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Abstract

Food authenticity and safety are major public concerns due to the

increasing number of food fraud cases. Meat fraud is an economically

motivated practice of covertly replacing one type of meat with a cheaper

Training Set 15

seconds Lggso

alternative, raising health, safety, and ethical concerns for consumers.
Predict
In this study, we implement the MasSpec Pen technology for rapid and

direct meat analysis and authentication. The MasSpec Pen is an easy- Test Set
to-use handheld device connected to a mass spectrometer that employs a solvent droplet for gentle chemical analysis
of samples. Here, MasSpec Pen analysis was performed directly on several meat types including grain-fed beef,
grass-fed beef, venison, cod, halibut, Atlantic salmon, sockeye salmon, and steelhead trout, with a total analysis
time of 15 seconds per sample. Statistical models developed with the Lasso method using a training set of samples
yielded per-sample accuracies of 95% for the beef model, 100% for the beef versus venison model, and 84% for
the multiclass fish model. Metabolic predictors of meat type selected included several metabolites previously
described reported in the skeletal muscles of animals, including carnosine, anserine, succinic acid, xanthine and
taurine. When testing the models on independent test sets of samples, per-sample accuracies of 100% were achieved
for all models, demonstrating the robustness of our method for unadulterated meat authentication. MasSpec Pen
feasibility testing for classifying venison and grass-fed beef samples adulterated with grain-fed beef achieved per-
sample prediction accuracies of 100% for both classifiers using test sets of samples. Altogether, the results obtained
in this study provide compelling evidence that the MasSpec Pen technology is as a promising alternative analytical

method for the investigation of meat fraud.



Introduction

Food fraud is an increasing public health and commercial concern for consumers and vendors. Currently, food fraud
costs the global food industry between an estimated $10 billion and $15 billion per year.® The 2013 European
horse meat scandal, for example, caught international attention of consumers by revealing that meat products labeled
as beef contained as high as 80-100% horse meat.>* Thus occurrence led many countries to examine their own meat
and food fraud policies to advance prevention of this crime.® The most common method for meat fraud is
replacement, which involves the complete or partial substitution of a meat product with a less expensive adulterant,
such as replacing beef for horse meat.*% * ¢ The substitution can be made by replacing the whole meat product,
such as a steak or fish fillet, or by incorporating the adulterant into a ground meat product at a certain percentage.™
268 | addition to the economic and criminal effects of this practice, meat fraud also affects consumers with meat
allergies or other dietary, religious and cultural restrictions, while also representing an ethical violation of the trust
of the costumers.

Physical and molecular evaluation of meat products is routinely performed to verify its authenticity and
assure product quality before reaching the costumer. For example, in the United States, meat products from farms
are continuously inspected by the United States Department of Agriculture (USDA) Food Safety and Inspection
Service (FSIS) for authenticity and quality both before (ante mortem) and after (post-mortem) slaughter. For
instance, meat will be inspected ante mortem for disease, illness, injury, identification, etc., and inspected post-
mortem for incidental or purposeful cross contamination, identification, bacterial growth, etc. Following visual
inspection, randomly chosen meat products undergo speciation and hormone tests before reaching the consumer in
a FSIS facility to detect the type(s) of meat and hormones present in a product.* Polymerase chain reaction (PCR)
and liquid chromatography mass spectrometry (LC-MS) are the most commonly used techniques for meat
authentication. In PCR assays, accuracies from 96% to 100% are reported for the identification of a variety of meat
types.®*2 PCR assays require targeted molecular probes for testing of the DNA material extracted from the meat
product, and can often take four hours to several days to yield a result.® X* Mass spectrometry methods have been
increasingly employed as a faster alternative test for meat speciation.? ® LC-MS techniques are commonly used to
identify meat type based on quantitative analysis of lipids and proteins that are characteristic of each meat type.

Detection limits below 3% in terms of partial substitution limits have been reported using LC-MS, in a time frame
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normally ranging from three hours to two days for completion, depending on the sample preparation methods used.
1314 |_C-MS is also frequently used to identify the nature of the contaminants present in the meat, or food products.?
615 For example, LC-MS has been used to detect adulterants that are added to a meat product for financial gain,
such as soybean protein added to beef or chicken in pork meat.? ® 14 1° Although LC-MS assays allow faster analysis
when compared to PCR, the time required for sample preparation steps and chromatographic separation hinders its
use for direct, real-time analysis of food products.® " Moreover, PCR and LC-MS instrumentation is complex and
often done off-site at a FSIS facility, thus requiring time for sampling, transportation to the analysis site, and storage.

