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Abstract

The rigorous safety assessment conducted on genetically modified crops includes an evaluation of allergenic potential for an associated newly
expressed protein (NEP). Since no single method is recognized as a predictor for protein allergenicity, a weight of evidence approach (WOE) has
been adopted. In vitro digestion is a part of the WOE approach and is used to evaluate the susceptibility of a NEP to digestion by gastrointestinal
proteases. In 2017, the European Food Safety Authority outlined additional digestion conditions and suggested liquid chromatography tandem
mass spectrometry (LC-MS/MS) as an analytical method to detect small post-digestion peptides. This technical review paper focuses on the
question of whether LC-MS/MS can aid in assessing allergenic potential of in vitro digestion products generated under the newly proposed
conditions. After an extensive review, it was determined that LC-MS/MS can detect very small digestion products. However, the method cannot
provide relevant information to differentiate whether these products are allergenic or non-allergenic. Therefore, the use of LC-MS/MS for a
standard in vitro digestibility assessment provides no improvement in allergenicity prediction.
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1. Introduction

Genetically modified (GM) crops undergo an extensive
safety assessment prior to commercialization. A key compo-
nent of the food safety assessment for a GM crop is an as-
sessment of allergenic potential of the newly expressed protein
(NEP). Due to the lack of clear understanding of mechanisms
of allergenic sensitization and elicitation, there is no single test
or characteristic that can predict the allergenic potential of a
protein or peptide [6, 27]. As a result, an overall weight-of-
evidence (WOE) approach with a cumulative body of evidence
was adopted to assess the allergenic potential of NEPs in GM
crops [6, 9, 43]. The registration requirements to address the
allergenicity potential of a GM crop include the source of the
NEP, a review of the history of safe use for the NEP and its ho-
mologs, a bioinformatics analysis of amino acid sequences, the
stability of the protein when heated, and the susceptibility of
the protein to gastrointestinal enzyme digestion (e.g., pepsin).
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Resistance to pepsin digestion was initially linked to allergenic-
ity by one research publication and an opinion paper [2, 25]
under the premise that more stable proteins tended to be aller-
gens via the potential for increased exposure to the gut immune
system, one route for sensitization and elicitation of allergy.
However, subsequent investigations have revealed that there is
no direct correlation between pepsin resistance and allergenic-
ity [3, 13, 17, 32]. Despite the lack of a clear correlation, the
in vitro pepsin digestion test remains as one component in the
WOE approach.

The current standardized in vitro digestion assay has been
adopted and accepted globally for almost two decades; this
assay consists of a pepsin resistance time course of the NEP
followed by a qualitative assessment for the presence or ab-
sence of intact protein or degradation fragments (>3 kDa) on
a stained sodium dodecyl sulfate-polyacrylamide gel and/or
western blot [38]. In 2017, the European Food Safety Authority
(EFSA) Panel on Genetically Modified Organisms outlined new
in vitro digestion conditions and proposed an additional detec-
tion method, liquid chromatography tandem mass spectrometry
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(LC-MS/MS) [26]. The hypothesis is that the combination of
newly outlined in vifro digestion conditions and detection of
small peptides by LC-MS/MS could enhance the identification
of the allergen potential of a NEP [11, 26]. The newly proposed
in vitro digestion conditions consist of pepsin digestion to rep-
resent gastric digestion followed by trypsin and chymotrypsin
digestion to represent intestinal digestion. For pepsin digestion,
the EFSA GMO Panel recommended the use of classic (low
pH and high enzyme-to-test protein ratio) and suboptimal (high
pH and low enzyme-to-test protein ratio) conditions to consider
populations with impaired or underdeveloped digestive systems
[38]. Recent observations suggested that pepsin digestion tests
under suboptimal conditions would not provide useful informa-
tion because some proteins that are readily digested by pepsin
could show resistance to degradation and lead to the inability to
distinguish between pepsin labile and pepsin resistant proteins
[1, 41].

