In tandem mass spectrometry, mainly four different scan modes are applied (Figure 4): product ion scan, precursor ion scan, neutral loss scan and multiple (or selected) reaction monitoring. Product ion scanning (“daughter scan”) consists of selecting a precursor ion (with chosen m/z value) and determining all product ions after fragmentation; this scan mode is frequently used for peptide sequencing analysis. Precursor ion scanning (“parent scan”) consists of selecting a product ion with a specific m/z value and determining all precursor ions that produce this selected product ion. Neutral loss scanning consists of selecting a neutral fragment and detecting all the fragmentations leading to the loss of that fragment; a signal is thus only recorded if an ion undergoes fragmentation, producing a neutral ion that is equivalent to the mass difference of interest. However, the most commonly used scan mode in tandem mass spectrometry, using a triple quadrupole mass spectrometer, is multiple (or selected) reaction monitoring (SRM/MRM), seen its high sensitivity and selectivity. MRM consists of selecting one or more fragmentation reactions (transitions): the ions (m/z value) selected in the first mass analyser are only detected if they produce one of the selected product ions [72, 94]. For the allergen peptides present in milk, egg, peanut, soybean, hazelnut and almond, different transitions were described and recently summarized by Pilolli et al. [71].
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Figure 4. Representation of four different scan modes applied in tandem mass spectrometry: A, Product ion scanning; B, Precursor ion scanning; C, Neutral loss scanning; D, Multiple ion monitoring (MRM). MS1 = first mass analyser, CID = collision induced dissociation, MS2 = second mass analyser. [95].

Next to these targeted acquisition modes (SRM/MRM), tandem mass spectrometry can be obtained in data-dependent acquisition (DDA) mode or data-independent acquisition (DIA) mode as well. In DDA, the mass spectrometer first selects the most intense peptide ions, after which these are fragmented and analysed. This is the current standard technique for peptide identification [96]. In contrary, in DIA, the instrument focuses on a narrow mass window of precursor ions and acquires MS/MS data from all precursor ions detected within that window. In the next cycles, this mass window is stepped across the entire mass range, thereby systematically collecting MS/MS data from every mass and from all detected precursors; this allows for more sensitive and accurate quantification compared to DDA [97]. The most common method to generate DIA data is called SWATH (sequential window acquisition of all theoretical fragment ion spectra) and is performed on high-resolution LC-MS platforms (e.g. Q-TOF or Q-Orbitrap) for untargeted mass spectrometry analysis of complex samples. Untargeted peptide quantification using DIA is thereby comparable to targeted peptide quantification using MRM mass spectrometry. However, although in DIA the different mass windows collectively cover the entire m/z range, overall, only 1-3% of all incoming ions are isolated for mass analysis as a lot of ions are lost outside the selected mass windows. In order to increase this number, recently, a TIMS-quadrupole-TOF configuration was successfully developed, where the mobility separation of TIMS is synchronized with the quadrupole mass selection in a method called parallel accumulation-serial fragmentation (diaPASEF) [76, 98].

In order to increase tandem MS efficiency and sensitivity in LC-MS analyses, also the LC mobile phase can be adjusted: supercharging agents like dimethyl sulfoxide (DMSO, 5%) can be added to the LC mobile phase solvents, thereby elevating the peptide charge states in ESI [99]. Moreover, in order to overcome TFA ion suppression, the supercharging agents m-NBA, 3-NPEA, TES or MOZ (0.1% concentrations) recently demonstrated to increase ESI-MS signal intensities and thus give lower detection limits, compared to only 0.1% TFA containing mobile phases [100].

Data analysis
In peptidomics, where proteins and peptides are cleaved by an array of (unknown) proteolytic enzymes, peptide identification is not as ‘straightforward’ as in proteomic analysis, where only highly specific proteolytic enzymes are used: searching the obtained tandem MS spectra against all possible peptide fragments in peptide spectral databases, instead of only against those matching the specificity pattern, hampers the search performance and quality of the results, making it often unfeasible. Moreover, also complex post-translational modifications [101] are not taken into account, with the set of known or predicted proteins often being incomplete. Examples of such (proteomic) databases are X!Tandem, Mascot, SEQUEST, MS-GF+, MS-Fit and OMSSA [28, 102, 103]. Lang et al. recently used the MaxQuant proteomic software against the UniProtKB Eucarida database, with no enzyme specificity, to identify peptides from defatted Antarctic krill powder, thereby setting the false discovery rate (FDR) cut-off to 0.01 (i.e. high confidence with 99% accuracy); as a result, two novel peptides were identified with specific enzyme-inhibiting properties [104].
Several databases exist which describe different properties of bioactive peptides, e.g. peptide sequence, physicochemical properties (length, isoelectric point), source and function [105]; some of them are even only focussing on food-derived peptides, like FeptideDB (food proteins) [106], FermFooDb (fermented food) [107], MBPDB (milk) [108] and BioPepDB [3]. These (combined) databases are mainly used to analyse the relationship between the peptide structure and their bioactivity (quantitative structure-activity relationship, QSAR), as well as to discover peptides with known bioactivity in (known or unknown) protein sources [105]. For all these bioactive peptide databases however, no mass spectrometry data are available, meaning that they cannot directly be used for the identification of bioactive peptides in LC-MS analysed samples [34]. Next to the peptide databases, small peptides can also be described (to a limited extend) in metabolite/metabolomics databases (e.g. METLIN) [109].
Next to MS spectral database searching for peptide identification, also de novo identification can be used, where peptide sequences are obtained by calculating the mass differences between the obtained MS fragments. Therefore, programs like Peaks [110] or PepNovo [111] can be used [28]. De novo sequencing of a heptapeptide from Lingzhi proteins for example was performed by Krobthong et al., by investigating the LC-MS/MS spectra using the series of a, b, x and y fragment ions [112]. Algboory and Muhialdin on the other hand used PEAKS to identify the de novo peptide sequences in milk, after which they were subjected to the Uniprot database and the Antimicrobial Peptides Database (APD) to determine their similarity with previously identified peptides [113].
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