Several ambient ionization MS techniques have been explored as methods for direct and on-site food
analysis, including analysis of meat products in an effort to expedite and improve accessibility to fraud testing.'’2
Liquid extraction surface analysis MS (LESA-MS), for example, has been explored for meat authentication based
on proteomic analysis a sample digest from various raw, cooked, and processed meat products, followed by analysis
using nanoESI.%% Using this approach, M. Montowska and coworkers reported a predictive variation of 94.9%
using orthogonal partial least squares discriminant analysis in the identification of cooked horse, pork, turkey,
chicken, and beef (n=50) using peptide biomarkers. This study also reported partial substitution limits of detection

of 10% for pork, horse, and turkey and 5% for chicken in beef matrices (n=50).2

Rapid evaporative ionization MS
(REIMS) has also been explored for meat authentication. In REMS, a handheld electrocautery device is directly
used to thermally ablate the meat sample, leading to the formation of an aerosol that is transported to a mass
spectrometer for lipidomic analysis.”3? REIMS was used to analyze a wide range of meat samples, including beef,
horse, venison, and various fish species in multiple studies.®** One of these studies by J. Balog, et al., yielded high
prediction accuracies of 100% for horse and beef and 97% prediction accuracy at the breed level (n=20) using leave-
one-animal-out-cross validation, as well as 5% detection limit for mixed samples of Wagyu beef and horse meat
mixed into venison and grain-fed beef meat, of beef, venison, and horse meat, and of all four meats.**

Here, we explore the use of the MasSpec Pen technology as an alternative approach for rapid and direct
meat authentication of unadulterated and adulterated meat samples.*** The MasSpec Pen is a handheld device
coupled to a mass spectrometer that enables direct sample analysis based on a gentle liquid-extraction process.

Upon contacting the device onto a sample surface and pressing a foot pedal, a syringe pump delivers a discrete

solvent droplet to a reservoir at the pen tip, where it is held in contact with the sample for 3 seconds. The solvent
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gently extracts molecules such as small metabolites and lipids from the sample into the droplet, which is then
transported through polytetrafluorethylene (PTFE) tubing to the mass spectrometer for analysis. The entire process
from contact to analysis is completed in seconds.*® Notably, the gentle nature of the liquid-extraction process allows
molecular analysis without apparent damage to the sample surface. We have previously shown that the molecular
data acquired using the MasSpec Pen in conjunction with statistical modeling via the lasso method allows
discrimination of normal and cancerous human tissues with overall accuracies over 96%.%% Here, we show that
the MasSpec Pen allows effective molecular analysis of various meat samples, enabling meat authentication in

seconds.

Materials and Method

Samples. Meat samples of grain-fed beef (n=13), grass-fed beef (n=13), pork (n=5), chicken (n=5), lamb (n=5),
venison (n=13), cod (n=13), halibut (n=13), Atlantic salmon (n=14), sockeye salmon (n=13), and steelhead trout
(n=13) were obtained from local grocery stores (Austin, TX) and stored at 4°C until analysis. Each meat sample (or
biological replicate) was from a different animal. Only samples that were verified as being regulated by the USDA
were purchased. Mixed meat samples containing either grain-fed beef and venison (n=31) or grain-fed and grass-
fed beef (n=31) were made in the laboratory using pure meat products that were ground together at different ratios
(0, 25, 50, 75, and 100%) using a meat grinder. Samples were processed through the grinder at least three times to
yield a uniform distribution of each product and were stored at 4°C until analysis. Prior to MasSpec Pen analysis,
all samples were brought to room temperature and any excess moisture on meat samples was removed with a
Kimwipe.

MasSpec Pen Analysis. The MasSpec Pen design and experimental setup have been previously described in
detail > Polydimethylsiloxane pen tips with a 4 mm reservoir diameter and a solvent droplet volume of 20 pL were
used for all experiments. Various solvent systems (water, methanol:water blends, and
acetonitrile:dimethylformamide (ACN:DMF) blends), extraction times (3, 5 and 10 seconds), and PTFE tubing
lengths (0.5, 0.75, 1.0, and 1.5 m) were tested. Between analyses, a wash step was performed where the pen system
was flushed with the solvent system. Tubing and pen tips were changed between meat types. For quality control, a

background analysis was performed at the beginning and between analyses to monitor and minimize carryover. The
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MasSpec Pen was coupled to a Q Exactive Hybrid Quadrupole-Orbitrap and to a Q Exactive HF Hybrid
Quadrupole-Orbitrap mass spectrometer (Thermo Scientific, San Jose, CA) for analysis of the meat samples at
ambient conditions. All analyses were conducted in the negative ion mode with a mass range of m/z 50-600 and
140,000 resolving power (at m/z 200). Eight or nine analytical replicates were acquired for each biological replicates
of each meat type, by performing MasSpec Pen analysis of different regions of the meat piece. For each mixed meat
sample, three to five analytical replicates were analyzed depending on the size of the sample. Test set samples were
analyzed separately two months apart from the training set of samples and treated as an independent sample set.
lons were tentatively identified based on high mass accuracy measurements (mass error <5 ppm) and higher energy
collision induced dissociation (HCD) tandem MS analyses (Supplemental Figure 3).