For the proposed detection of smaller digestion peptide
fragments, the EFSA GMO Panel recommended LC-MS/MS
to identify and track abundance of small peptides (= 9 amino
acids in length) in conjunction with sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) for intact pro-
tein and large peptide observations. The premise is that an LC-
MS/MS detection method would aid in identification of a haz-
ard and its exposure by providing valuable information through
distinguishing allergens from non-allergens and tracking their
abundance. At a first glance, the recommendation to use LC-
MS/MS as an alternative detection method seems reasonable
considering it has been used for peptide identification since the
1990s and applications have advanced with continued improve-
ments in modern separation, detection, and computation tech-
nologies [33]. For example, LC-MS/MS has been used to de-
tect and identify peptide-based biomarkers involved in disease,
like the beta-amyloid fragments associated with Alzheimer’s
disease [7, 18, 22]. Researchers have used this technology to
understand protein degradation in a variety of matrices, such
as the digestive fluid, milk, urine, and stool [4, 19, 28]. This
technology has been used to detect and identify in vitro diges-
tion products of several allergenic and non-allergenic proteins
[14, 39]; and theoretically, LC-MS/MS methods can be opti-
mized to detect peptides from in vitro digestion of NEPs ex-
pressed in GM crops. However, prior to implementing a new
detection method to the evaluation of the in vitro digestion, the
LC-MS/MS method should be evaluated as to whether it adds
improved utility with respect to the assessment of allergenic
potential. This paper examines the technical capability of LC-
MS/MS analysis for detection, identification and tracking of
in vitro digestion products under the proposed conditions, and
whether LC-MS/MS provides improved utility to differentiate
allergens from non-allergens [11, 26]. Although a discussion
of the proposed in vitro digestion conditions is important, the
focus of this communication is the proposal to use LC-MS/MS
for identification and its ability to assess allergenic potential.
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2. Applicability of LC-MS/MS to Evaluate In Vitro Diges-
tion

Mass spectrometry (MS) is an instrumental technique for
separation of electrically-charged molecules as ions in a gas
phase. When paired with liquid chromatography (LC) sepa-
ration capabilities followed by powerful software tools, mass
spectrometry can give detailed information on both the identity
and abundance of peptides. This technology has demonstrated
great analytical potential for purified proteins and complex ma-
trices; it is crucial to apply this technology properly to under-
stand the unique aspects of mass spectrometry data generation
and analysis. The LC-MS/MS method requires technical estab-
lishment for GM crop in vitro digestion analyses with respect to
sample preparation (digestion and desalting), LC-MS/MS anal-
ysis (ionization and detection), and data analysis. Ultimately,
the resulting data are critically linked to the efficiency of each
step and the peptides’ physiochemical properties, which have
significant variations in size, structure, and abundance. Some
peptide fragments from the digestion could be lost during sam-
ple preparation or become essentially undetectable to the LC-
MS/MS [35]. For instance, there can be high variability in the
ranges of peptide abundance, which could lead to masking of
less abundant peptides [36]. Also, some high-abundance pep-
tides may not ionize with commonly used positive-charged ions
mode proteomics due to the presence of acidic amino acids or
cysteine residues [10, 12]. For these reasons and others out-
lined below, some peptides may not be detected by LC-MS/MS
and others may appear to have an artificially enhanced relative
abundance. To evaluate LC-MS/MS in perspective for in vitro
digestion analysis of NEPs, we provide a technical review of
mass spectrometry methods based on sample preparation, MS
analysis, and data analysis, as well as a discussion of its utility
for in vitro digestibility assessment.

2.1. Sample Preparation

Many factors are considered when designing MS sample
preparation strategies, including sample source, type, physi-
cal properties, abundance, and complexity. As a result, it is
important to describe how the in vitro digestion samples are
prepared. The in vitro digestion sample preparation steps that
the EFSA GMO Panel recommended are outlined in Figure
1. Briefly, a NEP hydrolysis time course is performed with
a gastric enzyme (i.e., pepsin) under classical or suboptimal
conditions. Pepsin has relatively low specificity, with pref-
erential hydrolysis of the peptide bonds for aromatic amino
acids, and it can cleave other peptide bonds with hydropho-
bic amino acids. The lack of specificity could result in vari-
ability between repeated digestion assays. Next, the enzyme
is deactivated, and the sample is further hydrolyzed by intesti-
nal enzymes (i.e., trypsin and chymotrypsin) with bile salts.
Trypsin and chymotrypsin have relatively high specificity to
basic amino acids and aromatic amino acids, respectively. In
addition, bile salts are considered an important component for
intestinal digestion; therefore, they may be included during
trypsin and chymotrypsin digestion [26]. After hydrolysis,
trypsin and chymotrypsin are deactivated. The precise timing
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Figure 1: The proposed in vitro digestion steps include the following steps sequentially: gastric enzyme hydrolysis (e.g., pepsin)
60 min time course of NEP at low pH/high enzyme (classic) or high pH/low enzyme (suboptimal) with bile salts; deactivation of
gastric enzyme by pH neutralization; intestinal enzyme (e.g., trypsin and chymotrypsin) hydrolysis 60 min time course with bile
salts; deactivation of intestinal enzymes by acid or inhibitors; and application of SDS-PAGE and LC-MS/MS detection methods.

