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Abstract: The red meat supply chain is a complex network transferring product from producers to
consumers in a safe and secure way. There can be times when fragmentation can arise within the
supply chain, which could be exploited. This risk needs reduction so that meat products enter the
market with the desired attributes. Rapid Evaporative Ionisation Mass Spectrometry (REIMS) is a
novel ambient mass spectrometry technique originally developed for rapid and accurate classification
of biological tissue which is now being considered for use in a range of additional applications. It has
subsequently shown promise for a range of food provenance, quality and safety applications with
its ability to conduct ex vivo and in situ analysis. These are regarded as critical characteristics
for technologies which can enable real-time decision making in meat processing plants and more
broadly throughout the sector. This review presents an overview of the REIMS technology, and its
application to the areas of provenance, quality and safety to the red meat industry, particularly in an
Australian context.
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1. Introduction

Australia’s red meat supply chain participants maintain access to global markets
through the provision of assurances relating to safety, quality and provenance. There can be
times though when fragmentation can arise within the supply chain, creating vulnerabilities
which could be exploited. This risk needs to be reduced, if not removed, to ensure that the
meat products enter the market with the desired quality, safety and provenance attributes.
The associated cost with this risk is difficult to determine; in the Australian context though,
fraud is estimated to cost the meat and live animal trade approximately AUD 272 (USD
204) million per year [1] with market non-compliance estimated to cost between an AUD
127 to 163 (USD 95 to 122) million per annum to the beef industry [2] with failures to meet
quality parameters and/or food safety requirements as key contributors to this cost.

The meat industry can benefit from innovative technological advancements that can
impact all points of the supply chain. For Australia, these can support its status as a
provider of clean, green and wholesome red meat products and allow it to remain as a
leading global exporter of red meat, shipping approximately AUD 15 (USD 11) billion
in red meat and livestock in 2017–2018 to overseas markets [3]. Growing interest also
exists from consumers, particularly in markets with strong premiumisation of red meat,
for information that relates to provenance, animal welfare, sustainability, quality and safety
of these products. The adoption of innovative biological and digital technologies by the red
meat sector will assist in verifying the credentials of red meat products. Novel technologies
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which have multiple application points across the supply chain will therefore be of interest
as the industry looks for opportunities to enhance the quality and safety of their products
whilst assuring the provenance claims for consumers.

Rapid Evaporative Ionisation Mass Spectrometry (REIMS) is a novel ambient mass
spectrometry technique originally developed for use in human medicine for the real-time
classification of biological tissue [4]. It has subsequently shown promise for a range of
food provenance, quality and safety applications with its ability to conduct ex vivo and
in situ analysis. These are regarded as critical characteristics of technologies that can
enable real-time decision making in meat processing plants and more broadly through the
associated supply chain. This review presents an overview of the REIMS technology, along
with a range of different research which are applicable to the areas of provenance, quality
and safety and the relevance of such applications to the red meat industry, particularly in
an Australian context.

2. What Is REIMS?

REIMS is a recent development resulting from the rapidly growing field of advance-
ment in ambient ionisation-mass spectrometry techniques [5]. The REIMS system, pro-
duced by the Waters Corporation (Waters, Wilmslow, UK), is the combination of an innova-
tive sampling device, the intelligent knife (iKnife), with a quadrupole time-of-flight mass
spectrometer (Q-TOF-MS). When used in tandem, information-rich mass spectral data
can be collected in real-time, providing chemical and molecular profiling in seconds via
MassLynx MS and LiveID software packages [6]. While Q-TOF mass spectrometers can be
regarded as commonplace in laboratories worldwide, the iKnife is a unique handheld sam-
pling device which enables the rapid and direct analysis of intact biological samples [7,8].
The use of this device reduces the need for complex sample extraction and/or preparation
techniques that are often required for conventional mass spectrometric assays.

The iKnife was initially developed in the 2000s as a surgical tool to discriminate can-
cerous cells from healthy cells in situ during surgical procedures [9]. It is an electrosurgical
knife powered by a diathermy generator and connected to a mass spectrometer via a length
of tubing. The diathermy generator applies a high frequency, alternating current to the
iKnife, and a circuit is formed when the iKnife’s electrode contacts the sample’s surface
with a return electrode plate placed on or underneath the sample. Upon contact, localised
heating cauterises the sample causing the tissue to vapourise and generate a vapour plume
consisting of a mixture of aerosolised sample components, water, and positively and nega-
tively charged molecular ions [10]. The vapour is drawn into the attached Teflon tubing
using a Venturi air pump device and introduced into the REIMS ion source via a heated
transfer capillary. The sampled vapour is infused with isopropanol to aid further ionisation.
The charged ions travel through a StepWaveTM ion guide to remove contaminants prior to
being introduced to the mass spectrometer.

Following the iKnife’s development, additional sampling devices for REIMS have been
created to accommodate different sample workflows. For example, bipolar forceps with
integrated electrodes in each tip have been developed to remove the need for a separate
return electrode [11]. This approach has been applied to classify intact bacteria from an
agar plate [12]. A modified, stainless steel pure tip probe manufactured by the Tecan Group
has been used to facilitate an automated high-throughput method for classifying clinically
important microorganisms [13]. The probe was used with an automated sampling machine
to analyse agar plates with minimal user input. Finally, a temperature-controlled soldering
iron has been used [14] to sample honey, since an iKnife was not suitable to generate
sufficient vapour due to the low conductivity of the honey matrix. All these sampling
mechanisms work in a similar fashion and are used to generate a sample vapour for use
with REIMS. Further, they demonstrate the flexibility of the technique to adapt to different
sample matrices and real-world applications. This of particular importance in the context
of food applications where emphasis will be placed on the ability to sample large numbers
of samples without the need for extensive cleaning regimes to be implemented.
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The REIMS system utilises a Q-TOF-MS which is used to identify the ionised com-
ponents sampled with the iKnife, or other sampling device. It consists of four key parts:
quadrupole, a collision cell, flight tube and detector which characterises the ions by their
respective mass to charge ratio (m/z). After the ions enter the flight tube, they are dis-
tributed based on their flight time with the ions with lower m/z reaching the detector first
before the ions with higher m/z ratios [15]. This produces a spectrum of detected ions
based on the m/z and the related relative abundance. The addition of the quadrupole
allows further confirmation since specific ions of interest can be investigated with their
selection from the original mass spectrum. The selected ions can then be fragmented in
the collision cell which generates a secondary fragmentation pattern, that serving as an
additional confirmation step and allowing further molecular identification where required.

The information generated by the REIMS platform creates a unique mass spectral
‘fingerprint’ of the analysed sample that can be used to assess key attributes and differences
of, and between, specimens [16]. By taking several cuts of a sample, a semi-quantitative
spectrum of key compounds and metabolites can be determined and thus used as biomark-
ers to predict inherent attributes of the assayed sample. By quantifying the difference in
abundances, presence or absence of these biomarkers, predictive modelling built from
a library of mass spectral data can be used to indicate aspects of provenance [17], food
quality [18], and food fraud [8] often with a high degree of classification accuracy. This
entire process from sampling with the iKnife, mass detection, and completed data analysis
can be completed in minutes [19] making REIMS amenable to high-throughput analy-
sis. The combination of rapid analysis times with the resolution and accuracy afforded
by Q-TOF-MS when coupled with the iKnife makes REIMS an attractive possibility for
deployment as a tool for classification across the food industry.

2.1. Compounds Amenable to REIMS Analysis

Meat is principally composed of water along with protein and amino acids, lipids
(fats and fatty acids) with other minor components in relatively lower proportions [20].
For REIMS, the lipids, and in particular phospholipids, are the most abundant species
detected by this technique [11]. These compounds more readily form molecular ions that
are detected by the Q-TOF-MS. The protein component of the muscle tissue has not been
reported to significantly contribute to the signal measured by the technique. Most likely,
this is due to the precipitation of structural proteins in the muscle which results from
heating by the iKnife used to generate the plume from the meat for analysis [10]. This does
not exclude the possibility that protein and other meat components could not contribute to
the REIMS signal since they do so in other food related systems. For example, REIMS has
been used to characterise protein expression in bacteria using synthetic proteins [21] and
for the identification of adulteration and botanical origin of honey [14]. In the latter case,
it was presumed that the compounds detected were Maillard reaction products formed
from heating the carbohydrates in honey.

Most recent work relating the application of REIMS to animal muscle reports on the
lipid content of the tissue; that is, triacylglycerols, fatty acids and phospholipids. Table 1
summarises recent publications on the use of REIMS with muscle tissue, covering beef
and other animals. Only a small number of publications relating to beef and other red
meats were available, so a broader approach was adopted to include other animal types
to identify any commonality which might exist between different animal muscle groups.
Predominantly, it is the fatty acids and phospholipids as a class, along with some other
minor components, which are detected by REIMS (Table 1). A range of different ions were
reported for these applications with different compounds identified as potential biomarkers
for the related work. Ideally, biomarkers which were consistent across for each different
application allow a common approach to be used with REIMS. However, this was not the
case as different ions were found for each animal species.

The application of REIMS in food falls into two broad areas: (i) food fraud/adulteration
(pork and chicken [19] along with fish [22–24]) and (ii) tissue classification (meat prod-
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ucts [7], beef offal [8], porcine organs [4] and turtle [23]). Other areas of research have been
for the screening of β-agonists in pigs [16] and boar taint [18] as well as the characterisation
of beef quality [25] and lamb flavour [26]. In relation to beef quality, REIMS was deployed
to develop predictive models for sensory classification (tenderness, flavour and juiciness at-
tributes) and tenderness (slice shear force and Warner-Bratzler shear force) while, for lamb
flavour, the technique was used to distinguish between lamb, yearling (hogget) and mutton
as well as grain versus grass based production systems with the application of different
statistical classification techniques.

Table 1. Chemical species identification in the application of REIMS to animal tissue.

Species Compound A Reference

Beef FAs, PLs [7]
Cer, DAG, GluCer, MGDG, PL [8]

Pig FAs, PLs [16]
FAs, PLs, others [4]
FAs, PLs, others [18]

Pork/chicken PLs [19]

Turtle PLs [23]

Fish Lipids—PLs [27]
Lipids—PLs [24]

FAs, PLs [24]
PLs (FA as a dimer) [22]

A FA = fatty acid, PL = phospholipid, Cer = ceramide, DAG = diacylglycerol, GluCer = glucosylceramides,
MGDG = monogalactosyldiacylglycerols.

2.2. Data Analysis/Chemometric Approaches

Data analysis is an important consideration with the application of the REIMS tech-
nique, as with any metabolomics approach. For REIMS, after collection, the mass spectra
are exported from the instrument’s software and the relative content of each peak is nor-
malised so that the major peak abundance is set to 100% with the other peaks in the mass
spectrum compared as a ratio to the base peak [27]. The resulting data sets are usually very
large and multivariate statistical analyses are needed to analyse the data. As an example of
the data sets resulting from REIMS, one was reported to consist of 583 samples with each
sample consisting of over 4000 data points [28].