Statistical Analysis. Following analysis with the MasSpec Pen, three scans were averaged for each analytical
replicate. The resulting mass spectrum was extracted from the XCalibur raw data. The relative standard deviation
(RSD) of the method was calculated using the average and standard deviation of ratios of biological ions detected
in the mass spectra for each meat type in the optimization study. For further statistical analysis, data were imported
into the R programming language. All mass spectra were normalized according to total ion count. Following
normalization, all background peaks and peaks not present in at least 10% of samples were excluded. Cosine
statistical analysis was performed using the las package in R. Principal component analysis (PCA) was performed
by centering the preprocessed data to mean zero and computing principal components in R. Lasso was applied to
developed classification models using the glmnet package in the R language. Lasso is a logistic regression technigque
that selects a sparse set of features, specifically m/z values, to create a predictive model, or classifier, capable of
discriminating between two or more classes, or in this case different meat types.*” A training set of MasSpec Pen
data was used to build each classifier using leave-one-out cross validation (Supplemental Figure 2). The test set
of independent samples was used to evaluate the performance of the classification models. Performance of the

classification models was measured by recall for each meat type and by an overall accuracy for each classifier.

Results and Discussion

Optimization of the MasSpec Pen for meat analysis



We optimized the MasSpec Pen solvent system, extraction time, and tubing length to enable molecular analysis of
meat samples. Solvent systems of water, methanol:water blends, and acetonitrile:dimethylformamide (ACN:DMF)
were tested by analyzing grain-fed beef, pork, chicken, and lamb and evaluating the diversity of molecular species
detected as well as the reproducibility of the mass spectra. Six biological replicates for each meat type and nine
analytical replicates per sample were performed. Note that all the solvent systems tested were nondestructive to the
meat tissue, thus allowing repeated analyses of the same sampling spot, if desired. Within the solvents tested, pure
water and a mixture of ACN:DMF (1:1) solvents yielded rich mass spectra profiles characterized by a variety of
metabolites and fatty acids. For example, the chlorine adduct of hexose (m/z 215.031, [M+CI]"), deprotonated
carnosine (m/z 225.098), amino acids including deprotonated methylhistidine (m/z 168.076) and deprotonated
glutamine (m/z 145.060) and fatty acids such as deprotonated FA 18:2 (m/z 279.232) and FA 20:4 (m/z 339.200)
were observed in the mass spectra obtained with both solvents at high relative abundance. Although complex lipids
are commonly observed with the MasSpec Pen in tissue analysis, the m/z range for analysis of meat products was
restricted to m/z 600 to focus on the analysis of the detection of small metabolite species. Generally, we observed
that ACN:DMF (1:1) allowed detection of a richer diversity of molecular species, with species such as deprotonated
galactitol (m/z 181.070), deprotonated taurine (m/z 124.006), and deprotonated inosine (m/z 267.073) detected using
ACN:DMF, but undetected with water. Additionally, ACN:DMF yielded higher reproducibility (RSD of 15% +
4%, n=6 for each meat type) when compared to what achieved with water (RSD of 34% + 7% for mass spectra of
all meat types, n=6 for each meat type) (Supplemental Figure 1). Thus, ACN:DMF (1:1) was used as the solvent
system for the remaining experiments performed.

Next, we optimized the MasSpec Pen extraction time by varying the time (3, 5 and 10 seconds) that the pen
and the solvent droplet was in contact with grain-fed beef samples. To compare the mass spectra between varying
extraction times, a cosine similarity analysis was performed. As previously reported in experiments with human
tissues,* reproducible mass spectral profiles were obtained for the different extraction times explored, yielding an
average cosine value of 0.985 + 0.0.009. An extraction time of 3 seconds was selected for the analyses to expedite
total analysis time per sample. Lastly, different PFTE tubing lengths (0.5, 0.75, 1.0. and 1.5 m) were also tested.
The mass spectra obtained of grain-fed beef samples using 0.5, 0.75, 1.0. and 1.5 m tubing lengths, resulted in an

average cosine value of 0.97 £+ 0.02, and shows that the mass spectra profiles are nearly independent of tubing
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length, which also corroborates previous findings®. Thus, the shortest tubing length of 0.5 m was used for all
following analyses to conserve PTFE tubing material and expedite analysis time per sample. Using 0.5 m PFTE
tubing length, droplet transport from the pen tip to the mass spectrometer was completed in 2 seconds. At the
optimized conditions, each analysis was performed with ACN:DMF (1:1) solvent, 3 seconds of extraction time, 0.5
m PFTE tubing, for a total analysis time of ~15 seconds per sample, which is faster than PCR and LC-MS, the

