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ABSTRACT: The frequent use of precautionary food
allergen labeling (PAL) such as “may contain” frustrates
allergic individuals who rely on such labeling to determine
whether a food is safe to consume. One technique to study
whether foods contain allergens is targeted liquid chromatog-
raphy-tandem mass spectrometry (LC−MS/MS) employing
scheduled multiple reaction monitoring (MRM). However,
the applicability of a single MRM method to many
commercial foods is unknown as complex and heterogeneous
interferences derived from the unique composition of each
food matrix can hinder quantification of trace amounts of
allergen contamination. We developed a freely available, open
source software package MAtrix-Dependent Interference
Correction (MADIC) to identify interference and applied it with a method targeting 14 allergens. Among 84 unique food
products, we found patterns of allergen contamination such as wheat in grains, milk in chocolate-containing products, and soy in
breads and corn flours. We also found additional instances of contamination in products with and without PAL as well as highly
variable soy content in foods containing only soybean oil and/or soy lecithin. These results demonstrate the feasibility of
applying LC−MS/MS to a variety of food products with sensitive detection of multiple allergens in spite of variable matrix
interference.

Food allergies are characterized by adverse immunologic
reactions to otherwise innocuous food proteins and are

estimated to affect 5% of adults and 8% of children.1 The
potential severity of a reaction coupled with a current absence
of a cure creates a strong societal health imperative for
reducing the risk of accidental consumption of an allergen by
food-allergic individuals. One important step toward this goal
is through commercial food allergen labeling, mandated by
legislation such as the 2004 Food Allergen Labeling and
Consumer Protection Act in the U.S. or European Directives
2003/89/EC and 2006/142/EC. Numerous countries such as
China, Canada, the U.S., as well as the European Union require
labeling for products which intentionally contain egg, fish,
milk, peanuts, shellfish, soy, tree nuts, and wheat.2,3 Some
countries extend this list to include other allergens such as
celery, lupin, mustard, sesame, and molluscs. However, these
laws exempt raw agricultural commodity commingling during
harvest, storage, and transport4 and do not apply to accidental
cross-contamination of allergens into unlabeled foods during
manufacturing. While allergen awareness and the implementa-
tion of allergen control plans by food manufacturers has
increased,5,6 so has the use of precautionary allergen labeling
(PAL), which confuses allergic consumers.7−10 Parents and

allergic individuals will often ignore PAL under the assumption
that the risk of allergen contamination in these foods is low
and phrasing-dependent.7−9,11 This emergent risk stratification
by consumers is potentially dangerous and should be
superseded by improved labeling that is more representative
of the actual risk of allergen presence.
To better understand allergen contamination, sensitive and

robust methods are required to quantify allergens in
commercial foods. Targeted liquid chromatography−tandem
mass spectrometry (LC−MS/MS) is an analytical technique
for highly multiplexed analyte detection premised on the
enzymatic digestion of proteins into peptides that are
temporally separated by liquid chromatography prior to
interrogation in a mass spectrometer, often in multiple reaction
monitoring (MRM) mode and ideally using stable isotope
labeled (SIL) peptide analogs spiked into samples prior to
injection (Figure S1A). Numerous recent efforts have
expanded the number of allergens quantified in mass
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spectrometry assays,12−18 but these have largely been limited
to one or a few standard matrices and lack a thorough
investigation of interference as a potential confounding
variable. This is especially worrisome as it is not commonplace
yet in the field to use SIL peptides that aid in defining peptide
retention times and help mitigate matrix effects.
An investigation into interference is critical as food

ingredients each have a unique proteomic profile that, when
combined into a food and modified through processing such as
baking, equate to innumerable potential matrices. Conse-
quently, although MRM transitions are meant to be specific to
the peptide of interest, other molecular species in the matrix
may unpredictably interfere in transition measurement through
coelution and satisfaction of Q1 and Q3 transmission window
resolution constraints.19 This challenge is well-known in the
field of clinical proteomics19,20 and guidelines for MRM assay
development dictate that transitions should be thoroughly
screened for matrix-derived interferences.21 However, this ideal
approach is not feasible for analyses of food, where each matrix
contains a potentially unique interference profile. Here we
describe a computational approach for addressing heteroge-
neous interference derived from diverse food matrices and
apply it to understand patterns of allergen contamination in
commercial foods with and without PAL.