of enzyme activity deactivation is important for reproducible
observations of stable peptides. The inhibition of pepsin can
be achieved by neutralizing the pH, since pepsin is irreversibly
deactivated at pH 7 [29], while inhibition of trypsin and chy-
motrypsin can be achieved by addition of acids or protease in-
hibitors such as 4-(2-Aminoethyl)benzenesulfonyl fluoride hy-
drochloride (AEBSF), Tosyl phenylalanyl chloromethyl ketone
(TPCK), and Tosyl-L-lysine chloromethyl ketone (TLCK). Fi-
nally, the digestion products are analyzed by SDS-PAGE and
LC MS/MS.

Considering the steps outlined above, sample preparation
and the removal of unwanted components are essential for MS
analysis. For the proposed in vitro digestion of a NEP, purified
protein (1-5 mg/ml) is generally used. The absence of other bio-
logical matrix components (lipids, starch, etc.) make the three-
enzyme (pepsin, trypsin, and chymotrypsin) in vitro digestion
system less complex compared to biological samples from tis-
sues or fluids [26]. However, the purified protein sample may
be at a pH required for purification or stable storage that is un-
suitable for LC-MS/MS or contain incompatible buffer compo-
nents, such as non-volatile salts, detergents and bile salts. The
final quenched digestion mixture may include components that
are incompatible with the electrospray ionization step, interfer-
ing with the MS detection process (see Mass Spectrometry Ion-
ization Methods section). Surfactants, such as bile salts, could
be detrimental and suppress ionization of peptides. Therefore,
the removal of bile salts may require a desalting step. Optimiza-
tion of desalting is necessary to prevent any significant loss of
peptides.

Top-down proteomic methodology analyzes intact protein
while bottom-up proteomic methodology analyzes enzyme hy-
drolyzed peptides. In traditional bottom-up proteomics, there is
a common workflow to prepare proteins for enzyme digestion
[15]. Concurrently or after treatment with a chaotropic reagent,
disulfide bonds within the proteins and peptides are cleaved to
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allow further processing. Dithiothreitol is commonly used for
this purpose and would modify any cysteine amino acids in-
volved in forming disulfide bridges at these specific sites within
the protein. Once the bonds are disrupted, an alkylating reagent
is typically used to “cap” the residues capable of forming disul-
fide bonds and thus prevent any bond reformation. When as-
sessing in vitro digestion of NEPs, typical pre-MS proteomic
sample preparation, such as reduction and alkylation, would be
eliminated to avoid breaking disulfide bonds and artificially im-
pacting NEP stability. The absence of these steps allows detec-
tion of disulfide-bond linked protein/peptides but the resulting
peptides with multiple disulfide bonds may be difficult to char-
acterize due to incomplete fragmentation [20].

After digestion, sample enrichment and/or clean-up is a crit-
ical step. The enrichment can be accomplished in several ways,
including, but not limited to, acid precipitation, solvent extrac-
tion, and/or molecular weight-based filtration (e.g., 10 kDa cut-
off selects for peptides less than 10 kDa). Peptides may be lost
with enrichment steps due to non-specific binding or inability
to resolubilize. Samples could be cleaned-up by solid phase ex-
tractions (e.g., C18 cartridges or filter plates) to remove intact
protein and bile salts for improved peptide detection; however,
it is important to note that very hydrophobic peptides may never
be recovered. These steps need to be carefully evaluated and
the sample preparation process must be controlled to achieve
reproducible results.