current gold standard methods.?®#

Pilot study of MasSpec Pen meat speciation

We then performed a preliminary study to determine if the molecular profiles obtained with the MasSpec Pen were
capable of distinguishing visually distinctive meat types, including grain-fed beef, pork, chicken, and lamb (five
biological replicates per meat type, four analytical replicates per sample). As expected, different mass spectral
profiles were obtained from the MasSpec Pen analysis of each meat type (Figure 1a). Deprotonated carnosine (m/z
225.099), for example, was detected in all meat types with high abundances in beef and pork, which was previously
detected in various meat types using LC-MS.% Deprotonated anserine (m/z 239.115) and deprotonated succinic
acid (m/z 117.018) were detected in beef, lamb, and chicken. Furthermore, deprotonated xanthine (m/z 151.025)
was detected in chicken and beef at a higher abundance when compared to lamb and pork, while deprotonated
taurine (m/z 124.006) was detected in relatively high abundance in all meat types. These molecules were previously
detected using LC-MS in various meat types.*>** Using PCA, separation between the data obtained from the four
meat types evaluated was achieved (Figure 1b), thus confirming that the molecular information obtained using

from MasSpec Pen analysis is distinct between meat types.

Developing beef and venison authentication models using the MasSpec Pen.

We next used the MasSpec Pen to analyze commonly substituted meat products. One set of commonly substituted
meat products are grain-fed beef and grass-fed beef, which are the same meat species with different feeding habits.
Typically, grass-fed beef is the more expensive of the two, thus grain-fed beef can be mislabeled as grass-fed for a

t.42

larger profit.** Another set of commonly substituted meat products are grain-fed beef and venison, which is also



performed for financial gain. For each meat type, ten raw samples were analyzed with at least eight analytical
replicates per sample, yielding 254 spectra from the 30 meat samples.

Representative mass spectra are shown in Figure 2a for a sample of grain-fed beef, grass-fed beef, and
venison. Qualitative differences in the relative abundances of several metabolic species previously reported in the
skeletal muscles of animals can be seen when comparing the mass spectra obtained. For example, deprotonated
carnosine (m/z 225.099), previously reported in skeletal muscles of beef and chicken using LC-MS, was detected
at a high relative abundance in both beef profiles when compared to venison.®3 Additionally, deprotonated malic
acid (m/z 133.013) and deprotonated anserine (m/z 239.115) are at an increased relative abundance in grain-fed beef
when compared to venison and grass-fed beef. Moreover, a higher relative abundances of deprotonated xanthine
(m/z 151.025) was detected in venison and grain-fed beef, while a lower relative abundances of deprotonated taurine
(m/z 124.006) in grass-fed beef and venison, both of which have been previously observed in beef and fish meat
using LC-MS.** Interestingly, a qualitative higher relative abundance of the chlorine adduct of hexose (m/z
215.032, [M+CI]) was detected in grain-fed beef, which could be associated with the diet of grain-fed cattle
containing more sugars than the diet of grass-fed cattle.*®

Using the data collected, we created two two-class classification models, one for grain-fed and grass-fed
beef, and one for grain-fed beef and venison using the Lasso method. * ** For the beef two-class model, 176
spectra acquired from 20 samples were used as the training set of data using leave-one-out cross validation
(LOOCV). A per-sample accuracy of 95% was achieved (Figure 2b), which is particularly encouraging as the
samples are from identical species with the main difference being feeding habits. Notably, within the predictive
m/z, deprotonated malic acid (m/z 133.013), deprotonated carnosine (m/z 225.099), and the chlorine adduct of
hexose (m/z 215.032) were selected, which corroborate with the trends in ion relative abundances observed in the
mass spectra. For the beef versus venison model, 165 spectra acquired from 20 samples were used as the training
set, yield a per-sample accuracy of 100% (Figure 2c¢). The predictive m/z selected included ions deprotonated
xanthine (m/z 151.025), deprotonated carnosine (m/z 225.099), and deprotonated anserine (m/z 239.115). To
evaluate the performance of the model for meat authentication setting, a test set of samples were used, as discussed

later in the manuscript.



Developing a fish authentication multiclass model using the MasSpec Pen.

We then examined the MasSpec Pen’s performance for fish identification for a multiclass fish model. Here, we
analyzed five common fish products, steelhead trout, sockeye salmon, Atlantic salmon, cod, and halibut. For each
meat type, nine samples were analyzed as a training set of samples, with at least eight analytical replicate analyses
performed for each sample, yielding 395 spectra from the 45 samples analyzed.