■ EXPERIMENTAL SECTION/MATERIALS AND
METHODS

Sample Preparation. Food products were selected
predominantly from local grocery outlets with preference
toward national brands and those with PAL. For each food, a
100 mg sample encompassing any heterogeneity in food
content was homogenized with a 5 mm stainless steel bead
using the TissueLyser system (Qiagen) in the presence of 1.6
mL of extraction buffer containing 7 M urea, 50 mM
ammonium bicarbonate, and 10 mM dithiothreitol (DTT)
for cysteine reduction. Samples were then centrifuged at
20,000g to separate the aqueous, lipid, and insoluble fractions.
Protein, present in the aqueous fraction, was quantified using
the Pierce 660 nm Protein Assay in microtiter plate format and
then alkylated through the addition of iodoacetamide to a final
concentration of 20 mM and incubated in the dark for 30 min.
Samples were then diluted 1:10 with 50 mM ammonium
bicarbonate to reduce urea concentrations to less than 1 M for
overnight digestion at 37 °C with Trypsin Gold, mass
spectrometry grade (Promega) at a ratio of 1 μg trypsin to
50 μg protein. Pierce LC−MS grade acetonitrile and
sequencing-grade trifluoroacetic acid were then added to
reach final concentrations of 5% and 0.5%, respectively, in
order to quench digestion and retain polar peptides during
subsequent desalting with C18 MacroSpin columns or 96-well
MacroSpin plates (The Nest Group). Desalted samples were
eluted with 120 μL twice and dried via speedvac before being
reconstituted and transferred to Waters TruView LCMS
Certified Clear Glass 12 × 32 mm Screw Neck Total Recovery
autosampler vials such that after SIL peptide addition, targeted
LC−MS/MS injections contained a total peptide mass of 20
μg.
LC−MS/MS Method Development. For each of the 14

selected allergens (almond, brazil nut, cashew, hazelnut,
pistachio, walnut, egg, lupin, milk, mustard, peanut, sesame,
soy, and wheat), we selected numerous tryptic peptides
belonging to two or more clinically recognized allergenic
proteins22 using the Allergen Peptide Browser23 or via shotgun

proteomics of allergen protein extracts (see the Supporting
Information). These shotgun proteomics data are available
through the ProteomeXchange Consortium via the PRIDE24

partner repository and should serve as a resource for the study
of allergens and plant proteomics more broadly. Chosen
peptides were then synthesized, and Skyline25 was used to
select optimal transitions and establish retention times for
synthetic unlabeled peptides and stable isotope labeled (SIL)
analogs, the latter of which contain 15N13C-isotopically labeled
C-terminal lysine or arginine. We then narrowed the list of
candidate peptides with preference for those that lacked
cysteine and methionine, ionized well, formed doubly charged
precursor ions, belonged to multiple isoforms if an allergenic
protein contained such variants, and were distributed along the
elution gradient. We also attempted to avoid peptides sharing
specificity to other species, but this was not possible in every
case (see Supporting Information). The final method
contained 265 transitions belonging to 53 peptides (Table S1).
For quantification, we used external calibrators with internal

standardization by constructing an 8 point calibration curve
from 1 to 500 ppm on a food mass basis using a serial dilution
of target allergen extracts in a wheat matrix and constant
addition of SIL peptides (see the Supporting Information).
Allergen concentrations are therefore presented as ppm of
allergen, for example soy flour; if desired, ppm of allergenic
protein can be calculated using the protein fractions reported
in Table S2. Allergen detection limits in the wheat matrix, as
measured by each allergen’s most sensitive peptide(s), were 5
ppm for 9 allergens, 10 ppm for 1 allergen, and 25 ppm for 3
allergens (Table S1). The median R2 value of all linear
regressions was 0.994. For quantification, the most sensitive
peptide “quantifier” was used for each allergen.

MADIC Algorithm. MADIC is a Python package for
identifying and correcting interference in targeted mass
spectrometry data that may arise from complex and
heterogeneous sample matrices. MADIC accepts data exported
as a Report from open-source software Skyline and thus is
compatible with any common instrument vendor whose data
can be loaded into Skyline. MADIC can be used from the
command line or interactively and contains functionality for
preprocessing, quality control, and interference detection and
correction. The software, along with a visual tutorial and
detailed instructions for installation and use are available on
github: https://github.com/dcroote/madic.
MADIC implements four quality control filters. First, a

transition passes the transition ratio quality control filter if its
ratio is within a user-defined tolerance from its reference
transition ratio as defined by synthetic standard injections. The
tolerance is an adjustable parameter that can be specified in
absolute or relative terms compared to the reference. These
data have been evaluated with an absolute tolerance of 15%.
Second, a transition passes the retention time quality control
filter if its retention time is within a user-defined tolerance
from the retention time of the SIL peptide transitions. As this
tolerance will differ based on chromatographic method and
consistency of elution, this tolerance is also an adjustable
parameter. These data were evaluated with a tolerance of 4.2 s.
Third, a peptide passes a signal-to-noise quality control filter if
its peak intensity within retention time boundaries is greater
than a user-designed multiple of the median background
intensity outside of the retention time boundaries. These data
were evaluated with a signal-to-noise threshold of 3. Fourth, a
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peptide passes the replicate quality control filter if each
replicate passes all of the three aforementioned filters.
Once quality control is performed, MADIC identifies

transitions with interference if they fail the transition ratio
quality control filter while also exceeding a transition ratio
threshold defined by a scaling function that takes into account
the transition’s expected transition ratio. This criterion is
necessary to identify interference even within peptides that
naturally have ratios skewed toward one high intensity
transition. To avoid flagging low intensity noise as interference,
a transition’s area must also exceed an area threshold. As
instruments differ in background intensity and intensity
reporting schemes, these cutoffs are configurable parameters.
These data were evaluated with a ratio of 10 and minimum
area of 2000.