Two different approaches are usually used with data sets. The first is principal compo-
nent analysis (PCA) which is an unsupervised method where no assumptions are made
in relation to the data, and it is used as a visualisation technique to identify any patterns
within the data set [29]. The use of PCA for data visualisation has been deployed for most
studies [7,16,18,19,22–24,27]. As noted above, prior to PCA, the data set is normalized
to the base peak, but other scaling techniques can be used as well. These could include
centering or scaling the data [29]. For the former, the variable mean is subtracted from the
data (i.e., scaled data = x − x) while, for the latter, the data can be centered using z-scores
(i.e., centered data = x − x

σ ) [29]. The second approach is partial least squares discriminant
analysis (PLSDA) which is used as a classification technique and assumes that the identity
of each grouping is correct [29], and as such can be regarded as a supervised method.
PLSDA has been primarily used for classification [7,16,18,19,22–24,27]. PLSDA is not the
only technique which can be used for classification of REIMS data. Other classification
techniques (support vector machine with a linear kernel, radial kernel, and polynomial
kernel, random forest, K-nearest neighbour, linear and penalized discriminant analysis,
extreme gradient boosting, logistic boosting) along with PLSDA have been compared
in one study but mixed results were found with the use of the different techniques [28].
The authors found that not one algorithm could be universally applied for the data set
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and concluded that that a “one size fits all” approach was not optimal for developing
classification models for REIMS data [28].

2.3. Comparison of REIMS to Other Ambient Mass Ionisation-Spectroscopy (AMS) Techniques

The development of approaches based on ambient ionisation-mass spectrometry
(AMS) have increased in recent times, both in terms of techniques (>90, [30]) as well as the
scope of potential application areas. The unique feature of AMS is its ability to directly
analyse samples in an open environment at ambient conditions without the usual need for
prior chromatographic separation often required for traditional MS analysis. Analysis times
are rapid and significantly reduced compared to traditional analytical techniques, allowing
high sample throughput, up to 45 samples per minute in some instances [5]. In some
applications, the use of AMS techniques have shown comparable results to traditional MS
techniques [31,32]. Other MS techniques can be used for applications described in this
review; for example, matrix adsorprtion laser desorption ionization (MALDI)-TOF-MS,
in identifying the origin of animal meat (pork, beef, horse, veal and chicken) based on
protein and gelatin [33] and characterising food components [34]. However, MALDI-TOF-
MS is performed under vacuum and regarded out of scope for this review, which has a
focus on AMS approaches.

Direct analysis in real-time mass spectrometry (DART-MS) was one of the first AMS
techniques developed. A sample can be placed directly in between the DART ion source
and the MS interface whereby sample components are desorbed from the sample surface
by a stream of heated, metastable carrier gas. Ionisation occurs as the carrier gas reacts with
atmospheric components, ionising the amenable, desorbed components before travelling
into the mass spectrometer [35]. Desorption electrospray ionisation mass spectrometry
(DESI-MS) was also another pioneering AMS technique. In this case, an electrospray
emitter produces a spray of charged solvent microdroplets which are directly applied to a
sample’s surface with amenable compounds desorbed and ionised prior to introduction
into a mass spectrometer [36]. Both DART-MS and DESI-MS can be regarded as the most
established of the AMS methods [37] with a diverse range of applications among them,
including pesticides in wine [38], melamine and cyanuric acid in milk powder [39], protein
identification [40] and phthalate detection in consumer products [41].

Compared to other AMS techniques, there are several key differences regarding
sample analysis which differentiate them from REIMS. For REIMS, lipids are the key
compounds identified in detection, particularly fatty acids and phospholipids, and are then
used as potential biomarkers for classification and predictive modelling. In comparison,
both DART-MS and DESI-MS have demonstrated their amenability to a broader range
of chemical classes [42,43]. For example, DART-TOF-MS has been used to differentiate
between muscle samples from chickens fed a normal diet or a diet containing 5–8% chicken
bone meal [44]. By extracting the muscle samples with mixed polarity solvents (water and
cyclohexane) with analysis if each fraction, a mixture of sugars, amino acids, organic acids,
peptides and lipids could be ionised and potentially used for classification. Similar results
were obtained using DART-MS with the same extraction method to analyse carp muscle
and differentiate between specimens which had been fed feed supplemented with cereal
grains [45]. DESI-MS was used to discriminate between the muscle of beef, pork, horse,
chicken and turkey, that had been previously digested with trypsin, by comparing the
abundance of various skeletal proteins and peptides [46]. To date, only limited examples
have been reported on the use of REIMS for other chemical compounds other than lipids.
For example, it has been reported that highly abundant peptides have been ionised in
frog skin (Bombina orientalis) as well as drugs (lidocaine, gefitinib, cyclosporine A and
methotrexate) using REIMS in positive ionisation mode [9]. Other AMS techniques can
provide quantitative or semi-quantitative analysis for some applications. DART-MS has
been used for quantitating aflatoxin M1 in extracts [47], as well as chemical warfare
agents [32], using isotopically labelled internal standards in order to correct for any matrix
effect which may either suppress or enhance ion formation. At present, the ability of REIMS
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to perform quantitative analysis is yet be explored. However, the variability associated
with sampling with an iKnife can affect the volume of sample vapour introduced into the
MS, along with the challenge of managing any matrix effect due to either ion suppression
or enhancement, needs to be addressed before quantitative REIMS analysis is feasible.

The biggest advantage of REIMS is its ability to sample remotely from the MS. This is
unique to REIMS compared to other AMS techniques and offers potential benefits for its
utilisation outside of laboratory environments and streamlining workflows. With REIMS,
the iKnife is connected to the MS by a length of tubing which can be varied in length to suite
specific applications. This presents the opportunity for a REIMS system to be deployed
with the sampling device and MS separated from each other. For example, in a processing
facility, the MS unit can be kept in a “clean” area while an operator uses the iKnife on the
processing line as required. This is a distinct advantage of creating a sampling workflow
with REIMS compared other AMS techniques.

Unlike REIMS, direct sampling can be problematic with techniques such as DART-MS
and DESI-MS since some sample preparation is still often required for their use. For ex-
ample, direct analysis of a tablet surface using DART-MS fingerprinting to detect falsified
anti-malarial medication provided inconsistent results, and the samples needed to be
homogenised prior to analysis [48]. DART-MS was used to assess salmon freshness by
monitoring muscle lipid abundances over time, and sample homogenisation, extraction
and clean up was required prior to the analysis [49]. In contrast (and as noted), REIMS has
been demonstrated to be applicable to numerous applications where samples are analysed
directly [16,24,50,51] giving it a clear advantage in this regard. The remainder of the review
will provide further detail of these applications in the areas of provenance, quality and
safety to the red meat industry, with an emphasis on an Australian context.

3. Provenance

Consumers are becoming increasingly aware and selective about food provenance and
will typically pay for premium product which aligns with their own preferences. The prove-
nance of a food item or ingredient refers to the origin or source from which it comes, and the
history of subsequent operations (supply chain) [52]. For the red meat sector, provenance
can also relate to the product’s credentials which can be communicated to consumers
along the product’s supply chain. Such information could include geographical origin,
production system, breed, animal health and sustainability claims. Typically, a product’s
provenance is traceable so that the product can be identified anywhere within the supply
chain as well as at any point backward or forward within the chain. A valuable feature of
such traceability systems is its ability to accurately and rapidly verify product authenticity,
species identification and production method of agri-food commodities. Technologies, such
as REIMS, which can rapidly verify food product authenticity will likely be components of
traceability systems that link the physical and digital attributes of an item across the entire
supply chain.

3.1. Meat Products

Economically motivated adulteration, or more commonly known as food fraud, is the
addition of non-authentic substances to, or substitution of, authentic products for economic
gain [53]. Meat species substitution was highlighted in the 2013 European horse meat
scandal [54] with animal protein continuing to remain as a target for food fraud. Since then,
efforts have increased to develop technologies which can rapidly detect such events. One
of the earliest papers highlighting the use of REIMS demonstrated its ability to identify
animal tissue with different anatomical origin, breed or species [7]. After conducting a
series of experiments aimed at establishing the difference between beef and horse meat
samples, the potential of REIMS was evaluated to classify meat patties containing com-
binations of horse, Wagyu, venison and grain-fed beef. The results showed that it was
possible to detect individual meat types at detection limits down to 5% composition in
just a few seconds [7]. With cases of food fraud likely to involve product substitution
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at concentrations much greater than 5%, this was the first successful demonstration of
REIMS for rapid lipidomic profiling of meat products. In a similarly themed study, REIMS
was utilised for the rapid detection and specific identification of offals within minced beef
samples [8]. The study reported that REIMS was able to detect the presence of brain, heart,
kidney, large intestine and liver in adulterated beef burgers at concentrations as low as
1%. Furthermore, this could be achieved with raw and boiled samples, although some of
the spectral abundances were diminished in cooked products thus indicating that longer
cooking times or other cooking types such as grilling or frying may ultimately leave the
various offals indistinguishable from each other [8].

In order to use the molecular profiles generated by REIMS to predict the breed, species
or tissue types present in a meat sample, classification models must be developed. As pre-
viously mentioned, a range of classification systems or machine learning algorithms can
be used to develop predictive models with the performance of each algorithm potentially
specific to the attribute being evaluated (e.g., production system or breed). For example,
a number of different algorithms were evaluated to predict a range of beef attributes in-
cluding quality grade, production system, breed type, and muscle tenderness and it was
found prediction accuracies ranging from 81.5% to 99% were obtainable depending on the
algorithm and attribute [28]. It is also feasible that, with the potential for REIMS to sample
remotely from the MS, multiple algorithms could be deployed on the data after collection
as part of an in-line product assessment system, and allows objective classification and
verification of attributes as part of a broader supply chain integrity system.

3.2. Fish

As a commodity, fish are commonly substituted and mislabelled on a global basis,
with mislabelling occurring in up to 86% of products in some countries [55,56]. Convergent
and divergent adaptation creates a significant challenge to morphology-based identification
of fish species, with these limitations leading to calls for a molecular approach to fish iden-
tification [57]. REIMS has been able to correctly classify (98.99% accuracy) authenticated
samples of five different though genetically similar fish species comprising of cod, coley,
haddock, pollock and whiting [22]. As part of an expanded investigation, the study iden-
tified six samples labelled as haddock clustered with the cod samples. DNA sequencing
of the mitochondrial cytochrome c oxidase subunit I gene (COI) confirmed all samples as
belonging to Gadus morhua species (cod) [22]. In addition to the use of REIMS as a rapid
species profiling tool in this study, it was able to separate the haddock samples based
on catch method (i.e., trawl or line) presumably through detection of the specific stress
metabolites that resulted from the particular catch methods [22].

REIMS has been used to develop predictive models for the classification of econom-
ically important species of tuna including bluefin, bigeye, yellowfin and albacore [58].
Models for the classification and distinction of Atlantic salmon and king salmon from
rainbow trout were developed following the controversial issuing of a standard to a small
group of Chinese companies that attempted to classify rainbow trout as salmon [24].
The substitution of rainbow trout in place of salmon could leave consumers at increased
risk of exposure to fish parasites found in rainbow trout potentially resulting in human
hepatic disease and cholangiocarcinoma [59]. Rigano et al. [50] developed a major model
and three sub models which distinguished 18 marine species typical of the Mediterranean
Sea. As well as demonstrating the ability to accurately identify different species of marine
animals, the sub models could distinguish closely related species such as horse mackerel
and mackerel as well as separate out juveniles from adult greater amberjack [50]. The latter
observation suggests that REIMS may be able to distinguish samples based on their age
which would have relevance to a variety of agricultural sectors, including red meat.

3.3. Botanicals

REIMS has been applied to other food areas and so are included in this review to
demonstrate the versatility of this approach, particularly in the area of provenance where
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it has been used to verify the geographical origin of botanicals. Bronte pistachios are
highly prized in global markets due to their intense green colour and aromatic taste that
results from growing in the lava land surrounding the volcano, Mt. Etna. REIMS was
used to generate spectral data for Sicilian Bronte, Greek, Iranian, Californian and Turkish
pistachios and an optimised geographical origin model was subsequently produced [17].
Principal component analysis revealed that several candidate biomarkers that could be
used to distinguish Bronte pistachios from the others that were tested [17]. REIMS has
also been used for biomarker profiling of the Kigelia africana fruit which are of increasing
importance for its drug-like properties resulting from numerous secondary metabolites [60].
The study confirmed the presence of antioxidant molecules such as flavonoids and iridoids,
and provided insights into the native lipid composition which may contribute to the
biological activity of the fruit [60]. Numerous examples of economically motivated fraud
have been documented in a wide range of botanicals, particularly herbs and spices [61].
In the near-term, further application areas for REIMS are expected in verifying provenance
of botanicals in addition to extensions of models in animal protein sectors with resulting
improvements in the associated supply chains.