When evaluating the molecular profiles of the raw samples analyzed with the MasSpec Pen, qualitatively
district mass spectra profiles were detected for each fish type, as shown in Figure 3a. For example, deprotonated
taurine (m/z 124.006), was detected at varying relative abundances in each fish tested.*® Additionally, m/z 267.074
(unidentified) is seen in a higher relative abundance in cod when compared to the other products. Deprotonated
anserine (m/z 239.115) was qualitatively observed in a higher relative abundance for sockeye salmon,* while a
higher relative abundance of deprotonated xanthine (m/z 151.025) was observed in halibut. Moreover, a
qualitatively higher relative abundance of the chlorine adduct of hexose (m/z 215.032) was detected in Atlantic
salmon, a farm-raised fish, when compared to wild-caught sockeye salmon, which could be due to their habitats
and eating habits.

We then used Lasso to create a five-class model for the fish types analyzed (395 mass spectra obtained for
the 45 samples) using LOOCYV, yielding 84% overall accuracy per sample (Figure 3b). The confusion matrix with
recall values for each fish type is provided in Supplemental Table 4. Notably, the highest recall was achieved for
cod and halibut, which are the most commonly substituted fish meat products as cod loin is often substituted for
halibut.” 3 Larger confusion was seen when classifying the farm-raised Atlantic salmon and wild-caught sockeye
salmon, which is expected as they are the same fish species and commonly substituted with each other and trout.”
3! The predictive features selected included deprotonated taurine (m/z 124.006), the chlorine adduct of methyluric
acid (m/z 217.011), and deprotonated xanthine (m/z 151.025) and reflected the trends in relative ion abundances
seen in the molecular profiles. While a five-class classifier was built to include the five fish types analyzed, a two-
class and three-class classifier built using LOOCYV were also explored for fish that are more commonly substituted
in fraudulent activities. For example, a two-class classifier was built to distinguish halibut and cod, which are
visually very similar and often substituted in meat fraud crimes, yielding 100% accuracy with 229 mass spectra

acquired from 26 samples (Supplemental Table 5). A three-class classifier was also built to distinguish steelhead
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trout, sockeye salmon, Atlantic salmon, which are also visually similar and commonly substituted in meat fraud
crimes. For this classifier, an overall accuracy of 90% was achieved (352 mass spectra and 40 samples)
(Supplemental Table 5). Overall, the classifiers developed here for fish identification demonstrate the potential of

the MasSpec Pen for identification of fish type and the investigation of fish fraud.

Authentication of meat products using the MasSpec Pen.

To evaluate the predictive performance of the classifiers built, we analyzed an independent test set of meat and fish
samples using the MasSpec Pen following the same experimental approach. For the grain-fed beef, grass-fed beef,
and venison, three biological replicates were analyzed with at least eight analytical replicates for each sample,
yielding 71 mass spectra for 9 samples. For the five fish types, four samples were analyzed for each meat type with
at least eight analytical replicates per sample, yielding 187 spectra for 21 samples. Using the previous statistical
models to predict the meat type for each sample, test set accuracies of 100% were achieved for the beef model and
the beef versus venison model (Figure 2b and 2c). Similarly, an accuracy of 100% was achieved for the fish
multiclass model (Figure 3b). The accuracies are comparable with what previously reported for LESA-MS, 94.9%
(n=50) for a training set, and REIMS, 100% (n=20) species identification for a training set.?® ** Further, the
accuracies achieved are comparable with current testing metrics using PCR (96%-100%).2*? The performance
achieved with the MasSpec Pen in the test set of samples provides evidence the MasSpec Pen in conjunction with

lasso is a robust method for analysis of meat products.

Extending the MasSpec Pen use to the analysis of mixed meat samples.

We next evaluated if the MasSpec Pen could be used to identify adulterated mixed meat samples. To this end, we
mixed varying percentages of ground grain-fed beef (0%, 25%, 50%, 75%, and 100%, in weight), as an adulterant
into samples of ground grass-fed beef or ground venison, and analyzed the ground samples using the MasSpec Pen.
For the grain-fed beef mixed into grass-fed beef, we analyzed nine 0% grain-fed beef samples, four 100% grain-fed
beef samples, and six 25%, 50%, and 75% samples. For the grain-fed beef mixed into venison, we analyzed eight
0% grain-fed beef samples, six 100% and 25% grain-fed beef samples, and five 50% and 75% samples. When