■ RESULTS AND DISCUSSION
Identifying Matrix-Dependent Transition Interfer-

ence. Using our scheduled MRM method to quantify food
allergen contamination, we encountered heterogeneous and
matrix-specific MRM transition interference. For example, as
illustrated in Figure 1, common food ingredients rice, corn, and
wheat each have unique transition interferences that can
inhibit quantification of trace amounts of allergen contami-
nation. Moreover, each instance of interference is unique in
peak intensity, peak width, and product ion affected.
While interference varied significantly by food product, we

observed consistent interference within foods composed of a

dominant ingredient. As shown in Figure 2A, all 12 breads
made with wheat contained wheat-specific interference in the
milk Bos d 9 (α-s1-casein) peptide YLGYLEQLLR, which is
often-targeted in LC−MS/MS allergen detection assays.23

Similarly, we found consistent interference in the peanut Ara h
3 peptide SPDIYNPQAGSLK in all seven corn flours tested
(Figure 2B). Importantly, the challenge of interference is not
unique to our method, instrument, or instrument brand. For
example, matrix-specific interference has previously affected
allergen detection.26 Moreover, as shown in Figure 2C−E,
using our method of interference identification, we found
consistent interference in data from an interlaboratory plasma
protein MRM assay validation study.27 The fact that this study
included transition screening for interference prior to assay
deployment emphasizes the challenge of simply avoiding
interference even under well-controlled conditions with a
single sample matrix.

Computational Approach for Addressing MRM
Interference. We implemented an algorithm-termed
MADIC that identifies interference and enables confident
quantification of allergens from targeted LC−MS/MS data
acquired using a single instrument method and processed with
platform-independent and open source Skyline software.25

Interference detection operates under the assumptions that
interference will dominate the transition ratio and greatly
exceed the intensity of noise surrounding the SIL-defined
peptide retention time window. These aspects are illustrated
using the aforementioned milk peptide YLGYLEQLLR in a

Figure 1. Heterogeneous matrix-specific interference in MRM transitions. (A) Binary heatmap of interference among 147 MRM transitions for
common food ingredients rice (sample 58), corn (sample 68), and wheat (sample A10). (B) Example chromatograms illustrating interferences in
(A). For comparison, synthetic standards depicting expected transition ratios are included on the right. Peak boundaries defined by SIL peptides are
shown as vertical gray lines.
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serial dilution of milk in a wheat matrix. The consistently high
y5 transition area originating from interference skews the
transition ratio at lower milk concentrations and is overcome
only at high milk concentrations (Figure 3A,C−D). Once
interference is identified, the peptide can be excluded from
analysis, avoiding a false positive result. Alternatively, the
affected transition can be selectively excluded, optionally
rescuing the ability to confirm presence of the peptide if the
remaining transitions pass the quality control metrics discussed
below (Figure 3B,E). Importantly, the matrix-specificity of
interference and the selective exclusion of transitions in one
matrix but not others enables a broadly applicable scheduled
MRM method capable of detecting and quantifying allergens in
a variety of foods, each with a unique interference profile.
Due to the complexity of interference in food, quantification

of trace amounts of allergen requires additional quality control
measures in addition to interference detection. Three
established quantitative aspects of an interference-free
chromatogram form the basis of the MADIC implementation:
relative transition area ratios similar to synthetic standards,
coelution of all individual target transitions with respective SIL

transitions, and a distinguished peak relative to the back-
ground. Additionally, the requirement that replicate injections
satisfy each of these previous criteria serves as a fourth quality
control criterion. Chromatograms shown in Figure 3F−H
provide examples of these criteria. This work extends previous
efforts limited to transition ratio and replicate filtering28,29 by
also implementing signal-to-noise and transition retention time
matching criteria and packaging it in freely available, tested,
and documented open-source software.
The computational approach we developed to address

heterogeneous matrix interference offers advantages over
alternative strategies for improving assay selectivity. For
example, in our hands the occasional reduction in interference
using differential mobility spectrometry30 did not outweigh the
loss in signal intensity due to decreased transition dwell times
(Figure S2). Another approach, MRM3, has successfully been
applied to a panel of tree nut allergens,31 but its adoption is
challenged by instrumentation requirements, nonspecific
secondary product ions, manual scheduling windows, and
long dwell times incompatible with a highly multiplexed
method containing SIL peptides. Additionally, while high-
resolution mass spectrometers offer an increased ability to
discriminate between target analytes and interfering ions of
similar mass in complex matrices, these benefits come at the
cost of dynamic range, sensitivity, and measurement variation
compared to MRM.32 Our approach, on the other hand, can be
implemented without additional hardware or modification to
existing MRM data acquisition strategies.