4. Quality

Meat quality is an important consideration for the meat industry as well as consumer
acceptance. Presently, many carcass attributes are scored somewhat subjectively by quali-
fied grading experts or assessors and so there is a strong demand from the meat industry for
alternative, objective assessment methods not only within Australia, but at an international
level as well [62,63]. Objective carcass assessment and on-line assessment is favorable and
many approaches are currently being explored [63,64]. As with all ‘omics’ approaches,
one novel aspect is that classification does not need to rely on one particular biomarker
and biomarkers can be grouped as a profile signature for samples. This is also the case
with REIMS, whereby a suite of different biomarkers present in the sample can be used
to describe groups or classifications of carcasses. Therefore, although some biomarkers
maybe discussed individually, it is the unique profile formed from many biomarkers that
can be used to generate classification groups. Some examples of these classification groups
are discussed below which are relevant to various meat quality aspects and include animal
attributes (e.g., breed or gender), meat attributes, (e.g., tenderness and dark-cutting) or
lastly, the treatment of the meat post-mortem (e.g., aging and shelf-life).

4.1. Flavour and Sensory Characteristics

In pork boar taint, the main flavor compounds are found in adipose tissue which
have been described as having an odour that is faecal-like (indole and 3-methylindole
(“skatole”)) or urinary- or sweaty-like (androstenone) and have been successfully classified
using an untargeted REIMS approach [18]. In neck fat samples from sows and boars, some
specific discrimination compounds were identified in the development of these odours and
represent promising targets for an on slaughter-line routine boar taint screening method.
Specifically, in the boar taint positive group, the monounsaturated fatty acids (MUFAs)
like palmitoleic acid, oleic acid and erucic acid (C16:1, 18:1 and C22:1, respectively), along
with saturated fatty acids (SFAs) like lauric acid (C12:0), were predominantly present,
whereas in the boar taint negative group, the SFA myristic acid (C14:0) was identified.
In addition, the polyunsaturated fatty acids (PUFAs) like linoleic acid and arachidonic acid
(C18:2 and C20:4) were also shown to be abundant in the boar taint positive and negative
groups. Correlations indicated that several fatty acids were related to androstenone,
3-methylindole and sensory ratings in pork back fat [65,66]. Although, it should be noted
that sensory ratings are subjective and can be different between individuals. Therefore,
direct correlations between specific fatty acids and sensory aspects may not always be
valid. Consequently, care should be taken since “fatty acids are not predictive for the
sensory score given by expert panelists who were extensively trained to detect deviant
smell in boar fat samples” [65]. Current carcass assessment of boar taint is often performed
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using a soldering iron, where the neck fat is singed and the released odour is evaluated
by a trained assessor. Together, these findings suggest that a more objective approach
would be useful for the industry, considering the variations that may exist for a sensory
approach, with REIMS offering higher levels of sensitivity and specificity compared to
these commonly used sensory methods [18]. REIMS is also practical for such work since
measurements can be done quickly (<10 s) and directly on the tissue [67]. Although the
initial capital expenditure would be quite large for a meat processor, the high throughput
of pork carcasses (600/h in Belgium abattoir) suggests costs per carcass are estimated to
remain below 1 € [18].

4.2. Breed

In beef, animal breed generates some unique fatty acid profiles which can be related
to sensory aspects, such as flavor, and these compounds could be partially responsible
for the segregation in clusters between Angus and Wagyu observed in REIMS analysis
(Figure 1 [7,25,68]). The unique sensory properties of Wagyu compared with Angus indi-
cate a more intense flavor is recognized, with a higher grilled beef flavor, dairy fat and
sweetness attributes, which increase with marbling level, especially in Wagyu beef. These
attributes have been related to high levels of MUFA and PUFAs and specific SFAs, like
stearic acid (C18:0). Heavy grain fed cattle, like Japanese black cattle, can produce carcasses
between 300 to 400 kg which is associated with harder fat having a higher composition of
stearic acid compared to other Angus and British breeds [69]. Currently, in the Australian
beef industry demand exists for a rapid method that can determine levels of fatty acids to
distinguish these characteristics on a carcass. Some preliminary evidence has shown REIMS
could be used for breed identification on beef minced meat and longissimus muscles [7,28].
Using REIMS with a variety of machine learning algorithm predictive models, Angus have
shown a clear separation from other breeds, like Wagyu, where the Angus breed type was
predicted with greater than 80% accuracy [28].

This distinctive segregation by breed and associated FA profile would be attractive
to geneticists, breeders and primary producers who are interested in attracting a pre-
mium price and offering distinct quality segregation and targeted marketing strategies
to distinguish their product or brand. In addition, if REIMS could be used to profile and
ideally quantify the levels of fatty acids on-line, this would provide an opportunity for
meat processors to identify specific vendors or breeding programs for early post-mortem
segregations and treatments. For example, carcasses containing lower levels of unsaturated
fatty acids (MUFA/PUFA) relative to SFA tend to be associated with harder fat (higher
melting point) and thus could be channeled into chillers with a suitable chilling regime
appropriate for that type of carcass. Table 2 shows the predominant fatty acids in beef and
sheep meat as well as the associated melting points. Optimized chilling could also assist
with avoiding issues commonly associated with heavy grain-fed carcasses, e.g., bone taint
and repetitive strain injuries from hard fat meat processing. An on-line detection method
to help facilitate this segregation process would be beneficial to meat processors, primary
producers and associated breeding/marketing programs.



Metabolites 2021, 11, 171 10 of 23Metabolites 2021, 11, x FOR PEER REVIEW 10 of 23 
 

 

 
Figure 1. Visualization of the PLSDA model for a variety of model sets relevant to various carcass groups, reproduced 
from [28]. 

Table 2. Major fatty acids (% w/w) in cattle and sheep A. 

Fatty Acid Class B Beef  Sheep Melting Point (°C) 
Myristic (C14:0) SFA 2–4 2.5–4 53 
Palmitic (C16:0) SFA 22–28 22–27 63 

Palmitoleic (C16:1) MUFA 1–12 1–2 0 
Stearic (C18:0) SFA 4–30 17–30 70 

trans-Vaccenic (C18:1) MUFA 1–12 0.3–4 45 
Oleic (C18:1) MUFA 35–50 19–31 16 

Linoleic (C18:2) PUFA 1–2 2–4 −9 
A reproduced from [69] B SFA = saturated fatty acid MUFA = monounsaturated fatty acid PUFA = 
polyunsaturated fatty acid. 

4.3. Long Aged Shelf-Life 
During long aged shelf-life of vacuum packed chilled beef, there are many volatile 

and non-volatile metabolite changes which occur that are correlated with the organoleptic 
sensory perception of the meat [70,71]. These volatile and non-volatile compounds can 
generate specific signatures that are distinctive over long aged storage (120 to 140 days) 

Figure 1. Visualization of the PLSDA model for a variety of model sets relevant to various carcass groups, reproduced
from [28].

Table 2. Major fatty acids (% w/w) in cattle and sheep A.

Fatty Acid Class B Beef Sheep Melting Point
(◦C)

Myristic (C14:0) SFA 2–4 2.5–4 53
Palmitic (C16:0) SFA 22–28 22–27 63

Palmitoleic (C16:1) MUFA 1–12 1–2 0
Stearic (C18:0) SFA 4–30 17–30 70

trans-Vaccenic (C18:1) MUFA 1–12 0.3–4 45
Oleic (C18:1) MUFA 35–50 19–31 16

Linoleic (C18:2) PUFA 1–2 2–4 −9
A reproduced from [69] B SFA = saturated fatty acid MUFA = monounsaturated fatty acid PUFA = polyunsaturated
fatty acid.

4.3. Long Aged Shelf-Life

During long aged shelf-life of vacuum packed chilled beef, there are many volatile
and non-volatile metabolite changes which occur that are correlated with the organoleptic
sensory perception of the meat [70,71]. These volatile and non-volatile compounds can
generate specific signatures that are distinctive over long aged storage (120 to 140 days)
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and can provide an objective indicator of the quality of product from a consumer perspec-
tive. For example, the antioxidant dipeptide carnosine along with lactic acid were among
the most abundant non-volatiles and are important attributes of red meat flavor, which
both appeared to peak at 84 and 98 days and decreased thereafter. Other non-volatiles
such as methionine and tyrosine peaked at 120 days, with fumaric acid and tyramine
more prevalent at 140 days. In addition, the concentration of ethanol increased approx-
imately three-fold from 120 to 140 days [70]. Furthermore, the type of packaging can
impact on sensory properties and could be explored using the REIMS technology [72].
The impact of the microbial flora during these extended periods on sensory characteristics,
and the likely formation of metabolites which could be detected by REIMS need also to
be considered [73,74]. These distinctive trends in various compounds over storage life
indicate that at each time point, a signature profile would be present that is dependent
upon other muscle attributes. Perhaps, with knowledge of animal history and processing
regimes, a predictive model could be developed which enables meat processors to make
more informed choices about the optimal signature profile that would be suitable for
specific customer segments and markets.

Dry aging also generates unique sensory properties of the meat and enhanced beef
flavour that could be more easily characterized prior to consumption with the application
of REIMS [75]. In beef, the process of dry aging typically generates a more umami and
butter-fried flavour that can be preferential to some consumers, compared to traditionally
aged products [76]. Perhaps due to the nature of the dry aging process, the applicability
of REIMS to determine optimal end point signature profiles, could be more useful from a
practical sense, where removal of packaging would not be such an issue.

4.4. Nutrition and Essential Fatty Acids (Vitamin E and ω-3)

In recent years, promoting the nutritional benefits of red meat in the diet has been
a major focus for the industry, especially in regard to the availability of certain vitamins
and essential fatty acids, such asω-3, with REIMS clearly having the capability for rapid
measurement of fatty acids [18]. Nutritionists have focused on improving the ratio of
n-3 PUFA (formed from α-linolenic acid C18:3) to n-6 PUFA (formed from linoleic acid
C18:2), due to the associated risks in cancers, coronary heart disease and blood clots leading
to heart attack [77,78]. Meat is a rich source of these essential fatty acids and has been
well reviewed [78], with “a 200 g serving of either grass, or grain-fed highly marbled striploin
steak providing around 120 mg of ω-3 FAs, making a reasonable contribution to the recommended
daily intake for adult males or females (160 and 90 mg, respectively)” [68,79]. As an example,
both Angus and Wagyu beef breeds have shown the total amount of ω-3 FAs, namely
α-linolenic, eicosapentaenoic (EPA), docosapentaenoic (DPA) and docosahexaenoic acids
(DHA) increase with marbling level [68]. These FAs and other compounds have been
linked to positive sensory flavoury attributes and have been well researched but this is
outside the scope of this review [78,80–82]. Given that REIMS responds to the FA and
phospholipid content, this could represent an opportunity to have an online method that
could identify different profiles reflective of a brand and thus be used to underpin different
marketing strategies for meat producers as well as processors.