analyzed, each of the ground meat samples had five analytical replicates for each sample.
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The mass spectra obtained from the analysis of the venison samples adulterated with grain-fed beef are
shown in Figure 4a. Notably, relative abundances of deprotonated taurine (m/z 124.006), deprotonated malic acid
(m/z 133.013), and deprotonated carnosine (m/z 225.099) were increasingly higher with increasing percentage of
adulterant grain-fed beef in the ground venison samples. On the other hand, a decrease in the relative abundances
of deprotonated succinic acid (m/z 117.018) and deprotonated inosine (m/z 267.074) was observed as the percentage
of adulterant grain-fed beef increases in the ground venison samples. The changes in the relative abundance of the
metabolites agreed with the trends observed in the raw meat samples. We then built statistical classifiers to test if
classification of meat samples as adulterated was possible using the metabolic information obtained with the
MasSpec Pen. To this end, we trained the Lasso method to identify adulterated and unadulterated meat by including
mix samples (amount >25%) into the adulterated class and ground samples (0% mixed) in the unadulterated class.
Using the training set data of 76 mass spectra and 20 samples, an overall 93% per spectra accuracy and a 90% per
samples accuracy was achieved (Figure 4b). The features were selected for prediction of the two classes and
reflected trends in molecular profiles seen in Figure 4a. For example, deprotonated carnosine, which has been
previously found to be present in skeletal muscles of beef, was selected as a predictive feature weighted towards
the adulterated with grain-fed beef classification, while deprotonated inosine (m/z 267.074) was selected as a
predictive feature weighted towards the unadulterated classification.®® Within the training set, two unadulterated
samples were misclassified as adulterated samples, while no adulterated samples were misclassified. We then tested
the classifier on 43 mass spectra acquired from 10 samples, including 7 adulterated samples and 3 unadulterated
samples. Overall accuracies of 98% per mass spectra and 100% per sample were achieved for the venison mixed
samples test set (Figure 4b).

The mass spectra obtained from the analysis of the grass-fed beef adulterated with grain-fed beef are shown
in Figure 5a. As the amount of grain-fed beef adulterant increased in the samples, the relative abundances of ions
such as deprotonated taurine (m/z 124.006), deprotonated malic acid (m/z 133.013), and deprotonated D-erythro-L-
galacto-nonulose (m/z 269.088) also increased, while a decrease in the relative abundances of deprotonated succinic
acid (m/z 117.018) and deprotonated xanthine (m/z 151.025) was observed. Similar to the adulterated venison
classifier described above, a binary classifier was built for the beef samples in which grain-fed beef was used as an

adulterant to grain-fed beef meat. Using a training set of 88 mass spectra and 21 samples, an overall accuracy of
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92% per mass spectra and 90% per sample was achieved (Figure 5b). Within the several features selected by the
model, including deprotonated malic acid and deprotonated anserine weighted towards the adulterated classification
and deprotonated xanthine weighted towards the unadulterated classification. One unadulterated sample was
misclassified as adulterated in the training set. When tested on 45 mass spectra acquired from 10 samples in the
validation set, 100% accuracy per mass spectra and per sample was achieved (Figure 5b). Multiple LC-MS methods
have previously reported detection limits down to 3% for various mixed meat samples.**** Collectively, the results
for both classifiers demonstrate feasibility in developing the MasSpec Pen and lasso as a robust method for the
authentication of mixed meat samples, although further studies using lower percentages of substituted meat are
needed to validate these findings.

In conclusion, in this study we describe the optimization and application of the MasSpec Pen technology
for analysis and classification of meat products. We showed that the gentle nature of the MasSpec Pen analysis
allows detection of a range of metabolic species directly from fish, beef, and venison without the need of sample
digestions or alteration. Several of the metabolic species detected, including deprotonated carnosine, deprotonated
xanthine, deprotonated inosine, deprotonated anserine, the chlorine adduct of hexose, and deprotonated taurine have
been previously described in meat samples and related to eating habits and other metabolic process in animal
skeletal muscle tissues.®*! % Using statistical classification with the Lasso method, we demonstrate the robustness
and high accuracy of the MasSpec Pen in identifying meat types in training (93% accuracy, n=85) and test sets
(100% accuracy, n=33). Further, we showed that common meat replacement could items could be identified using
our approach, including discrimination of meats commonly used for replacement fraud such as grain-fed versus
grass-fed beef (100% accuracy in test set, n=6), and different fish types (100% accuracy in test set, n=21), with
similar performance to what reported with other ambient ionization MS methods and other routine meat testing
techniques.®*> 2% |_astly, we showed feasibility for identification of adulterated mixed meat samples. Although
the MasSpec Pen is limited to qualitative molecular evaluation with substantially lower molecular coverage when
compared to LC-MS, the MasSpec pen analysis is completed in less than 15 seconds and does not require any
sample pre-processing, which is appealing for routine use in testing of meat products. At a minimum, the 15-second
testing time per sample provided by the MasSpec Pen is ~240 times faster than LC-MS (considering a total analysis