Quantifying Allergen Contamination in Commercial
Foods. We developed a scheduled MRM method on a triple
quadrupole mass spectrometer capable of detecting allergenic
proteins belonging to the following 14 allergens: almond, brazil
nut, cashew, hazelnut, pistachio, walnut, egg, lupin, milk,
mustard, peanut, sesame, soy, and wheat. While we did not
generate incurred samples due to the impossibility of
reproducing the wide variety of processing observed in
commercial foods, we dedicated significant time toward
method development. Optimizations aimed at increasing
recovery and sensitivity included narrowing the scheduling
window duration to 1 min, using Skyline for selection of
collision energies and declustering potentials, increasing the
chromatographic flow rate to narrow peak width without
unduly decreasing points across the peak, modifying the
elution gradient length and shape as well as the distribution of
peptides along the gradient to maximize transition dwell time
(Figure S1B−D), increasing the peptide injection mass (Figure
S1E), performing overnight trypsin digestion (Figure S1F),
maximizing peptide desalting elution volume (Figure S1G),
and optimizing the mass spectrometer cell exit potential
(Figure S1H). Quantification of allergens relied on internal
standardization using SIL peptides spiked into each sample
paired with external calibration based on a serial dilution of
allergens in a wheat matrix (see Materials and Methods and
Supporting Information).
We applied this scheduled MRM method with interference

detection to 84 common food products in order to survey
patterns of allergen contamination (Figure 4). Most foods
belonged to the broad categories of grains, dairy, or snacks.
Overall, we observed 23 instances of contamination. Soy was
the mostly commonly contaminating allergen, followed by tree
nuts, wheat, and milk. Walnut and hazelnut contaminated 1
and 2 products with tree nut PAL, respectively, at
concentrations of 5 ppm or less and were the only two tree

Figure 2. Ubiquity of interference. (A) Overlaid chromatograms
illustrating consistent YLGYLEQLLR y5 transition interference in 12
breads. (B) Overlaid chromatograms illustrating consistent SPDIYN-
PQAGSLK y9 transition interference in 7 corn flours. (C−E)
Examples of peptides exhibiting reproducible MRM interference
across instruments and sites. Data were generated by a large-scale
interlaboratory study27 and interferences were identified using
MADIC. QC samples in the first column of each row provide a
reference for the expected transition ratios. For each set of
chromatograms, identified by site and instrument vendor, between
4 and 25 injections have been overlaid after retention time correction.
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nuts of six found to contaminate any of the products tested,
despite similar or better detection limits for the other tree nuts.
In products without PAL, hazelnut was found in two cookies
(samples 16, 20) and a basil pesto sauce (sample 17) at less
than 5 ppm. Egg was found in one penne pasta product
(sample 55) with PAL at 3 ppm. Lupin, a flowering plant in the
legume family commonly ground into a gluten-free alternative
to wheat flour, was not found in any sample, which is
consistent with its infrequent use in the U.S. Mustard similarly
did not contaminate any product. Within the products
sampled, peanut was the second-most commonly included
allergen in PAL, and, despite being detected in all products
that listed peanut as an ingredient, was not found in any other
products. While this result may relate to our detection limit or
use of a roasted peanut flour as a calibrator (Table S1), low
peanut contamination rates between 0 and 4.4% have been
previously reported in a number of studies across a variety of

food products and geographic locations,33−36 although rates
reported for products with PAL may be higher.33,37

PAL was featured on 58 products and individual labels listed
anywhere from one to six allergens. The phrasing of PAL had
numerous slight variations, but could be grouped into the
following three general categories: “may contain,” “same
facility,” or “same equipment” (Figure 4). Although the
number of products with contamination was small, we did
not find that phrasing had any strong relationship with risk of
contamination. Studies evaluating the contamination of
peanut37 and/or hazelnut,38 with larger numbers of products
similarly concluded that PAL phrasing has little bearing on
actual risk.

Common Patterns of Allergen Contamination. Milk
was found at 32 ppm (sample 49) and 20 ppm (sample 33) in
two snacks containing chocolate chips. The latter, a chocolate
chip cookie, elicited an adverse reaction in a milk-allergic

Figure 3. Transition interference identification and quality control criteria enable high confidence peptide detection. (A) Serial milk dilution in a
wheat matrix highlights interference in the y5 transition of milk peptide YLGYLEQLLR. (B) Same as (A) but excluding the y5 transition. (C)
Transition areas for chromatograms in (A). (D, E) Transition ratios for chromatograms in (A) and (B), respectively. Expected ratios derived from
synthetic standard injections are represented by horizontal lines. (F−H) MADIC avoids false positives with quality control filters. (F) Transitions
do not coelute and individual transition peak retention times (arrows) do not match the SIL peptide peak retention time (vertical dotted line). (G)
Disagreement in transition retention times and transition ratios between duplicate injections. (H) Insufficient signal-to-noise determined by the
ratio of peak apex within the SIL peptide-defined peak boundaries (red line) to median background outside of the peak boundaries (blue line).
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individual (private correspondence) and a second, independ-
ent package of the same product had nearly identical levels of
contamination (23 ppm milk, sample 65). Interestingly, we
found no evidence of milk contamination in a fudge cookie
(sample 62) from the same manufacturer, which highlights the
challenge that allergic consumers face in finding a trustworthy
brand.
Another pattern we observed was the contamination of