4.5. Oxidation and Antioxidants

Unsaturated FAs also have a higher propensity to oxidise, which can cause rancidity
within a meat product. In addition, oxidation of myoglobin to brown metmyoglobin and
the interaction between protein and lipid oxidation are also important aspects of both long
aged shelf-life and retail display life [83]. This can have important ramifications on eating
quality and consumer perception both in terms of flavor and acceptability. Consequently,
the quantity of antioxidants, such as α-tocopherol (vitamin E) and carotenoids are an
important attribute of the meat for the industry and can have marketing benefits for
grass-feeding and organic beef producers [84]. Supplementation of pasture-fed cattle with
α-tocopherol has been shown to be comparable to grain-fed cattle supplemented with
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supra-nutritional doses of vitamin E [85]. This can modify the yellowness of carcass fat
which is regarded as appealing in certain Asian markets, and so be used to create market
strategies for meat processors [85]. Current antioxidant analyses are usually performed
using high pressure liquid chromatography (HPLC) which is fairly time consuming and
laborious. Therefore, if REIMS could be used to quickly measure quantities of antioxidants
online, this would represent an attractive tool for meat producers and processors to provide
a competitive advantage over some production or feeding systems.

4.6. Tenderness

Tenderness is an important meat quality trait, with the consumer prepared to pay more
for quality [86]. Meat quality traits, particularly tenderness, depend on both intrinsic as well
as extrinsic factors. These factors include: (i) pre-slaughter factors such as species, genotype,
nutrition and age of the animal, and pre-slaughter stress; and (ii) post-slaughter factors
such as electrical stimulation and hanging of the carcass, ageing of the meat, and packaging
and storage conditions [87–89]. In Australia, the producer, processor and retailer, are paid
more for assuring quality and tenderness under the MSA quality assurance scheme [90].
Therefore, an on-line assessment of tenderness would be valuable to the meat industry,
and an opportunity for the deployment of REIMS as well.

As has been noted above, lipids and phospholipids are the most abundant species in
biological tissues that readily form molecular ions and are detected by REIMS. The mass
spectra can be dominated by protonated and deprotonated intact lipid species, along
with the thermal degradation products of these lipids as well. Therefore, many food
applications rely on the fact that REIMS spectra are highly specific for different tissues,
but it is the distribution of the lipids as groups rather than individual species which is
important for differentiation. Many studies presented in the literature are focussed on food
fraud applications, such as meat origin (species, tissue type), meat substitution, processing
treatments and non-meat ingredient additions [91], which have been discussed elsewhere
in this review.

In a series of studies, Montowska and colleagues [46,92] established that AMS tech-
niques (liquid extraction surface analysis (LESA)-MS and DESI-MS) could be used to
discriminate between five different cooked meats (beef, chicken, pork, horse and turkey).
Subsequently, LESA-MS and targeted MS/MS were used to identify heat-stable peptide
markers for each meat type using tryptic digests of raw and cooked meat [93]. Using
protein-specific heat stable peptide markers, it was shown that several peptides derived
from myofibrillar and sarcoplasmic proteins were resistant to processing, which was vali-
dated using a range of meat products [93].

Given that FAs and complex glycerophospholipids are the main species detected using
REIMS, which can provide rapid lipidomic profiling of food grade meat products, it has less
applicability though for the differentiation of ‘tough’ and ‘tender’ meat based on protein
profiles for the reasons previously noted. However, it has been shown that it is possible to
identify peptide markers using sample digests and other AMS techniques [93] and that
REIMS has been also able to detect amino acids, peptides from aqueous solutions [11].
Therefore, the potential does exist to investigate and validate quality parameters such as
tenderness using REIMS using proteins as the analytes.

4.7. Meat Colour, pH and Water Holding Capacity

There is some preliminary evidence that suggests REIMS could be used to identify beef
dark cutting carcasses, classified under the USDA grading system where lean muscle colour,
rather than pH, is used to generate the classification [28,94]. The REIMS analysis used a
specialised PLSDA to classify 290 beef longissimus muscles into five carcass types, with “clear
separation between classes, with a slight overlap between dark cutter and grass-fed classes” [28].
This group also overlapped with the grass-fed category and maybe confounded with this
effect. In Australia, using 2017–2019 non-compliance figures, grass-fed and non-grain-
fed animals are known to have a higher incidence (9.9%) of non-compliance compared
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with grain-fed animals (2.1%) which is also likely in the US [95]. As described above,
the feeding regime and nutritional status of the animal prior to slaughter is a key aspect
of determining the lipid composition of the carcass, and therefore it seems likely that the
dark-cutting segregation observed in the REIMS study may have been an effect of this.
Additionally, during the early post-mortem period, muscles are still in a dynamic phase
which develops the structural light scattering properties and can impact on the grade
observed [96,97]. Thus, the dark meat observed in this USDA REIMS study may have
simply been graded prematurely.

Ideally, meat processors seek a predictive model for non-compliance detection (both
high pH and dark meat colour) which would enable the identification of susceptible
animals prior to slaughter, or failing this, early in the slaughter floor production line, so that
corrective actions can be taken (as found in a previous Australian industry survey [98]).
However, considering the REIMS method detects m/z profiles composed of predominantly
lipids, even in medical practices [11], rather than protein, there could be some difficulty
in discriminately assessing muscle type causing quality issues such as dark, high pH
meat. Furthermore, issues with excessively high or low water holding capacity, like heat-
induced toughening and pale, soft, exudative meat, which are also relatively protein-based
issues, would likely fall into this category, too. This does represent an opportunity for
the exploration, and validation, of REIMS with these protein-based quality issues since,
if successful, this would be incredibly useful for the meat industry.

5. Safety

Red meat provides an ideal medium for the growth of bacteria which includes both
spoilage and food poisoning organisms. In Australia, the Department of Agriculture and
Water Resources (DAWR) has a set of standards that export abattoirs must comply with,
which includes the National Carcase Microbiology Monitoring Program (NCMMP) which
monitors aerobic plate counts, E. coli (process control) and Salmonella (pathogens). Exporters
to the USA and Canada must also test for E. coli O157:H7 and six additional Shiga toxigenic
E. coli (STEC) [99]. These testing regimes come at a significant cost to industry with some
testing (STEC and O157:H7) requiring a “test and hold” of meat product. Current methods
of microbial testing rely on phenotypic, biochemical and DNA based methods. These
methods require technical expertise and labour intensive requiring some tests to take days
or weeks to complete, incurring significant costs to industry.

“-Omic” approaches and new technologies are revolutionising the way that micro-
biological testing is being performed. Since its advent in 1970, MS has been employed
in microbial identification schemes with significant progress occurring with the discov-
ery of new ionisation methods, matrix-assisted laser desorption/ionisation (MALDI) and
electrospray (ES), in the 1980s along with the development of databases for microbial iden-
tification in 2000s. This led the way for the development of commercial systems such as the
Bruker MALDI Biotyper and the Biomerieux VITEK MS systems which were granted FDA
approval in 2013 and are now routinely used in clinical laboratories for the identification
of bacteria, fungi, mycobacteria and resistance markers [11,100]. Despite offering faster
turnaround than traditional based methods, MALDI-TOF analysis does require significant
sample preparation, whereby the colony is cut from a Petri dish, transferred onto a target
plate and placed in a matrix before analysis [101]. This system has proved successful in
proteomic profiling, however metabolic profiling cannot be achieved due to lysis of the
lipid rich cell wall by the addition of a matrix. Metabolomics is a growing field and it
is now widely accepted this ‘-omics’ approaches provide information much closer to the
phenotype than other DNA based methods, or other ‘-omics’ technologies. The application
areas for REIMS are broad and varied, and potentially could help overcome some of the
challenges faced by the red meat industry.
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5.1. REIMS Applications in Bacterial and Yeast Speciation

The bacterial cell wall is lipid rich and lipid configurations are very much species de-
pendent. This is where the REIMS technology is advantageous, providing a mass spectrum
rich in lipids and metabolites. Employing this principle, Strittmatter and colleagues [12]
carried out a proof of concept (POC) study on nine clinically relevant Gram-positive and
Gram-negative bacterial species using REIMS. For ease of sampling, the iKnife was re-
placed with a pair of bipolar forceps (Figure 2A) to allow direct sampling of a colony grown
overnight on bacteriological agar. Squeezing the forceps together triggers an electrical
current which heats the cell until it bursts forcing a lipid rich vapour to travel through a
small hole, along tubing to the REIMS mass spectrometry unit (Figure 2B).
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and (B) droplet formation in REIMS (reproduced from [102]).

The mass spectrum produced was in the range of m/z = 150–2000 for most species
with a dominance of phospholipids in the mass range of m/z = 600–900. Statistical mod-
elling of the data output showed clear differentiation of Gram-positive and Gram-negative
bacteria. Whist both groups showed the presence of phosphatidylglycerols (PGs), di-
phosphatidylglycerols (DPGs) and, to a lesser extent, phosphatidic acid (PA), only Gram-
positive bacteria produced phosphatidylethanolamine (PE) signals. It is known that bac-
terial cell walls and cell membrane are mostly made of PGs, PEs and DPGs and that
Gram-positive bacteria contain more PE which correlates with these findings. The back-
ground contribution of lipids resulting from the five bacteriological agars used to culture
the bacteria were assessed by comparing mass spectra readings with no signals detected
from any of the five agars [103]. Multivariate statistical analysis of the data showed REIMS
was able to identify species with 95.9% accuracy, genus with 98.7% and gram stain with
100% accuracy. This study also incorporated a POC for yeast identification and successfully
identified five pathogenic Candida yeast species (fungi) with 98.8% accuracy [103]. Fungal
identification by MALDI-TOF has been limited as, unlike REIMS, it requires extensive
sample preparation. An extensive investigation into the use of REIMS to identify Candida
isolates correctly classified 153 isolates to species level with 100% accuracy [104].

One of the most attractive features of the REIMS is the lack of sample preparation time
and the speed of analysis. Bolt et al. [13] further developed the pace at which the REIMS can
be operated by the addition of a robot which they termed “high throughput (HTP) REIMS”
making it ideal for incorporation into semi-automated commercial or clinical laboratories.
The robot was made with the Tecan Freedom Evo robotic workstation with the addition of
the Scirobotics Pickolo colony-picker which features a robotic arm for grabbing the agar
plate and placing it on an imaging stage. A second robotic arm samples the microbial
biomass with a probe with colony selection made by either the robot’s software or the user.
Rapid sample turnaround is ideal for the meat industry given the short-shelf life of meat,
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and cost of storage required pending release of product following microbiological analysis.
This robot can process 3000 to 4000 colonies in a 24-h period with minimal input from the
user [13].

As well as providing in situ (ambient) testing, REIMS provides the novel ability to
also test samples ex vivo for example human biofluids and tissue or food matrices. Tradi-
tional methods such as HPLC and gas chromatography (GC) coupled with MS have been
used to test human faeces with both techniques requiring extensive sample preparation.
Direct sample metabolomic analysis of faecal material was achieved by REIMS following
modification of HTP REIMS to incorporate a robotic tip with a monopolar electrode and
the use of a Petri dish coated in conductive material [105]. The faecal material was placed
on a Petri dish on the imaging platform coated in a conductive material to act as a return
electrode. The REIMS unit strongly detected bacterial phospholipids PG and PE amongst
other constitutes of the faecal matter such as bile acids and highlighted the possibility
that REIMS could be used to identify pathogenic bacteria direct from samples using these
different lipid profiles as biomarkers [105]. Further work is required to determine the
feasibility of this approach and what level of taxonomic classification could be achieved.
Whilst this work was carried out on human faecal samples, it has potential to be applied to
cattle faeces which could help in our understanding of the effects of prebiotic or probiotic
treatments, the effect of diet and other environmental factors on the presence and shedding
of bacterial pathogens.