time of 1 hour/sample), and ~720 times faster than PCR (considering a total analysis time of 3 hours/sample).
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Further, the ease of use and maneuverability that a handheld device like the MasSpec Pen allows can facilitate
implementation and use by users with various levels of expertise. Due to the gentle nature of the analysis, repetitive
analysis of different products and regions within the sample of interest can be achieved. Future research would
include expanding meat identification classifiers, improving the mixed meat results, and developing methods to
guantify the amount of adulterant present in a sample. Furthermore, we will expand our method to other meat
products, such as wild fish products and beef products from different countries. Lastly, while a high-performance
Orbitrap mass spectrometer was used here for this exploratory study, we are currently exploring integration of the
MasSpec Pen with a portable ion trap mass spectrometer for meat analysis to facilitate fieldable use outside of
specialized laboratories. Collectively, our study shows compelling evidence that the MasSpec Pen provides a rapid
and direct method for investigating meat fraud, allowing for accurate meat identification in less than fifteen seconds,

thus providing a powerful alternative technique to traditional meat testing methods.
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Figure 1. a) Representative negative ion mode MasSpec Pen mass spectra of grain-fed beef, lamb, chicken, and

pork. All annotated ions are deprotonated unless stated otherwise. b) PCA plot for the proof of concept study of

grain-fed beef, lamb, chicken, and pork. PC1 and PC3 were chosen because they cover the largest variance. c)

Picture showing direct MasSpec Pen analysis of a sample of grain-fed beef.
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Figure 2. a) Representative negative ion mode MasSpec Pen mass spectra of grain-fed beef, grass-fed beef, and

venison. All annotated ions are deprotonated unless stated otherwise. b) Beef training and test set lasso per-sample

accuracies. ¢) Venison and beef training and test set lasso per-sample accuracies.
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Figure 3. a) Representative negative ion mode MasSpec Pen mass spectra of Atlantic salmon, sockeye salmon,

steelhead trout, cod, and halibut. All annotated ions are deprotonated unless stated otherwise. b) Fish training and

test set multi-class Lasso per-sample accuracies.
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Figure 4. a) Representative negative ion mode MasSpec Pen mass spectra obtained from unadulterated and
adulterated ground venison samples. All annotated ions are deprotonated unless stated otherwise. b) Unadulterated

and adulterated ground venison samples overall training and test set lasso per-sample accuracies.

20



x5

arnosine
135.030
100 - 89023 e | anthing L0 /(2:25.099 so.0gs  100% Grass-fed beef
Succinic Acid 124.006 | 151.025 217.012 | Anserine 0% Grain-fed beef
504117.018 / 239.115 311.168
\L l 162955 501,037 | ‘
0 L I.L] ||||| JJ; |... I| Lot AL | IC | L [| R L i L tadi
Malic Acid arnosine
100 BO02 13301 133030 _+225.099
Taurine 162,955 217.012 75% Grass-fed beef
—~ 504 124.006 Xanthine ’ . 269.088 25% Grain-fed beef
201.037
S 117.018 151,025 ' QQS?”{?
8 0 | (| .l wlil || o i ol | 311.168
§100 ~ 89.023  Malic Acid/35.030 Carnosine
133,013 225.099 0 R
5 Taurine \ " Kanthine 217.012 oo Grass-fed beef
< 504 124.006 151.025 179.055201 038 . 69.088 o Grain-fed bee
) 117 018\ : Anserine
= :
B o Lol (162,95 I K N SoCELS
o 89.023 Malic Acid 135.030 201.038 217.012 __ Carnosine
€100 133.013 i ] 225.099
L9 Xanthine : 25% Grass-fed beef
50 Taurine ™| 151.025 75% Grain-fed beef
- 124.006 | Anserine 269.088
162.955 239.115 337.113
| | L LIl f.. o L du I L ! || 1 Lo
0
100 — 89.023  Malic Acid 135.030 217.012  Carnosine
133.013 Xanthine 225.009 0% Grass-fed beef
Tauring 151.025 269.088  100% Grain-fed beef
50 124.006 © 201.038 | | Anserine
| 239.115 311.168
0 — Lol L ||I L I Lo i ) I w Ll - m I
50 100 150 200 250 300 350
m/z

Adulterated
Grass-fed Beef
93 spectra
22 samples

Unadulterated

Grass-fed Beef
40 spectra
9 samples

Training Set
Test Set

Figure 5. a) Representative negative ion mode MasSpec Pen mass spectra obtained for unadulterated and

adulterated ground grass-fed beef samples. All annotated ions are deprotonated unless stated otherwise. b)

Unadulterated and adulterated ground grass-fed beef samples overall training and test set lasso per-sample

accuracies.
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Supplemental Figure 1. Representative mass spectra from a grain-fed beef sample analyzed using water and