grains into other grain-based products. For example, we
detected wheat in a corn flour (sample 71), barley flour
(sample A8), oat flour (sample A12), and rye flour (sample
A15). Soy contaminated grain-based products even more
frequently. Soy was found in one gluten-free pasta (sample 53)
at 6 ppm as well as in numerous corn flours and breads, some
with PAL and some without. Specifically, we found 20 ppm or
less of soy in the crumb (inner portion) of two breads with
PAL and four breads without PAL. In only two of these

contaminated breads were we also able to detect soy in the
bread crust (Figure 5A). The fact that each pair of crumb and
crust originated from the same dough enables this discrepancy
to be attributed to temperature- and moisture-dependent
effects of baking, which lowered extractable protein (Figure
S3A) and reduced peptide intensity in a sample-dependent
manner (Figure S3B). Soy was also found to contaminate corn
flours. Among the seven corn flours tested, three were found to
contain soy, and of these, two contained PAL (Figure 4). Two
of the corn flours contained 30 ppm soy or more and a second
package of sample 59 contained similar levels of soy
contamination (45 ppm, sample 66).
We extended our analysis of soy presence to a subset of

products that distinctly were labeled as containing soy but
where soybean oil and/or the emulsifier soy lecithin were the
only soy-contributing ingredients. We found variable amounts
of soy in 23 of 30 unique products belonging to this category

Figure 4. Allergen contamination in 84 unique commercial foods with and without PAL. Samples have been grouped by general category and are
labeled with a description and sample ID. Values represent ppm food allergen, for example soy flour, except wheat, for which contamination is
illustrated with an “X” due to the use of wheat as the calibration matrix. GF = gluten free. Almond, brazil nut, cashew, hazelnut, pistachio, and
walnut have been aggregated as “Tree nuts”. Lupin and mustard have been omitted for visualization purposes as neither contaminated any products.
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of food (Figure 5B), which was surprising as allergenic soy
protein is unlikely to originate from either soybean oil or soy
lecithin. In fact, soybean oil, which is a highly refined oil, is
exempt from allergen labeling requirements due to its
negligible protein content.39−41 Soy lecithin, on the other
hand, has been shown to sometimes contain small amounts of
allergenic protein41−43 and, in agreement, we found soy
protein only in 1 of 3 soy lecithin products tested (Figure 4).
Taking into account the small contribution of soy lecithin by
mass to foods, the amount of soy protein contributed by soy
lecithin is generally considered insufficient to elicit a reaction
in allergic individuals44,45 and some clinicians even suggest that
allergic individuals ignore soy lecithin on labels.46

Clinical Reactivity and Allergen Origins. To assess
whether the measured soy concentrations in breads, corn
flours, and products with soy lecithin and/or soybean oil could
be clinically reactive, we first calculated the amount of allergen
that would be consumed under the assumption of a 50 g food
serving. Next, we compared these amounts with predicted
population eliciting dose (ED) values compiled from statistical
modeling of oral food challenge data. For example, ED05
represents the dose predicted to elicit a response in 5% of
the population. The Voluntary Incidental Trace Allergen
Labeling (VITAL) initiative has recommended a reference
dose (RD) for most major allergens and for soy is 1 mg based
on the lower 95% confidence interval of the ED05.

47,48 On the
basis of this threshold, the amounts of soy ingested from
contaminated breads and corn flours would be unreactive
(Figure 5A). For products with soy lecithin and/or soybean
oil, on the other hand, seven were above the RD, one of which

exceeded even the estimated ED10 (Figure 5B).
49 While these

results should be confirmed with larger numbers of products,
the practice of ignoring PAL when products contain only soy
lecithin and/or soybean oil is potentially dangerous for
individuals with a severe soy allergy.
For all products, we have only tested the final output of an

increasingly complex globalized process involving myriad
combinations of sourcing, transport, storage, manufacturing,
and packaging steps. Consequently, while it is unknown how
or when allergen introduction may have occurred, there are
potential explanations for the patterns of contamination we
observed. For example, milk often contaminates choco-
late,50−52 which may be unsurprising given the difficulty of
cleaning shared equipment used to produce both dark and milk
chocolate. Cross-contamination of grains, on the other hand,
can occur through the standard practice of agricultural
comingling, which features shared use of harvesting, transport,
and storage equipment. Historical precedent has exempted this
type of contamination from labeling requirements, but
contamination is common. One study reported soy contam-
ination in 62.8% of wheat flours,4 a striking finding that, when
considered with the common use of wheat in bakery products
and snacks, may explain our soy lecithin findings as well as
findings by the United States Food and Drug Administration in
which nearly 25% and 11% of products within these categories
were contaminated with soy, respectively.53 Issues with
comingling are not restricted to soy; one study found 88% of
Canadian oat samples contained above 20 ppm of wheat
gluten,54 while others reported dramatically variable contam-
ination frequencies depending on geographical location, food

Figure 5. Soy contamination levels in commercial foods relative to the VITAL reference dose (RD) and ED10 threshold. The 95% CI of the ED10
has been shaded. Conversion from ppm soy for each food was made assuming a 50 g serving size. Pairs of samples marked with an asterisk are
separate packages of the same product. (A) Soy contamination in breads and corn flours. Bread A/B designation refers to the crumb (inner) or
crust (outer) portion of the bread, respectively. (B) Quantity of soy in 32 products that are labeled as containing soy, but where soy lecithin and/or
soybean oil are the only soy-contributing ingredients. Gray bars indicate the presence of only soy lecithin, while black bars indicate the presence of
soy lecithin and soybean oil.
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category, and presence of specific labeling such as “gluten-
free”.55