2.2. Liquid Chromatography Separation

High-performance liquid chromatography (HPLC) has of-
ten been included as a physical separation technique prior to
MS analysis to improve detection. This process involves in-
corporating the analytes (peptides and proteins) into a mobile
phase that is pumped across a stationary phase contained in a
column, and allows separation of the analytes by their relative
affinity for either phase. Based on their properties, peptides
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Figure 2: Peptides (circles) are generated during in vitro digestion. Sample clean-up removes incompatible components but may

cause peptide loss (yellow circle is lost). Peptides are then separated during liquid chromatography prior to ionizations in the ion

source. lonization efficiency may lead to loss of peptide detected (blue circle is lost). Ions are separated in the mass analyzer and

fragmented (large white and orange circle are lost). The resulting ions are separated and detected (partial circles are lost). Finally,
peptides are identified during data analysis. As illustrated, peptide (ion) loss may occur at multiple steps.

present within a digestion mixture can be separated; this separa-
tion allows more peptides to be efficiently ionized and generate
mass information, as there is less competition for the ioniza-
tion potential at a given time. A variety of LC flow rates can
be employed from high flow rates (>0.2 mL/min) to microflow
(1-200 uL/min) or nanoflow (<1 ul/min), and there are com-
patible columns and systems used specifically for these con-
ditions. The low flow rate in microflow and nanoflow allows
ionization of a sample to last for minutes and enables orders
of magnitude more observations compared with the observa-
tions from a regular flow of electrospray ionization (ESI) [24].
Nanoflow LC has unique advantages in supporting detection of
more peptides than other techniques due to increased ionization
efficiency and reduced ion suppression that leads to higher MS
sensitivity. Likewise, microflow would also yield a nearly ideal
platform for high sensitivity analysis by LC-MS/MS [42]. As
a result, the technique exhibits high sensitivity and helps iden-
tify very minor populations of peptides at as low as femtomole
concentrations.

2.3. Mass Spectrometry lonization Methods

After sample preparation and LC separation, peptides
would be analyzed on a mass spectrometer, which is an analyt-
ical instrument having multiple components, including an ion
source, mass analyzer, collision cell and detector (Figure 2).
The peptides in the liquid phase from the LC instrument go into
the ion source and are converted to gas phase ions (ionization)
that can be separated by the mass analyzer. There are many ion-
ization techniques used in mass spectrometry. ESI is the most
popular ionization technique due to its advantage of compatibil-
ity with LC. ESI creates an aerosol by applying a high voltage
to a flow of liquid at atmospheric pressure. This aerosol is dried
using gases and heat so that the protein or peptide of interest in
the droplet retains a charge. ESI is very useful for biomolecules
such as proteins and peptides because it is a “soft ionization”
technique, which causes minimal fragmentation [5, 24].

Efficient ionization of peptides within the digested samples
is critical for accurate LC-MS/MS detection and analysis. Each
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peptide from the in vitro digestion has unique physiochemical
properties and capabilities for ionization. Ionization can theo-
retically occur in either the solution phase or the gas phase and
is strongly affected by all components of the sample, including
other peptides. Differential suppression or enhancement of spe-
cific ions can occur due to the differences in amino acid com-
position, mass and/or charges of individual peptides. In some
cases, one peptide could be a source of ion suppression or en-
hancement for another. For example, acidic peptides do not
readily accept a positive charge, which makes them difficult to
ionize using positive mode methods, and therefore, less observ-
able [10]. Ion suppression often occurs due to changes in the
spray droplet solution properties depending on the presence of
less volatile or non-volatile solutes such as salts, ion-pairing
agents, or endogenous compounds like bile salts. These non-
volatile materials can change the efficiency of droplet forma-
tion or evaporation and alter the amount of charged ions in the
gas phase that ultimately reach the detector. When analyzing
in vitro digestion samples, bile salts, phosphatidyl choline, and
other lipids, if present in the assay, will reduce ionization effi-
ciency; therefore, desalting, enrichment and/or clean-up post
sample preparation and LC separation are needed to signifi-
cantly reduce or remove incompatible compounds.