5.2. Subspecies Differentiation

A POC study was used to assess REIMS’ ability to serotype a small set of 10 strains
consisting of three serotypes of Streptococcus pneumoniae [102]. There are pitfalls to tra-
ditional serotyping methods such as genomic methods (PCR) which are laborious and
antigen-antibody serotyping, which is equally time consuming, lacks sensitivity and is
expensive. As is the case with foodborne pathogens such as STEC, there are many serotypes
of S. pneumoniae, yet only a small subgroup of these serovars are implicated in human ill-
ness. The classification of serotypes by REIMS offered 77.8% accuracy in this study with the
conclusion that adjustments were needed to the classification model and a greater pool of
serotypes and strains were required to increase this accuracy. However, this study demon-
strated the feasibility of serotyping using REIMS [102]. In a subsequent study, the potential
of REIMS to differentiate seven E. coli isolates, consisting of six derivatives of laboratory
strain K12 and one of laboratory strain B, was assessed. REIMS differentiated these strains
with an accuracy of 87.3% (Figure 3) with misclassification confined to two K12 derivatives;
MC1000 (red) and MC4100 (yellow). Once again, the study concluded that the classifi-
cation accuracy would be enhanced by the addition of larger numbers of isolates [102].
Sub-species differentiation methods have traditionally relied on genomic techniques such
as pulsed field gel electrophoresis (PFGE), multi-locus sequence typing (MLST) and WGS
(whole genome sequencing). The use of REIMS to differentiate the MLST type of 45 Pseu-
domonas aeruginosa isolates was evaluated and found to be able to accurately predict MLST
type with an accuracy of 83% [106]. These studies show metabolic fingerprinting by REIMS
can be used to determine some level of sub-species classification [12,103,107].
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5.3. Quorum Sensing Molecules—Virulence and Antimicrobial Resistance

Traditionally, virulence and anti-microbial resistance (AMR) prediction has been
performed using a variety of genomic techniques that determine the presence of virulence
and AMR genes. Whilst evaluating the ability of REIMS for MLST prediction, Bardin and
colleagues [106] noted that along with a dominance of phospholipids, the mass spectral
output also highlighted the presence of 17 rhamnolipids and 18 quorum sensing molecules
(QSMs) were also seen (Figure 4). Pseudomonas, like E. coli, uses QSMs to control the
expression of virulence genes [107]. This study compared the QSMs of P. aeruginosa, which
had been implicated in human illness, with non-pathogenic isolates. How the isolates
were grown (i.e., as single colonies or a lawn) produced differences in the QSM detected.
Furthermore, there was a correlation in the detection of some QSM with the presence of cell
wall phospholipids, suggesting QSM have some influence on structural modifications [106].
The ability of REIMS to detect QSMs shows REIMS can be used for metabolite fingerprinting
to assess virulence potential.
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AMR is of importance to the red meat industry globally as well as in Australia. The US
Center for Disease Control (CDC) considers strains of multidrug resistant Salmonella to
pose a serious food safety threat. Proposals have been made to urge the US Food Safety and
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Inspection Service to declare these strains as adulterants in meat and poultry products [108].
Antimicrobial testing is also important for antimicrobial stewardship; the Australian Lot
Feeders’ Association (ALFA) have antimicrobial stewardship guidelines which the Aus-
tralian feedlot industry need to adhere to. AMR monitoring and surveillance is a key
measure of the successful implementation of an antimicrobial stewardship program [109].
Current test methods for AMR detection, which include Biomerieux E-test, disc diffusion
and commercial systems Phoenix (BD Diagnostic systems) or the Biomerieux Vitek 2, deter-
mine the minimum inhibitory antimicrobial concentration by monitoring bacterial growth.
These methods are multi step and timely, making the “test and hold” approach that is used
with STEC impractical for Salmonella testing. Technical issues can also arise for polypeptide
antibiotics, anaerobic and slow growing or fastidious bacteria. The application of REIMS to
measure AMR was evaluated by assessing the response of K. pneumoniae to a carbapenem
antimicrobial. Twenty-two strains (10 sensitive and 12 resistant) of K. pneumoniae were
grown overnight on ISO sensitest agar impregnated with an antibiotic disk containing
10 µg of ertapenem [102]. REIMS was used to take two samples, one close to the disk and
the other opposite to the disk. Using multivariate statistical analysis, the predictive model
was able to identify resistant or sensitive strain with 75% accuracy with misclassification
shown not to be associated with any particular resistance mechanism [102]. Further studies
with increased strains and resistance mechanisms may reveal a range of applications for
animal and human health surveillance activities.

5.4. Chemical Residues

The Australian DAWR implements and administers the National Residue Survey
(NRS) where a random as well as targeted approach is deployed to monitor chemical
residues in agricultural produce such as meat, egg, honey and aquatic food products.
These approaches ensure that the related industries comply with the expected standards
that satisfy domestic and export needs as well as international regulation covered by,
for example, Codex Alimentarius. The numbers and types of samples used for testing
depends upon the produce, related systems and types of chemicals used in each case
(e.g., pesticides, veterinary medicines, environmental pollutants, etc.). As part of the
targeted residue monitoring program, specific on-farm audits are performed to ensure that
these industries are able to comply with the supply of product to both EU and non-EU
markets that are particularly sensitive to the use/presence of growth hormones (https:
//www.agriculture.gov.au/ag-farm-food/food/nrs/animal-residue-monitoring, accessed
28 February 2020). This need for continual monitoring to meet legislative directives requires
analytical methods which detect and quantitate these compounds and/or their metabolites.

The two common methods employed for the analysis of chemical residues in food
products are HPLC and GC with MS for detection and quantitation. Both techniques
employ often long and complex extraction steps to prepare the sample ready for analysis.
This has been recognised as a critical step with effort being directed to reduce sample
preparation for residue testing. Two examples of this are QuEChERS (quick, easy, cheap,
effective, rugged and safe; [110]) and ‘point and shoot’ [111]. These approaches have been
deployed with high resolution MS to detect a range of hormones and their metabolites
in several types of meats. The study determined a limit of quantitation of 1.0 µg/kg
for most of the compounds and subsequently identified the hormones progesterone and
hydrocortisone in a beef and pork sample [112]. A similar approach was used to detect
and analyse 17 steroid hormones in different sex and maturity stages of Antarctic krill
(Euphausia superba Dana) with limits of quantitation ranging from 2–100 ng/kg [113].

The application of REIMS for rapid chemical residue testing has yet to be evaluated,
and caution will be needed in evaluating its use for chemical residue testing. The ex-
pected range of any residue are quite low to ensure product compliance, which means the
measured levels will be at least at, or below, the limit of quantitation. It is very unlikely
that REIMS will able to detect analytes at this concentration range. As noted in this re-
view, the response from any compound in REIMS principally arises from the FA and PL

https://www.agriculture.gov.au/ag-farm-food/food/nrs/animal-residue-monitoring
https://www.agriculture.gov.au/ag-farm-food/food/nrs/animal-residue-monitoring
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content that is present in much higher content compared to that of any expected residue
(% vs. µg/kg). There is some evidence to suggest that this is the case. Verplankan et al. [18]
reported that, using traditional analytical methods for boar taint, that 3-methylindole
and androsterone were present in pork at concentrations between 200 and 500 µg kg−1,
respectively. However, the response from the ions associated with indole, 3-methylindole
and androsterone were not found in the mass spectrum and below the signal from the
background matrix. Thus, any response was most likely due to the changes resulting
from mass spectral differences from the FAs and PLs, and not those from the compounds
reasonable for boar taint. As previously mentioned, REIMS is an AMS technique. Direct
analysis in real-time mass spectrometry (DART-MS) is also an AMS technique which been
used as part of a multi-component solution for the detection of pesticides and adulterants
in wines [38] and pyrotechnic residues in seized postal packages containing fireworks [114].
The use of AMS in these applications suggest that REIMS could have utility in the residue
testing space enhanced by the capacity to conduct real-time sampling away from the MS,
however further work is needed to substantiate this.

6. Summary

Australia has a reputation for producing clean, green and wholesome red meat prod-
ucts resulting from a long history of supplying compliant meat to global markets. However,
there is increased emphasis from consumers and trade partners to verify product claims in
order to achieve premiumisation of red meat products. If Australian red meat producers
are to meet the emerging global demands, then a range of digital and biological verifi-
cation technologies are required. REIMS has potential to rapidly verify or classify red
meat products based on a range of provenance, quality and safety attributes. Importantly,
the remote sampling benefit afforded using the iKnife or other fit-for-purpose probes would
enable REIMS systems to be installed in all food processing environments. Automation
of the system would appear to be a natural evolution with ‘off the shelf’ robotics and
sensing/visualisation equipment able to transition REIMS into a real-time automated
compliance system. POC studies will identify which product claims are of greatest interest
to the Australian red meat industry and to what extent REIMS provides a convenient, rapid
solution for the industry.
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19. Kosek, V.; Uttl, L.; Jírů, M.; Black, C.; Chevallier, O.; Tomaniová, M.; Elliott, C.T.; Hajšlová, J. Ambient mass spectrometry based
on REIMS for the rapid detection of adulteration of minced meats by the use of a range of additives. Food Control 2019, 104, 50–56.
[CrossRef]

20. Composition of Meat. Available online: http://www.fao.org/ag/againfo/themes/en/meat/backgr_composition.html (accessed
on 5 March 2021).

21. Sarsby, J.; McLean, L.; Harman, V.M.; Beynon, R.J. Monitoring recombinant protein expression in bacteria by rapid evaporative
ionisation mass spectrometry. Rapid Commun. Mass Spectrom. 2019. [CrossRef]

22. Black, C.; Chevallier, O.P.; Haughey, S.A.; Balog, J.; Stead, S.; Pringle, S.D.; Riina, M.V.; Martucci, F.; Acutis, P.L.; Morris, M.;
et al. A real time metabolomic profiling approach to detecting fish fraud using rapid evaporative ionisation mass spectrometry.
Metabolomics 2017, 13. [CrossRef]

23. Shen, Q.; Wang, J.; Li, S.; Rao, W.; Wang, Y.; Wang, H. In situ rapid evaporative ionization mass spectrometry method for real-time
discrimination of Pelodiscus sinensis in different culturing modes without sample preparation. Food Anal. Methods 2019, 12,
2699–2708. [CrossRef]

24. Song, G.; Zhang, M.; Zhang, Y.; Wang, H.; Li, S.; Dai, Z.; Shen, Q. In Situ Method for Real-Time Discriminating Salmon and
Rainbow Trout without Sample Preparation Using iKnife and Rapid Evaporative Ionization Mass Spectrometry-Based Lipidomics.
J. Agric. Food Chem. 2019, 67, 4679–4688. [CrossRef] [PubMed]

25. Gredell, D. Assessment of Rapid Evaporative Ionization Mass Spectrometry (REIMS) to Characterise Beef Quality and The Impact
of Oven Temperature and Relative Humidity on Beef. Ph.D. Thesis, Colorado State University, Fort Collins, CO, USA, 2018.

26. Gifford, C.L. Capabilities of Rapid Evaporative Ionization Mass Spectrometry to Predict Lamb Flavor and Overview of Feeding
Genetically Modified Grain to Livestock. Ph.D. Thesis, Colorado State University, Fort Collins, CO, USA, 2019.