While the prevalence of contamination may be concerning,
the quantity of allergen must be considered with respect to
predicted eliciting doses. For soy, our results and those of the
aforementioned studies suggest that few products are predicted
to elicit reactions. On the other hand, quantities of wheat
gluten exceeding the “gluten-free” 20 ppm threshold have been
found frequently in grains but less commonly among products
explicitly labeled gluten-free.55−57 The patterns of contami-
nation discussed here are likely a subset of allergen and food
category combinations that represent high-risk scenarios. For
these scenarios there is an outstanding opportunity for more
rigorous testing along the supply chain and for labeling that is
more informative than the unregulated, ubiquitous, and
unhelpful PAL currently featured on commercial food
products.

■ CONCLUSIONS
Through a survey of commercial foods, we have highlighted
how a single multiplexed scheduled MRM method can
overcome complex matrix interference and capture trends in
allergen contamination such as milk in chocolate-containing
products, soy in breads and flours, wheat in grains, and variable
soy content in products with soy lecithin. Although our sample
size was small relative to the product market, we found an
overall low incidence of contamination and generally low
amounts of allergen when contamination was found. To
improve communication of actual risk to the allergic consumer,
better characterizing scenarios that present high risks of
contamination using a modality such as LC−MS/MS should
be part of a comprehensive approach involving PAL stand-
ardization,58,59 incentives to avoid contamination,60 and the
adoption of allergen reference doses by regulatory agencies
that would reduce manufacturer uncertainty.10,47,48

Data Availability. Shotgun proteomics data have been
deposited to the ProteomeXchange Consortium via the
PRIDE24 partner repository with the data set identifier
PXD007688 (http://dx.doi.org/10.6019/PXD007688). Code
and examples for matrix-dependent interference correction are
available on Github: https://github.com/dcroote/madic.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
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Experimental Methods 

 

Shotgun proteomics 

The following pure allergens were prepared as described in the main Materials and Methods section and 

subjected to shotgun proteomics: raw almonds, raw brazil nuts, raw cashews, celery seeds, National 

Institute of Standards and Technology (NIST) RM 8445 (spray-dried whole egg for allergen detection), 

raw hazelnuts, lupin flour, NIST SRM 1549a (whole milk powder), mustard seeds, peanut flour (partially 

defatted 12% fat light roast, kindly provided by Golden Peanut and Tree Nuts), raw pecans, raw 

pistachios, sesame seeds, soy flour, raw walnuts, whole wheat flour, barley flour, buckwheat flour, wheat 

gluten flour, oat flour, and rye flour. The inclusion of barley, oat, buckwheat, and rye was based on our 

initial desire to build a method that targeted gluten peptides in addition to peptides derived from allergenic 

proteins, but we found few sufficiently sensitive tryptic peptides, likely due to the absence of alcohol in our 

extraction solvent that preferentially solubilizes glutens.1–3 Shotgun proteomics data were acquired on an 

Orbitrap Elite using data dependent acquisition. The top 15 most intense multiply charged precursor ions 

were initially scanned in the orbitrap at a resolution of 60,000 or 120,000 with a target ion population of 

750,000 and a maximum injection time of 120 ms. Precursor ions above a signal threshold of 500 were 

fragmented with a normalized collision energy of 35% and subsequently dynamically excluded for a 

duration of 60s. The automatic gain control target in the ion trap was 104 with a max inject time 25 ms. 

Chromatographic separation was achieved using either a ThermoFisher EasyNano LC1000 or a Waters 

NanoAcquity with 20 cm columns pulled and packed in house with Dr. Maisch ReproSil Pur 2.4 μm C18 

matrix. The gradient was linear from 4% to 40% mobile phase B over either 80 min or 120 min at a flow 

rate of either 300 nL/min (EasyNano LC1000) or 450 nL/min (Waters nanoAcquity). Peptide identification 

was performed using the Byonic (Protein Metrics) bottom-up search engine run with a 1% protein FDR 

cutoff, maximum of two missed cleavages, and carbamidomethyl cysteine (from iodoacetamide alkylation) 

as the only fixed modification. The fasta files used as database search input were composed of common 

contaminants as well as all available proteins of the given species from the NCBI protein database and 

totaled in size from 86 to tens of thousands of proteins. The small number of available proteins for some 

species would normally pose a problem for discovery experiments aiming to identify large number of 

proteins due to a high false discovery rate; however, our use case of screening specific allergenic 

proteins for desirable peptide targets is less affected. For large-scale identification, the addition of 

proteins belonging to phylogenetically similar organisms is one potential solution.  