2.4. Mass Spectrometry Analyzers and Fragmentation

Once ionized, the mass analyzer (or filters) measures the
mass-to-charge ratios (my/z) of the ions in a sample, and m/z de-
tected from a sample provides an atomic signature. Currently,
there are several types of mass analyzers suitable for a variety
of applications. For example, low-resolution mass spectrome-
ters have analyzers (e.g., triple quadrupole MS) that measure
nominal mass and are often used for targeted quantification of
peptides. On the other hand, high-resolution mass spectrom-
eters have analyzers (e.g., Orbitrap) that measure exact mass
and are used for identification and non-targeted analyses. The
high-resolution Orbitrap MS analyzers can achieve my/z ratio up
to 280,000 for mass range at 50-8,000 Da. As a result, MS in-
struments with different mass analyzers will likely yield results
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that are very similar but not identical.

One key step to identifying peptides is to use tandem mass
spectrometry (MS/MS). In MS/MS ions are separated and frag-
mented, and the resulting fragments are further separated and
detected to yield spectra with characteristic peptide fragmenta-
tion patterns. Fragmentation of the peptide backbone generally
produces characteristic ions, termed a, b, ¢ and x, y, z ions,
and allows reliable interpretation of spectra to predict amino
acid sequences [31]. Collision-induced dissociation (CID) is
the most widely applied fragmentation method for peptide iden-
tification with MS/MS. CID provided the largest contribution
to the identified peptides from human blood plasma compared
with high-energy collision dissociation (HCD) and electron
transfer dissociation (ETD) [34], while ETD outperformed CID
and HCD in the analysis of ubiquitylated proteome [30]. CID
is suitable for identification of small peptides in digestion prod-
ucts, since it is most effective for small and low-charged pep-
tides. Understanding fragmentation methods can help improve
identification rates from digestion products. Like fragmenta-
tion, for reproducible peptide identification from in vitro diges-
tion of NEPs, assay parameters, such as spray voltage, collision
energy, dynamic range, limit of detection, and other parameters
such as total injection amount, need to be harmonized among
technology developers, contract research organizations (CROs),
and research institutes.

2.5. Data Analysis

In traditional bottom-up proteomics the resulting spectra
are searched against a known in silico spectra database gen-
erated from known protein sequences to compare observed and
predicted masses of peptides. A query software with search
algorithms, such as Mascot (Matrix Science, Boston, MA),
XTandem, or Sequest, is needed to analyze peptides from in
vitro digestion studies by predicting theoretical peptides based
on potential pepsin, trypsin, and chymotrypsin cleavage sites
[21]. The interpretation of amino acid sequences and their as-
signment to the spectra relies heavily on accurately predicted
masses generated from the protein amino acid sequence of the
protein, including potential modifications. This is especially
true for a database generated with less specific enzymes such
as pepsin. However, allowing for one or two amino acid mis-
matches during spectra analysis would minimize the impact.
Accordingly, for the proposed in vitro digestion of a single NEP,
protein analysis and the reliance on a database are not a factor,
especially since the NEP sequence is known. The major limi-
tation to data analysis is linked to the data input; any missing
peptides or ions cannot be identified during data analysis.

Besides identification, the EFSA GMO Panel proposed us-
ing LC-MS/MS to evaluate the stability or persistence of a pep-
tide by its temporal occurrence or presence throughout a di-
gestion time course. Although there are several quantitative
or semi-quantitative MS paradigms to choose, label-free meth-
ods would be most amenable to the in vitro digestion outlined
above. Label-free methods do not require modification of the
protein or peptides. In the absolute quantitative methods, pro-
tein abundance is calculated based on a linear correlation with
MS collected data for each peptide [8]. Relative quantitative
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techniques compare peak areas intensities or spectral counts.
Such relative techniques are simple and easy to perform but do
not provide absolute concentrations, which can be used to com-
pare multiple peptides. Relative parameters may be reported,
such as the total number of unique peptides or the number of
unique peptides derived from a specific segment of the protein
during a time course. It is important to be aware that total pep-
tide number does not directly correspond to protein stability.