27. Lin, Y.; Wang, H.; Rao, W.; Cui, Y.; Yu, X.; Dai, Z.; Shen, Q. Rapid Evaporative Ionization Mass Spectrometry-Based Lipidomics
Tracking of Grass Carp (Ctenopharyngodon idellus) during In Vitro Multiple-Stage Digestion. J. Agric. Food Chem. 2018, 66,
6246–6253. [CrossRef]

http://doi.org/10.1021/ac200918u
http://www.ncbi.nlm.nih.gov/pubmed/21495690
https://www.waters.com/waters/en_AU/REIMS-Research-System-with-iKnife-Sampling-Device/nav.htm?cid=134846529&locale=en_AU
https://www.waters.com/waters/en_AU/REIMS-Research-System-with-iKnife-Sampling-Device/nav.htm?cid=134846529&locale=en_AU
http://doi.org/10.1021/acs.jafc.6b01041
http://www.ncbi.nlm.nih.gov/pubmed/27167240
http://doi.org/10.1038/s41598-019-42796-5
http://www.ncbi.nlm.nih.gov/pubmed/31000779
http://doi.org/10.1002/anie.200902546
http://www.ncbi.nlm.nih.gov/pubmed/19746375
http://doi.org/10.1021/acs.analchem.9b01441
http://www.ncbi.nlm.nih.gov/pubmed/31194519
http://doi.org/10.1021/ac501075f
http://www.ncbi.nlm.nih.gov/pubmed/24896667
http://doi.org/10.1021/acs.analchem.6b01016
http://doi.org/10.1016/j.foodcont.2019.106753
http://doi.org/10.33176/AACB-19-00023
http://www.ncbi.nlm.nih.gov/pubmed/31530964
http://doi.org/10.1080/19440049.2017.1421778
http://www.ncbi.nlm.nih.gov/pubmed/29279042
http://doi.org/10.1007/s12161-018-1386-8
http://doi.org/10.1016/j.talanta.2017.03.056
http://doi.org/10.1016/j.foodcont.2018.10.029
http://www.fao.org/ag/againfo/themes/en/meat/backgr_composition.html
http://doi.org/10.1002/rcm.8670
http://doi.org/10.1007/s11306-017-1291-y
http://doi.org/10.1007/s12161-019-01623-3
http://doi.org/10.1021/acs.jafc.9b00751
http://www.ncbi.nlm.nih.gov/pubmed/30951305
http://doi.org/10.1021/acs.jafc.8b01644


Metabolites 2021, 11, 171 20 of 23

28. Gredell, D.A.; Schroeder, A.R.; Belk, K.E.; Broeckling, C.D.; Heuberger, A.L.; Kim, S.-Y.; King, D.A.; Shackelford, S.D.; Sharp,
J.L.; Wheeler, T.L.; et al. Comparison of Machine Learning Algorithms for Predictive Modeling of Beef Attributes Using Rapid
Evaporative Ionization Mass Spectrometry (REIMS) Data. Sci. Rep. 2019. [CrossRef]

29. Venables, W.N.; Ripley, B.D. Modern Applied Statistics with S, 4th ed.; Springer: New York, NY, USA, 2002.
30. Zaitsu, K. Introduction to ambient ionization mass spectrometry. In Ambient Ionization Mass Spectrometry in Life Sciences; Elsevier:

Amsterdam, The Netherlands, 2020; pp. 1–32.
31. Cody, R.B.; Laramée, J.A.; Durst, H.D. Versatile New Ion Source for the Analysis of Materials in Open Air under Ambient

Conditions. Anal. Chem. 2005, 77, 2297–2302. [CrossRef] [PubMed]
32. Nilles, J.M.; Connell, T.R.; Durst, H.D. Quantitation of Chemical Warfare Agents Using the Direct Analysis in Real Time (DART)

Technique. Anal. Chem. 2009, 81, 6744–6749. [CrossRef]
33. Flaudrops, C.; Armstrong, N.; Raoult, D.; Chabriere, E. Determination of the animal origin of meat and gelatin by MALDI-TOF-MS.

J. Food Compos. Anal. 2015, 41, 104–112. [CrossRef]
34. Pavlovic, M.; Huber, I.; Busch, U. MALDI-TOF MS Profiling Based Identification of Food Components. In Comprehensive Foodomics;

Elsevier: Amsterdam, The Netherlands, 2021; pp. 742–747.
35. Sekimoto, K. Direct analysis in real time. In Ambient Ionization Mass Spectrometry in Life Sciences; Elsevier: Amsterdam, The

Netherlands, 2020; pp. 33–75.
36. Sugiura, Y.; Sugiyama, E.; Suematsu, M. DESI-based imaging mass spectrometry in forensic science and clinical diagnosis. In

Ambient Ionization Mass Spectrometry in Life Sciences; Elsevier: Amsterdam, The Netherlands, 2020; pp. 107–118.
37. Chernetsova, E.S.; Morlock, G.E. Ambient desorption ionization mass spectrometry (DART, DESI) and its bioanalytical applica-

tions. Bioanal. Rev. 2011, 3, 1–9. [CrossRef]
38. Yong, W.; Guo, T.; Fang, P.; Liu, J.; Dong, Y.; Zhang, F. Direct determination of multi-pesticides in wine by ambient mass

spectrometry. Int. J. Mass Spectrom. 2017, 417, 53–57. [CrossRef]
39. Vaclavik, L.; Rosmus, J.; Popping, B.; Hajslova, J. Rapid determination of melamine and cyanuric acid in milk powder using

direct analysis in real time-time-of-flight mass spectrometry. J. Chromatogr. A 2010, 1217, 4204–4211. [CrossRef]
40. Shin, Y.-S.; Drolet, B.; Mayer, R.; Dolence, K.; Basile, F. Desorption Electrospray Ionization-Mass Spectrometry of Proteins. Anal.

Chem. 2007, 79, 3514–3518. [CrossRef]
41. Schulz, S.; Wagner, S.; Gerbig, S.; Wächter, H.; Sielaff, D.; Bohn, D.; Spengler, B. DESI MS based screening method for phthalates

in consumer goods. Analyst 2015, 140, 3484–3491. [CrossRef] [PubMed]
42. Guo, T.; Yong, W.; Jin, Y.; Zhang, L.; Liu, J.; Wang, S.; Chen, Q.; Dong, Y.; Su, H.; Tan, T. Applications of DART-MS for food quality

and safety assurance in food supply chain. Mass Spectrom. Rev. 2017, 36, 161–187. [CrossRef]
43. Nielen, M.W.F.; Hooijerink, H.; Zomer, P.; Mol, J.G.J. Desorption electrospray ionization mass spectrometry in the analysis of

chemical food contaminants in food. Trac Trends Anal. Chem. 2011, 30, 165–180. [CrossRef]
44. Cajka, T.; Danhelova, H.; Zachariasova, M.; Riddellova, K.; Hajslova, J. Application of direct analysis in real time ionization–mass

spectrometry (DART–MS) in chicken meat metabolomics aiming at the retrospective control of feed fraud. Metabolomics 2013, 9,
545–557. [CrossRef]

45. Cajka, T.; Danhelova, H.; Vavrecka, A.; Riddellova, K.; Kocourek, V.; Vacha, F.; Hajslova, J. Evaluation of direct analysis in real
time ionization–mass spectrometry (DART–MS) in fish metabolomics aimed to assess the response to dietary supplementation.
Talanta 2013, 115, 263–270. [CrossRef]

46. Montowska, M.; Rao, W.; Alexander, M.R.; Tucker, G.A.; Barrett, D.A. Tryptic Digestion Coupled with Ambient Desorption
Electrospray Ionization and Liquid Extraction Surface Analysis Mass Spectrometry Enabling Identification of Skeletal Muscle
Proteins in Mixtures and Distinguishing between Beef, Pork, Horse, Chicken, and Turkey Meat. Anal. Chem. 2014, 86, 4479–4487.
[CrossRef]

47. Busman, M.; Bobell, J.R.; Maragos, C.M. Determination of the aflatoxin M1 (AFM1) from milk by direct analysis in real time—Mass
spectrometry (DART-MS). Food Control 2015, 47, 592–598. [CrossRef]

48. Bernier, M.C.; Li, F.; Musselman, B.; Newton, P.N.; Fernández, F.M. Fingerprinting of falsified artemisinin combination therapies
via direct analysis in real time coupled to a compact single quadrupole mass spectrometer. Anal. Methods 2016, 8, 6616–6624.
[CrossRef]

49. Fiorino, G.M.; Losito, I.; De Angelis, E.; Logrieco, A.F.; Monaci, L. Direct analysis in real time coupled to high resolution mass
spectrometry as a rapid tool to assess salmon (Salmo salar) freshness. J. Mass Spectrom. 2018, 53, 781–791. [CrossRef]

50. Rigano, F.; Mangraviti, D.; Stead, S.; Martin, N.; Petit, D.; Dugo, P.; Mondello, L. Rapid evaporative ionization mass spectrometry
coupled with an electrosurgical knife for the rapid identification of Mediterranean Sea species. Anal. Bioanal. Chem. 2019, 411,
6603–6614. [CrossRef]

51. Wagner, I.; Koch, N.I.; Harris, J.; White, N.; Price, T.A.R.; Jones, S.; Hurst, J.L.; Beynon, R.J. Rapid Evaporative Ionisation Mass
Spectrometry (REIMS) as a new technique for insect identification. Open Biol. 2020, 10. [CrossRef]

52. Barney, D.; Bedford, L. Raw material selection: Fruit, vegetables and cereals. In Chilled Foods: A Comprehensive Guide, 3rd ed.;
Woodhead Publishing Series in Food Science, Technology and Nutrition; Elsevier: Amsterdam, The Netherlands, 2008; pp. 25–41.
[CrossRef]

53. Cavin, C.; Cottenet, G.; Cooper, K.M.; Zbinden, P. Meat Vulnerabilities to Economic Food Adulteration Require New Analytical
Solutions. CHIMIA Int. J. Chem. 2018, 72, 697–703. [CrossRef] [PubMed]

http://doi.org/10.1038/s41598-019-40927-6
http://doi.org/10.1021/ac050162j
http://www.ncbi.nlm.nih.gov/pubmed/15828760
http://doi.org/10.1021/ac900682f
http://doi.org/10.1016/j.jfca.2015.02.009
http://doi.org/10.1007/s12566-010-0019-5
http://doi.org/10.1016/j.ijms.2017.03.005
http://doi.org/10.1016/j.chroma.2010.03.014
http://doi.org/10.1021/ac062451t
http://doi.org/10.1039/C5AN00338E
http://www.ncbi.nlm.nih.gov/pubmed/25827613
http://doi.org/10.1002/mas.21466
http://doi.org/10.1016/j.trac.2010.11.006
http://doi.org/10.1007/s11306-013-0495-z
http://doi.org/10.1016/j.talanta.2013.04.025
http://doi.org/10.1021/ac5003432
http://doi.org/10.1016/j.foodcont.2014.08.003
http://doi.org/10.1039/C6AY01418F
http://doi.org/10.1002/jms.4260
http://doi.org/10.1007/s00216-019-02000-z
http://doi.org/10.1098/rsob.200196
http://doi.org/10.1533/9781845694883.1.25
http://doi.org/10.2533/chimia.2018.697
http://www.ncbi.nlm.nih.gov/pubmed/30376918


Metabolites 2021, 11, 171 21 of 23

54. Independent Report: Elliot Review into the Integrity and Assurance of Food Supply Networks: Final Report. Available on-
line: https://www.gov.uk/government/publications/elliott-review-into-the-integrity-and-assurance-of-food-supply-networks-
final-report (accessed on 20 March 2020).