 

Targeted LC-MS/MS 

Data were generated on an AB Sciex QTRAP 6500+ in positive ion mode operated with the following 

optimized source parameters: CUR: 25, GS1: 50, GS2: 55, IS: 5500, EP: 10, CXP: 20, and temperature: 

400°C. Q1 and Q3 resolutions were set to unit, MRM target cycle time was set to 1.2 s and the MRM 

detection window was set to 60 s (encompassing 30 s before and after the expected peptide retention 

time). Values for transition declustering potential and collision energy were provided by Skyline (Table 

S3). Reverse phase liquid chromatographic separation of 5 µL sample injections was accomplished with a 

Waters Acquity UPLC and Acquity UPLC Peptide CSH C18 column (130 Å pore size, 1.7 µm particles, 

2.1 mm ID, 150 mm length) operated at 35°C and a flow rate of 0.250 mL/min. An Acquity UPLC Peptide 

CSH C18 VanGuard pre-column (130 Å pore size, 1.7 µm particles, 2.1 mm ID, 5 mm length) was used to 

extend the lifespan of the column and was exchanged when column pressures began to rise. Water with 

0.1% formic acid and acetonitrile with 0.1% formic acid were used as mobile phases for the 30 min 

gradient consisting of two linear segments spanning 7-30% acetonitrile as well as wash and re-

equilibration steps (Table S4). Samples were injected in duplicate with at least two water blanks in 

between samples. 
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Method development 

Although we attempted to exclude peptides sharing specificity to other food species based on aggregated 

sequence repository data,4 this informatic approach cannot guarantee specificity due to the inherent 

incompleteness of such databases and the homology of some allergens across multiple species. For 

example, the selected almond peptides are nonspecific with regard to peach, however the latter is 

unlikely to be a contaminating ingredient in most processed foods and any positive results can be 

assessed within this context of nonspecificity. Furthermore, after completing method development we 

found two nonspecific peptides: sesame Ses i 6 peptide SPLAGYTSVIR was found in pecan, while 

pistachio Pis v 2 peptide VTSINALNLPILR was found in cashew (Figure S4). Unsurprisingly, both pecan 

and cashew are poorly represented in protein databases such as UniProt, indicating that allergen 

detection method specificity validation using a variety of foods and allergens will likely remain a necessity 

for the near future. Note that it was later observed that the latter nonspecificity had been listed in a 

supplementary table of a tree nut investigation5, evidence that the field could benefit from the practice of 

mass spectrometry data submission to public repositories. Table S1 contains the final set of peptides 

included in the method. 

 

Pecan protein Car i 1 peptides QCCQQLSQMEEQCQCEGLR and GEEMEEMVQCASDLPK were 

included in the scheduled MRM method, but ultimately excluded from analysis due to the degradation of 

the SIL peptide internal standard and low sensitivity. These peptides were originally chosen because they 

were two of the few peptides that are specific to pecan Car i 1;4 alternatively in the future it may be 

worthwhile assessing peptides specific to multiple tree nuts e.g. SGGYDEDNQR (shares specificity with 

walnut) in order to find more sensitive pecan peptide targets. One of the three egg Gal d 4 peptides, 

NTDGSTDYGILQINSR, was excluded for similar sensitivity reasons. Also included in our method was 

one peptide, WLQLSAER, that we considered could be useful as a multiple tree nut marker because it is 

specific to hazelnut, pecan, pistachio, and walnut, but we found it also shares specificity with potato and 

was therefore excluded from analysis. Hydrophobic milk peptides YLGYLEQLLR and FFVAPFPEVFGK 

exhibited carryover into water blanks and subsequent samples following a sample containing high 

amounts of milk and in such instances were excluded from analysis. Having redundancy through the 

additional milk Bos d 9 peptide HQGLPQEVLNENLLR enabled the quantification of milk even when 

ignoring these peptides in the cases of carryover.  

 

Figure S1B shows how the gradient length and retention time window affect the number of concurrent 

method transitions, where higher values corresponds to lower transition dwell times according to the 

formula 𝑑𝑡  =  
𝑐 − 𝑝𝑛𝑡

𝑛𝑡
, where c is the cycle time, p is the pause time between transitions, and nt is the 

number of transitions at time t. We chose a conventional 5 ms pause time and a cycle time of 1.2 s given 

a 14.4 s median peak width so that at least 10 points per peak were sampled. Compared to an 11 min 

elution (wash and reequilibration excluded) with 120 s scheduled retention time windows, a 24 min elution 

with 60 s scheduled retention time windows achieves an eight-fold greater median transition dwell time 

(Figure S1C) and was consequently chosen for the final method (Figure S1D). 