The presence or number of peptides is directly related to di-
gestion conditions, protein properties, LC MS/MS instrumen-
tation, etc. Therefore, the same peptide from a protein may
have a different occurrence profile under classic versus the sub-
optimal pepsin digestion conditions. At pH 1.2, the optimal
pH for pepsin, pepsin is fully active, yet the test protein may
or may not be fully digested if it is not completely acid de-
natured and peptide bonds are not exposed for cleavage. For
example, alpha lactalbumin is fully denatured at pH 1.2 while
beta-lactoglobulin is still in its native structure at this pH [37].
As a result, there might be decreased observations of unique
peptides from alpha-lactalbumin due to near completion diges-
tion by pepsin at the end of time course. In contrast, the sub-
sequent digestion by trypsin/chymotrypsin could result in in-
creased observations of peptides from beta-lactoglobulin due to
more effective degradation by the two enzymes. Such data can
be easily generated by LC-MS/MS using the outline described
above. Evidence suggests that peptides can be observed from
digestion products of allergens or non-allergens at different di-
gestion conditions [39, 42]. However, the connection between
the presence of peptides and their allergenicity potential is un-
clear, indicating that the additional data from the LC-MS/MS
analysis of the in vitro digestion assay does not add any infor-
mation to inform the allergenic potential of the NEP.

3. Discussion

Recently, the EFSA GMO Panel outlined a suggested in
vitro digestion protocol as a part of WOE of the allergenic-
ity assessment for the GM crop regulatory submissions with
a hope the new methods will have improved predictability of
allergenicity potential of NEPs [26]. It described sequential di-
gestions with additional sub-optimal digestion conditions and
proposed the use of LC-MS/MS as a method to detect the di-
gestion products. In vivo physiological digestion is highly com-
plex, from oral to gastrointestinal digestions, and therefore it is
impossible to mimic the physiological digestion in vitro. Cur-
rently, the in vitro digestion designed using purified protein at
high concentration (1 to 5 mg/mL) along with the proposed
three-enzyme system allows better forecasting for smaller num-
bers of potential peptides relative to the large numbers of po-
tential peptides from more complex biological samples or food
substances. Resistance to pepsin digestion was initially hy-
pothesized to be linked to allergenicity by limited historical
reports, but subsequent investigations have revealed that there
is weak correlation between pepsin resistance and allergenicity
[3,32,17,13].

A few key points need to be addressed before answering
the question posed in this manuscript, whether LC-MS/MS can
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improve the risk assessment of NEPs. As part of WOE for al-
lergenic assessment of an NEP, knowledge of the protein con-
centration, heat stability, and digestive stability of the protein
are exposure criteria, while structural similarity with known al-
lergens and history of safe use are hazard criteria [16]. Re-
gardless of SDS-PAGE results that show the presence of an
intact protein, LC-MS/MS methods are so sensitive that lead
to observation of peptides from the protein; therefore, expo-
sure assessment and allergenicity determination of that pro-
tein from LC-MS/MS analysis remain uncertain. It was re-
ported that non-allergen soybean lipoxygenase has more resis-
tant peptides than allergen beta-casein, from optimal or sub-
optimal digestion condition [39]. Similar observation was re-
ported between non-allergen phosphofructokinase and allergen
beta-lactoglobulin [42]. Evidence suggests that unique and sta-
ble peptides are present in digestion products from both allergen
and non-allergens Also, no clear patterns in the persistence or
abundance of peptides exist between allergen and non-allergen
digestion products; therefore, the presence of peptides gives no
information on their allergenic potential [39, 42]. Fundamen-
tally, a simple correlation between protein digestibility and al-
lergenicity has not been established, and therefore the presence
of the protein or specific peptides may only be used in rela-
tion to the exposure assessment. It should be noted that most
risk assessment bodies would consider that information on ex-
posure is only informative for the risk assessment if a potential
hazard has been identified. Therefore, it can be questioned if
the mere presence of a peptide that is otherwise considered safe
provides useful information for a risk assessment.

Although the proposed in vitro digestion conditions contain
extra steps and enzymes compared with the classic pepsin resis-
tance assay, they can be made amenable for LC-MS/MS analy-
sis of the digested samples. LC-MS/MS technology can detect
and identify unique peptides from in vitro digestion with some
important technical challenges that could significantly impact
the interpretation of the results and their utility in the WOE for
allergenicity assessments. As discussed in previous sections,
an inability to detect a peptide does not mean the peptide is ab-
sent from the digestion samples. The occurrence of a peptide
over a time course may be directly related to properties of the
parent protein and the digestion conditions, but may also re-
sult from the sensitivity of the instrument or other experimental
conditions. A specific peptide may be present, but detection
may not be guaranteed due to several factors, including sam-
ple preparation, low ionization, efficiency, and sensitivity of the
mass analyzer. Despite this limitation, LC-MS/MS is still very
sensitive and capable of detecting peptides missed in other tech-
nologies (e.g., SDS-PAGE). A peptide could be lost during the
enrichment and desalting step due to its hydrophobicity, low
abundance, or size; it could also be too small to be ionized or
identifed because of repetitive amino acids within the sequence.
Therefore, the ability to detect all small peptides in an in vitro
digestion can be challenging (if not impossible).