55. Keskin, E.; Atar, H.H. Molecular identification of fish species from surimi-based products labeled as Alaskan pollock. J. Appl.
Ichthyol. 2012, 28, 811–814. [CrossRef]

56. Xiong, X.; Guardone, L.; Cornax, M.J.; Tinacci, L.; Guidi, A.; Gianfaldoni, D.; Armani, A. DNA barcoding reveals substitution of
Sablefish (Anoplopoma fimbria) with Patagonian and Antarctic Toothfish (Dissostichus eleginoides and Dissostichus mawsoni)
in online market in China: How mislabeling opens door to IUU fishing. Food Control 2016, 70, 380–391. [CrossRef]

57. Bingpeng, X.; Heshan, L.; Zhilan, Z.; Chunguang, W.; Yanguo, W.; Jianjun, W. DNA barcoding for identification of fish species in
the Taiwan Strait. PLoS ONE 2018, 13, e0198109. [CrossRef]

58. Song, G.; Chen, K.; Wang, H.; Zhang, M.; Yu, X.; Wang, J.; Shen, Q. In situ and real-time authentication of Thunnus species by
iKnife rapid evaporative ionization mass spectrometry based lipidomics without sample pretreatment. Food Chem. 2020, 318,
126504. [CrossRef]

59. Petney, T.N.; Andrews, R.H.; Saijuntha, W.; Wenz-Mucke, A.; Sithithaworn, P. The zoonotic, fish-borne liver flukes Clonorchis
sinensis, Opisthorchis felineus and Opisthorchis viverrini. Int. J. Parasitol. 2013, 43, 1031–1046. [CrossRef]

60. Arena, K.; Rigano, F.; Mangraviti, D.; Cacciola, F.; Occhiuto, F.; Dugo, L.; Dugo, P.; Mondello, L. Exploration of Rapid Evaporative-
Ionization Mass Spectrometry as a Shotgun Approach for the Comprehensive Characterization of Kigelia Africana (Lam) Benth.
Fruit. Molecules 2020, 25, 962. [CrossRef]

61. Galvin-King, P.; Haughey, S.A.; Montgomery, H.; Elliott, C.T. The Rapid Detection of Sage Adulteration Using Fourier Transform
Infra-Red (FTIR) Spectroscopy and Chemometrics. J. AOAC Int. 2019, 102, 354–362. [CrossRef]

62. AUS-MEAT. Chiller assessment language. In Chiller Assessment Requirements; AUS-MEAT Limited: Murarrie, Australia, 2014.
63. Condon, J. Objective Carcase Grading: What’s Coming Down the Technology Super-Highway? Available online: https://www.

beefcentral.com/processing/objective-carcase-grading-whats-coming-down-the-technology-super-highway/ (accessed on 18
March 2020).

64. ALMTech. Research & Development. Available online: https://www.almtechau.com/research-development (accessed on 21
April 2020).

65. Liu, X.; Trautmann, J.; Wigger, R.; Zhou, G.; Mörlein, D. Fatty acid composition and its association with chemical and sensory
analysis of boar taint. Food Chem. 2017, 231, 301–308. [CrossRef]

66. Meier-Dinkel, L.; Gertheiss, J.; Müller, S.; Wesoly, R.; Mörlein, D. Evaluating the performance of sensory quality control: The case
of boar taint. Meat Sci. 2015, 100, 73–84. [CrossRef]

67. Stead, S.; Hird, S.; Balog, J.; Hooper, A.; Pringle, S.; Wilson, M.; Morris, M. Rapid, Direct Technique for the Discrimination of
Meat Tissues Originating from Different Animal Species for Food Authenticity. Available online: https://www.waters.com/
webassets/cms/library/docs/2015bsms_hird_reims.pdf (accessed on 13 February 2021).

68. Frank, D.; Ball, A.; Hughes, J.; Krishnamurthy, R.; Piyasiri, U.; Stark, J.; Watkins, P.; Warner, R. Sensory and Flavor Chemistry
Characteristics of Australian Beef: Influence of Intramuscular Fat, Feed, and Breed. J. Agric. Food Chem. 2016, 64, 4299–4311.
[CrossRef]

69. McPhail, N.G.; Small, A.; Eustace, I. Meat Technology Update: Fat Composition of Beef & Sheepmeat: Opportunities for
Manipulation. Available online: https://meatupdate.csiro.au/data/MEAT_TECHNOLOGY_UPDATE_08-2.pdf (accessed on 8
April 2020).

70. Frank, D.; Hughes, J.; Piyasiri, U.; Zhang, Y.; Kaur, M.; Li, Y.; Mellor, G.; Stark, J. Volatile and non-volatile metabolite changes in
140-day stored vacuum packaged chilled beef and potential shelf life markers. Meat Sci. 2020, 161, 108016. [CrossRef] [PubMed]

71. Spanier, A.M.; Flores, M.; McMillin, K.W.; Bidner, T.D. The effect of post-mortem aging on meat flavor quality in Brangus beef.
Correlation of treatments, sensory, instrumental and chemical descriptors. Food Chem. 1997, 59, 531–538. [CrossRef]

72. Lynch, N.M.; Kastner, C.L.; Kropf, D.H.; Caul, J.F. Flavour and aroma influences on acceptance of polyvinyl chloride versus
vacuum packed ground beef. J. Food Sci. 1986, 51, 256. [CrossRef]

73. Frank, D.; Zhang, Y.; Li, Y.; Luo, X.; Chen, X.; Kaur, M.; Mellor, G.; Stark, J.; Hughes, J. Shelf life extension of vacuum packaged
chilled beef in the Chinese supply chain. A feasibility study. Meat Sci. 2019, 153, 135–143. [CrossRef] [PubMed]

74. Nissen, H.; Sørheim, O.; Dainty, R. Effects of vacuum, modified atmospheres and storage temperature on the microbial flora of
packaged beef. Food Microbiol. 1996, 13, 183–191. [CrossRef]

75. Khan, M.I.; Jung, S.; Nam, K.C.; Jo, C. Postmortem Aging of Beef with a Special Reference to the Dry Aging. Korean J. Food Sci.
Anim. Resour. 2016, 36, 159–169. [CrossRef] [PubMed]

76. Li, X.; Babol, J.; Bredie, W.L.P.; Nielsen, B.; Tománková, J.; Lundström, K. A comparative study of beef quality after ageing
longissimus muscle using a dry ageing bag, traditional dry ageing or vacuum package ageing. Meat Sci. 2014, 97, 433–442.
[CrossRef]

77. Enser, M.; Hallett, K.G.; Hewett, B.; Fursey, G.A.J.; Wood, J.D.; Harrington, G. Fatty acid content and composition of UK beef and
lamb muscle in relation to production system and implications for human nutrition. Meat Sci. 1998, 49, 329–341. [CrossRef]

78. Wood, J.D.; Richardson, R.I.; Nute, G.R.; Fisher, A.V.; Campo, M.M.; Kasapidou, E.; Sheard, P.R.; Enser, M. Effects of fatty acids on
meat quality: A review. Meat Sci. 2003, 66, 21–32. [CrossRef]

https://www.gov.uk/government/publications/elliott-review-into-the-integrity-and-assurance-of-food-supply-networks-final-report
https://www.gov.uk/government/publications/elliott-review-into-the-integrity-and-assurance-of-food-supply-networks-final-report
http://doi.org/10.1111/j.1439-0426.2012.02031.x
http://doi.org/10.1016/j.foodcont.2016.06.010
http://doi.org/10.1371/journal.pone.0198109
http://doi.org/10.1016/j.foodchem.2020.126504
http://doi.org/10.1016/j.ijpara.2013.07.007
http://doi.org/10.3390/molecules25040962
http://doi.org/10.5740/jaoacint.18-0341
https://www.beefcentral.com/processing/objective-carcase-grading-whats-coming-down-the-technology-super-highway/
https://www.beefcentral.com/processing/objective-carcase-grading-whats-coming-down-the-technology-super-highway/
https://www.almtechau.com/research-development
http://doi.org/10.1016/j.foodchem.2017.03.112
http://doi.org/10.1016/j.meatsci.2014.09.013
https://www.waters.com/webassets/cms/library/docs/2015bsms_hird_reims.pdf
https://www.waters.com/webassets/cms/library/docs/2015bsms_hird_reims.pdf
http://doi.org/10.1021/acs.jafc.6b00160
https://meatupdate.csiro.au/data/MEAT_TECHNOLOGY_UPDATE_08-2.pdf
http://doi.org/10.1016/j.meatsci.2019.108016
http://www.ncbi.nlm.nih.gov/pubmed/31785514
http://doi.org/10.1016/S0308-8146(97)00003-4
http://doi.org/10.1111/j.1365-2621.1986.tb11103.x
http://doi.org/10.1016/j.meatsci.2019.03.006
http://www.ncbi.nlm.nih.gov/pubmed/30933852
http://doi.org/10.1006/fmic.1996.0023
http://doi.org/10.5851/kosfa.2016.36.2.159
http://www.ncbi.nlm.nih.gov/pubmed/27194923
http://doi.org/10.1016/j.meatsci.2014.03.014
http://doi.org/10.1016/S0309-1740(97)00144-7
http://doi.org/10.1016/S0309-1740(03)00022-6


Metabolites 2021, 11, 171 22 of 23

79. Australian Government, National Health and Medical Research Council. Nutrient Reference Values for Australia and New
Zealand. Available online: https://www.nrv.gov.au/nutrients/fats-total-fat-fatty-acids (accessed on 5 March 2020).

80. Brewer, S. The Chemistry of Beef Flavour, Executive Summary. Available online: https://www.beefresearch.org/Media/
BeefResearch/Docs/the_chemistry_of_beef_flavor_08-20-2020-98.pdf (accessed on 20 August 2020).

81. Campo, M.M.; Nute, G.R.; Hughes, S.I.; Enser, M.; Wood, J.D.; Richardson, R.I. Flavour perception of oxidation in beef. Meat Sci.
2006, 72, 303–311. [CrossRef] [PubMed]

82. Yancey, E.J.; Dikeman, M.E.; Hachmeister, K.A.; Chambers, E.; Milliken, G.A. Flavor characterization of top-blade, top-sirloin,
and tenderloin steaks as affected by pH, maturity, and marbling. J. Anim. Sci. 2005, 83, 2618–2623. [CrossRef]

83. Faustman, C.; Sun, Q.; Mancini, R.; Suman, S. Myoglobin and lipid oxidation interactions: Mechanistic bases and control. Meat
Sci. 2010, 86, 86–94. [CrossRef]

84. Descalzo, A.M.; Sancho, A.M. A review of natural antioxidants and their effects on oxidative status, odor and quality of fresh
beef produced in Argentina. Meat Sci. 2008, 79, 423–436. [CrossRef]

85. Yang, A.; Brewster, M.J.; Lanari, M.C.; Tume, R.K. Effect of vitamin E supplementation on α-tocopherol and β-carotene
concentrations in tissues from pasture- and grain-fed cattle. Meat Sci. 2002, 60, 35–40. [CrossRef]

86. Reicks, A.L.; Brooks, J.C.; Garmyn, A.J.; Thompson, L.D.; Lyford, C.L.; Miller, M.F. Demographics and beef preferences affect
consumer motivation for purchasing fresh beef steaks and roasts. Meat Sci. 2011, 87, 403–411. [CrossRef]

87. Hocquette, J.F.; Van Wezemael, L.; Chriki, S.; Legrand, I.; Verbeke, W.; Farmer, L.; Scollan, N.D.; Polkinghorne, R.; Rodbotten, R.;
Allen, P.; et al. Modelling of beef sensory quality for a better prediction of palatability. Meat Sci. 2014, 97, 316–322. [CrossRef]

88. Thompson, J.M.; Perry, D.; Daly, B.; Gardner, G.E.; Johnston, D.J.; Pethick, D.W. Genetic and environmental effects on the muscle
structure response post-mortem. Meat Sci. 2006, 74, 59–65. [CrossRef]

89. Young, O.A.; Hopkins, D.L.; Pethick, D.W. Critical control points for meat quality in the Australian sheep meat supply chain.
Aust. J. Exp. Agric. 2005, 45, 593–601. [CrossRef]

90. Channon, H.A.; Warner, R. Delivering consistent quality Australian pork to consumers—A systems approach. Manip. Pig Prod.
XIII 2011, 13, 262–293.