 

Data analysis, quantification, and statistics 

Data were acquired with Analyst 1.6.3 and processed with Skyline v4.2. Peak boundaries were chosen by 

Skyline and manually adjusted if necessary to align with SIL peptide transition boundaries. Reports and 

chromatograms exported from Skyline were processed and analyzed in Python using MADIC and the 

numpy, scipy, pandas, matplotlib, jupyter, and seaborn software packages. A Savitsky-Golay filter was 

applied to smooth raw chromatograms. 
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To quantify allergen contamination in commercial foods, a peptide calibration curve was constructed 

using an allergen extract mixture and wheat flour matrix. Wheat was chosen as a background because of 

its ubiquity in food and its moderate, representative protein content. Note the choice of wheat as a 

background therefore restricts the method to detecting instead of also quantifying wheat in an unknown 

sample. An initial mixture of 19 allergen extracts was generated by combining equal extract masses of the 

14 target allergens plus barley flour, oat flour, rye flour, raw pecans and celery seeds (Table S2). An 8 

point calibration corresponding to 1, 5, 10, 25, 50, 100, 250, and 500 ppm was then constructed by serial 

dilution of this mixture into the wheat matrix, following which a constant amount of SIL peptide mix was 

added. Detection limits for each peptide were established based on the four stringent peptide filtering 

criteria previously described: signal-to-noise, replicate agreement, expected relative transition ratios, and 

target transition retention time agreement with SIL peptide retention time. The ratio of native to SIL 

peptide transition areas for the top two transitions formed the basis for quantification of each peptide 

within Skyline. For points above each peptide’s detection limit, a linear regression was constructed in 

Skyline using a 1/x weighting to prioritize accurate quantification of low ppm allergen contamination. For 

an unknown sample, ppm values were interpolated from this calibration curve and then multiplied by the 

ratio of measured protein extract concentration from the sample (Table S2) to measured protein extract 

concentration from the wheat calibration matrix, which was necessary to correct for the normalized total 

peptide injection mass of 20 µg used for all samples and to report ppm on a food, rather than protein, 

basis. As each sample was injected in duplicate, the final ppm value is given as the mean of these two 

values. For the large majority of allergic individuals, the limits of detection we have demonstrated are 

sufficiently sensitive to detect reactive allergen quantities. However, depending on the food serving size 

and allergen, an estimated 1-5% of allergic individuals who can react to 0.5 mg or less of allergenic 

protein6 may fall below these limits of detection. 

 

Soy lecithin samples 

We examined the soy protein content of three soy lecithin powders (sample 73-75) by adding 10% soy 

lecithin powder by mass, a much higher percentage normally found in foods, to a wheat flour carrier. Soy 

was found in only one sample (sample 74), which was the only one to contain PAL. After adjusting for the 

10% mass fraction of lecithin, the calculated soy concentration in this sample was over 2000 ppm. 
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Figure S1. Assay design and optimization. (A) Assay overview. (B) Number of concurrent transitions for 

11 min and 24 min elutions with 60 s or 120 s scheduled retention time windows. (C) Violin plots of 

median dwell times for all 265 transitions partitioned by method configuration in (B). (D) Final 30 min 

method with a 24 min elution and 60 s scheduled retention time windows for 53 peptides. (E) Increasing 

total peptide mass injected via higher reconstitution concentration increases transition intensity as well as 

signal to noise. (F) Tryptic digestion time course of a cookie (sample 25) containing wheat and soy. At 

each time point, an aliquot from the ongoing digest was acidified and stored at -20°C. All aliquots were 

subsequently desalted in parallel using a C18 spin plate. (G) Evaluation of peptide recovery as a function 

of C18 desalting elution volume spanning the manufacturer’s recommended range using Pierce Retention 

Time Calibration peptides at a final concentration of 50 fmol / µL in a carrier of bovine serum albumin 

tryptic peptides. To maximize recovery, listed volumes correspond to two rounds of elution with that 

volume. Recovery was improved with larger elution volumes in a hydrophobicity-dependent manner with 

the exception of LSSEAPALFQFDLK. (H) Increasing the cell exit potential (CXP) from 11 to 20 increased 

peptide area for the native (light) and SIL (heavy) versions of 13 / 14 randomly selected peptides.   
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Figure S2. Tradeoff between signal intensity and interference reduction with the use of differential 

mobility spectrometry (DMS). DMS compensation voltages for each peptide were optimized using Skyline 

and three iterative injections of synthetic standards progressing from a ‘rough tune’ to ‘fine tune.’ No 

modifier solvent was used. (A) Lupin peptide LAIPINNPGK exhibits consistent off-peak wheat matrix 

interference in one transition (arrows) without DMS that is eliminated when using DMS at the cost of 

signal intensity. (B) Chromatograms for milk peptide HQGLPQEVLNENLLR featuring a shared y-axis 

scale between DMS and no-DMS conditions illustrate the loss in signal intensity from DMS. 

 

 

 

 

 

 
 

Figure S3. Effects of thermal processing on paired crumb and crust samples from breads. (A) Protein 

concentration in paired bread extracts, *** p < 0.001, paired sample t-test, n=12 breads, error bars = sd. 

(B) Heatmap illustrating fraction of SIL-normalized peptide area measured in the crust relative to the 

crumb for wheat Tri a 26 peptide LEGSDALSTR (LEG) and Tri a 36 peptides TLPTMCR (TLP) and 

VFLQQQCSPVAMPQSLAR (VFL).  
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Figure S4. Nonspecific peptides. (A) Sesame Ses i 6 peptide SPLAGYTSVIR is found in both sesame 

seeds (left; (sample A2)) and raw pecans (right; (sample A11)). (B) Pistachio Pis v 2 peptide 

VTSINALNLPILR is found in raw pistachios (left; (sample A9)) and raw cashews (right; (sample A3)). 
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