ACN:DMF (1:1) as the solvent system. All annotated ions are deprotonated unless stated otherwise.
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Supplemental Figure 2. Least Absolute Shrinkage and Selector Operator (Lasso) workflow using leave-one-out

cross validation (LOO-CV) for creating all lasso models mentioned in this article.
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Supplemental Figure 3. Tandem MS/MS of (A) deprotonated succinic acid (m/z 117.018), (B) deprotonated

taurine (m/z 124.006), (C) deprotonated malic acid (m/z 133.013), (D) deprotonated xanthine (m/z 151.025), (E)



chlorine adduct of hexose (m/z 215.032, [M+CI]), (F) deprotonated carnosine (m/z 225.099), (G) deprotonated

anserine (m/z 239.115), and (H) deprotonated inosine (m/z 267.073).

Supplementary Tables

Supplemental Table 1. Cosine similarity values (A) for tubing lengths (0.5m, 0.75m, 1.0m, and 1.5m) and (B)
for extraction times (3s, 5s, and 10s) for the analysis of grain-fed beef using the optimized solvent system,

ACN:DMF 1:1. A cosine similarity value of 0 means orthogonal and a value of 1 means identical.

A Tubing Length Cosine Similarity Analysis

0.75m 1.0m 1.5m
0.5m 0.941 0.998 0.981
0.75m 0.955 0.981
1.0 m 0.987

B Extraction Time Cosine Similarity

Analysis
5s 10 s
3s 0.990 0.990

2S 0.974



Supplemental Table 2. Training and test set per-sample confusion matrices for grain-fed and grass-fed beef lasso

Grain-fed beef Grass-fed beef

model.

Grain-fed beef 10 0
Grass-fed beef 1 9

Grain-fed beef Grass-fed beef

Grain-fed beef 3 0
Grass-fed beef 0 3



Supplemental Table 3. Training and test set per-sample confusion matrices for grain-fed beef and venison lasso

model.

Grain-fed beef Venison
Grain-fed beef 10 0
Venison 0 10

Grain-fed beef Venison

Grain-fed beef 3 0

Venison 0 3



Supplemental Table 4. Training and test set per-sample confusion matrices for multi-class fish lasso model

including steelhead trout, cod, halibut, Atlantic salmon, and sockeye salmon.

Steelhead Cod Halibut Atlantic Sockeye

Trout Salmon Salmon

Steelhead 8 0 0 0 1
Trout

Cod 0 9 0 0 0
Halibut 0 0 9 0 0
Atlantic 0 0 0 8 1
Salmon

Sockeye 1 1 1 2 4
Salmon

Steelhead Cod Halibut Atlantic Sockeye
Trout Salmon Salmon

Steelhead 4 0 0 0 0
Trout
Cod 0 4 0 0 0
Halibut 0 0 4 0 0
Atlantic 0 0 0 5 0
Salmon
Sockeye 0 0 0 0 4

Salmon



Supplemental Table 5. Leave-one-out cross validation models per-sample confusion matrices for a two-class

model of cod and halibut and for a three-class model of steelhead trout, Atlantic salmon, and sockeye salmon.

Cod Halibut
Cod 13 0
Halibut 0 13

Steelhead Atlantic Sockeye

Trout Salmon Salmon
Steelhead 12 0 1
Trout
Atlantic 0 13 1
Salmon
Sockeye 0 2 11

Salmon



Supplemental Table 6. Training and test set per-sample confusion matrices for the ground grass-fed beef

Unadulterated Adulterated (25, 50,

Grass-fed Beef 75, 100% grain-fed
(0% grain-fed beef) beef)
Unadulterated 5 1

Grass-fed Beef (0%
grain-fed beef)

Adulterated (25, 50, 1 14
75, 100% grain-fed
beef)

adulterated with grain-fed beef lasso model.

Unadulterated Adulterated (25, 50,
Grass-fed Beef 75, 100% grain-fed
(0% grain-fed beef) beef)

Unadulterated 3 0
Grass-fed Beef (0%
grain-fed beef)

Adulterated (25, 50, 0 7
75, 100% grain-fed
beef)



Supplemental Table 7. Training and test set per-sample confusion matrices for the ground venison adulterated

with grain-fed beef lasso model.

Unadulterated Adulterated (25, 50,
Venison (0% grain- 75, 100% grain-fed

fed beef) beef)
Unadulterated 3 2
Venison (0% grain-
fed beef)
Adulterated (25, 50, 0 15

75, 100% grain-fed
beef)

Unadulterated Adulterated (25, 50,
Venison (0% grain- 75, 100% grain-fed

fed beef) beef)
Unadulterated 3 0
Venison (0% grain-
fed beef)
Adulterated (25, 50, 0 7

75, 100% grain-fed
beef)
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