91. Black, C.; Chevallier, O.P.; Elliott, C.T. The current and potential applications of Ambient Mass Spectrometry in detecting food
fraud. Trac Trends Anal. Chem. 2016, 82, 268–278. [CrossRef]

92. Montowska, M.; Alexander, M.R.; Tucker, G.A.; Barrett, D.A. Rapid detection of peptide markers for authentication purposes in
raw and cooked meat using ambient liquid extraction surface analysis mass spectrometry. Anal. Chem. 2014, 86, 10257–10265.
[CrossRef] [PubMed]

93. Montowska, M.; Alexander, M.R.; Tucker, G.A.; Barrett, D.A. Authentication of processed meat products by peptidomic analysis
using rapid ambient mass spectrometry. Food Chem. 2015, 187, 297–304. [CrossRef]

94. USDA. United States Standards for Grades of Carcass Beef ; United States Department of Agriculture: Washington, DC, USA, 1997;
pp. 1–18.

95. Meat and Livestock Australia. Australian Beef Eating Quality Insights. Available online: https://www.mla.com.au/globalassets/
mla-corporate/marketing-beef-and-lamb/documents/meat-standards-australia/abeqi-2019-interactive.pdf (accessed on 17
September 2020).

96. Hughes, J.; Kearney, G.; Warner, R.D. Improving beef meat colour scores at carcass grading. Anim. Prod. Sci. 2014, 54, 422–429.
[CrossRef]

97. Murray, A.C. Factors affecting beef color at time of grading. Can. J. Anim. Sci. 1989, 69, 347–355. [CrossRef]
98. Hughes, J.; Bolumar, T.; Kanon, A.; Stark, J.; Tobin, A. Improving Beef Colour at Grading-Final Report; 2013/3005; CSIRO/AMPC:

Canberra, Australia, 2017.
99. Department of Agriculture and Water Resources. Microbiological Manual for Sampling and Testing of Export Meat and Meat Products;

Version 1.03; Department of Agriculture and Water Resources: Canberra, Australia, 2018.
100. Singhal, N.; Kumar, M.; Kanaujia, P.K.; Virdi, J.S. MALDI-TOF mass spectrometry: An emerging technology for microbial

identification and diagnosis. Front. Microbiol. 2015, 6, 791. [CrossRef]
101. Fang, J.; Dorrestein, P.C. Emerging mass spectrometry techniques for the direct analysis of microbial colonies. Curr. Opin.

Microbiol. 2014, 19, 120–129. [CrossRef]
102. Strittmatter, N. Development of Novel Mass Spectrometric Methods for the Characterisation and Identification of Microorganisms.

Ph.D. Thesis, Imperial College, London, UK, 2016.
103. Strittmatter, N.; Jones, E.A.; Veselkov, K.A.; Rebec, M.; Bundy, J.G.; Takats, Z. Analysis of intact bacteria using rapid evaporative

ionisation mass spectrometry. Chem. Commun. 2013, 49, 6188. [CrossRef]
104. Cameron, S.J.S.; Bolt, F.; Perdones-Montero, A.; Rickards, T.; Hardiman, K.; Abdolrasouli, A.; Burke, A.; Bodai, Z.; Karancsi,

T.; Simon, D.; et al. Rapid Evaporative Ionisation Mass Spectrometry (REIMS) Provides Accurate Direct from Culture Species
Identification within the Genus Candida. Sci. Rep. 2016, 6, 36788. [CrossRef]

105. Cameron, S.J.S.; Alexander, J.L.; Bolt, F.; Burke, A.; Ashrafian, H.; Teare, J.; Marchesi, J.R.; Kinross, J.; Li, J.V.; Takáts, Z. Evaluation
of Direct from Sample Metabolomics of Human Feces Using Rapid Evaporative Ionization Mass Spectrometry. Anal. Chem. 2019,
91, 13448–13457. [CrossRef]

https://www.nrv.gov.au/nutrients/fats-total-fat-fatty-acids
https://www.beefresearch.org/Media/BeefResearch/Docs/the_chemistry_of_beef_flavor_08-20-2020-98.pdf
https://www.beefresearch.org/Media/BeefResearch/Docs/the_chemistry_of_beef_flavor_08-20-2020-98.pdf
http://doi.org/10.1016/j.meatsci.2005.07.015
http://www.ncbi.nlm.nih.gov/pubmed/22061558
http://doi.org/10.2527/2005.83112618x
http://doi.org/10.1016/j.meatsci.2010.04.025
http://doi.org/10.1016/j.meatsci.2007.12.006
http://doi.org/10.1016/S0309-1740(01)00102-4
http://doi.org/10.1016/j.meatsci.2010.11.018
http://doi.org/10.1016/j.meatsci.2013.07.031
http://doi.org/10.1016/j.meatsci.2006.04.022
http://doi.org/10.1071/EA04006
http://doi.org/10.1016/j.trac.2016.06.005
http://doi.org/10.1021/ac502449w
http://www.ncbi.nlm.nih.gov/pubmed/25259730
http://doi.org/10.1016/j.foodchem.2015.04.078
https://www.mla.com.au/globalassets/mla-corporate/marketing-beef-and-lamb/documents/meat-standards-australia/abeqi-2019-interactive.pdf
https://www.mla.com.au/globalassets/mla-corporate/marketing-beef-and-lamb/documents/meat-standards-australia/abeqi-2019-interactive.pdf
http://doi.org/10.1071/AN13454
http://doi.org/10.4141/cjas89-039
http://doi.org/10.3389/fmicb.2015.00791
http://doi.org/10.1016/j.mib.2014.06.014
http://doi.org/10.1039/c3cc42015a
http://doi.org/10.1038/srep36788
http://doi.org/10.1021/acs.analchem.9b02358


Metabolites 2021, 11, 171 23 of 23

106. Bardin, E.E.; Cameron, S.J.S.; Perdones-Montero, A.; Hardiman, K.; Bolt, F.; Alton, E.W.F.W.; Bush, A.; Davies, J.C.; Takáts, Z.
Metabolic Phenotyping and Strain Characterisation of Pseudomonas aeruginosa Isolates from Cystic Fibrosis Patients Using
Rapid Evaporative Ionisation Mass Spectrometry. Sci. Rep. 2018, 8, 10952. [CrossRef]

107. Antunes, L.C.M.; Ferreira, R.B.; Buckner, M.M.; Finlay, B.B. Quorum sensing in bacterial virulence. Microbiology 2010, 156,
2271–2282. [CrossRef]

108. Marler Clark LLP. Petition for An Interpretive Rule Declaring ‘Outbreak’ Serotypes of SALMONELLA Enterica Subspecies Enterica
to be Adulterants. Available online: https://www.fsis.usda.gov/wps/wcm/connect/d2a7c76e-dda9-475d-bf35-4cb69f5fca24/20
-01-marler-011920.pdf?MOD=AJPERES (accessed on 17 April 2020).

109. Meat and Livestock Australia in conjunction with Australian Feedlotters’ Association. Antimicrobial Stewardship Guidelines for
the Australian Cattle Feedlot Industry. Available online: https://www.mla.com.au/globalassets/mla-corporate/research-and-
development/program-areas/animal-health-welfare-and-biosecurity/mla_antimicrobial-stewardship-guidelines.pdf (accessed
on 13 June 2020).

110. Attalah, E.; Nasr, Y.S.; El-Gammal, H.A.; Nour El-Dien, F.A. Optimisation and validation of a new analytical method for the
determination of four natural and synthetic hormones using LC-ESI-MS/MS. Food Addit. Contam. Part A 2016, 33, 1545–1556.
[CrossRef] [PubMed]

111. Genangeli, M.; Caprioli, G.; Cortese, M.; Laus, F.; Matteucci, M.; Petrelli, R.; Ricciutelli, M.; Sagratini, G.; Sartori, S.; Vittori, S.
Development and application of a UHPLC-MS/MS method for the simultaneous determination of 17 steroidal hormones in
equine serum. J. Mass Spectrom. 2017, 52, 22–29. [CrossRef] [PubMed]

112. Lopez-Garcia, M.; Romero-Gonzalez, R.; Garrido Frenich, A. Determination of steroid hormones and their metabolite in several
types of meat samples by ultra high performance liquid chromatography-Orbitrap high resolution mass spectrometry. J.
Chromatogr. A 2018, 1540, 21–30. [CrossRef]

113. Han, X.; Liu, D. Detection and analysis of 17 steroid hormones by ultra-high-performance liquid chromatography-electrospray
ionization mass spectrometry (UHPLC-MS) in different sex and maturity stages of Antarctic krill (Euphausia superba Dana).
PLoS ONE 2019, 14, e0213398. [CrossRef] [PubMed]

114. Bezemer, K.D.B.; Forbes, T.P.; Hulsbergen, A.W.C.; Verkouteren, J.; Krauss, S.T.; Koeberg, M.; Schoenmakers, P.J.; Gillen, G.;
van Asten, A.C. Emerging techniques for the detection of pyrotechnic residues from seized postal packages containing fireworks.
Forensic. Sci. Int. 2020, 308, 110160. [CrossRef] [PubMed]

http://doi.org/10.1038/s41598-018-28665-7
http://doi.org/10.1099/mic.0.038794-0
https://www.fsis.usda.gov/wps/wcm/connect/d2a7c76e-dda9-475d-bf35-4cb69f5fca24/20-01-marler-011920.pdf?MOD=AJPERES
https://www.fsis.usda.gov/wps/wcm/connect/d2a7c76e-dda9-475d-bf35-4cb69f5fca24/20-01-marler-011920.pdf?MOD=AJPERES
https://www.mla.com.au/globalassets/mla-corporate/research-and-development/program-areas/animal-health-welfare-and-biosecurity/mla_antimicrobial-stewardship-guidelines.pdf
https://www.mla.com.au/globalassets/mla-corporate/research-and-development/program-areas/animal-health-welfare-and-biosecurity/mla_antimicrobial-stewardship-guidelines.pdf
http://doi.org/10.1080/19440049.2016.1227878
http://www.ncbi.nlm.nih.gov/pubmed/27575595
http://doi.org/10.1002/jms.3896
http://www.ncbi.nlm.nih.gov/pubmed/27790795
http://doi.org/10.1016/j.chroma.2018.01.052
http://doi.org/10.1371/journal.pone.0213398
http://www.ncbi.nlm.nih.gov/pubmed/30856222
http://doi.org/10.1016/j.forsciint.2020.110160
http://www.ncbi.nlm.nih.gov/pubmed/32014815

	Introduction 
	What Is REIMS? 
	Compounds Amenable to REIMS Analysis 
	Data Analysis/Chemometric Approaches 
	Comparison of REIMS to Other Ambient Mass Ionisation-Spectroscopy (AMS) Techniques 

	Provenance 
	Meat Products 
	Fish 
	Botanicals 

	Quality 
	Flavour and Sensory Characteristics 
	Breed 
	Long Aged Shelf-Life 
	Nutrition and Essential Fatty Acids (Vitamin E and -3) 
	Oxidation and Antioxidants 
	Tenderness 
	Meat Colour, pH and Water Holding Capacity 

	Safety 
	REIMS Applications in Bacterial and Yeast Speciation 
	Subspecies Differentiation 
	Quorum Sensing Molecules—Virulence and Antimicrobial Resistance 
	Chemical Residues 

	Summary 
	References