The EFSA GMO Panel has not recommended a standard
protocol for peptide identification or quantification using LC-
MS/MS analysis. Criteria to achieve reproducible and consis-
tent peptide identification from in vitro digestions are challeng-

81

ing to harmonize among different labs. There are many more
parameters and settings, such as spray voltage, collision energy,
and survey scan, required for a mass spectrometry instrument
that are not relevant to SDS-PAGE. Different labs may have
different models of mass spectrometers and parameters from
one model do not perform the same way on another model. As
a result, the lack of standardization seems likely considering
the variability described previously. Nevertheless, modern LC-
MS/MS exhibits sensitivity down to fmol concentrations, so it
is technically possible for a peptide to be observed throughout
the entire digestion. The LC-MS/MS methods for peptide iden-
tification from in vitro digestion cannot quantify the mass or
concentration of the peptides. Moreover, observation of pep-
tides is not necessarily linked directly to exposure.

Can mass spectrometry analysis of in vitro digestion prod-
ucts improve the assessment of allergenic potential of newly ex-
pressed proteins? Based on the technical review above, the an-
swer is “no” or “not at this time”. Like SDS-PAGE, LC-MS/MS
can identify and track the abundance of digestion products al-
beit with technical challenges that may skew results. Results
from an SDS-PAGE assay do not provide helpful information
to assess whether a digestion product is an allergen or not. Un-
fortunately, results on digestion products using LC-MS/MS do
not improve this shortcoming. Neither method, whether used in
a tiered process or used alone, provides the capability of distin-
guishing between allergen and non-allergen.

A determining factor that could aid in the identification of
an allergen from a non-allergen is sequence homology to known
allergens. NEPs have been successfully screened and excluded
from allergenicity concern using sequence homology and epi-
tope searching that are done in silico with bioinformatics anal-
ysis on the intact protein, without conducting in vitro digestion
and LC-MS/MS analysis. Use of LC-MS/MS can be informa-
tive if peptide presence from in vitro digestion is an indication
of allergenicity of a NEP. The approach to monitor the pep-
tide presence and abundance with a demonstration of the last-
ing presence of a peptide and counting the number of unique
peptides throughout a digestion has a drawback because the
number of peptides from a digestion of the protein is protein
dependent rather than allergenicity dependent. In addition, the
LC-MS/MS identification method is not for quantification, and
therefore cannot provide concentration information. The value
of LC-MS/MS analysis of digestions for allergenicity predic-
tion needs to be demonstrated prior to adoption for allergenicity
assessment of NEPs.

4. Conclusion

State-of-the-art, LC-MS/MS has become a familiar technol-
ogy for the characterization of food proteins and peptides [23].
Detection of some stable peptides from in vitro digestion can
be achieved through this technique. Nanoflow or microflow LC
along with ESI are highly sensitive and can detect and identify
a large number of peptides, including trace amounts of unique
peptides. The relatively simple in vitro digestion design (puri-
fied test protein and three-enzyme system) and high concentra-
tion of test protein may be compatible with LC-MS/MS pep-
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tide identification. However, LC-MS/MS methods need to be
carefully developed and evaluated taking several factors into
consideration, such as buffer compatibility, enrichment, signal
suppression, etc., prior to data interpretation. Resistance to di-
gestion has no direct correlation with allergenicity potential.
The peptides observed from in vitro digestion may not reflect
what occurs in vivo, and therefore, detection of peptides is un-
likely to provide a good prediction of potential for allergenic-
ity. More work needs be done for a better understanding of al-
lergenic sensitization and elicitation before adding complexity
to the in vitro digestion assay that does not translate into im-
proved assessment of allergenic potential for NEPs from GM
crop products, and which may only add to more confusion in
evaluating assay results [40].
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