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ARTICLE INFO ABSTRACT
L(ey ‘(’i"‘f’rds';i The adulteration of food has received substantial amounts of media attention in the last few years, with events
ood frau

RN such as the European horsemeat scandal in 2013 sending shockwaves through society. Almost all cases are
Ambient ionisation . . . .

Mass spectrometry motivated by.the pursuit of prf)ﬁts and are often aided by long and complex supply Fhams. In Fhe pgst few
Food authenticity years, the rapid growth of ambient mass spectrometry (AMS) has been remarkable, with over thirty different
Meat adulteration ambient ionisation techniques available. Due to the increasing concerns of the food industry and regulators
worldwide, AMS is now being utilised to investigate whether or not it can generate results which are faster
yet comparable to those of conventional techniques. This article reviews some aspects of the adulteration of
food and its impact on the economy and the public’s health, the background to ambient mass spectrometry

and the studies that have been undertaken to detect food adulteration using this technology.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Contents

1. Introduction 268
2. Ambient mass spectrometry (AMS) 269
2.1.  The creation of AMS 269

2.2.  The mechanisms and evolution of AMS 270

3. The analysis of food adulteration using AMS 270
3.1. Desorption electrospray ionisation-mass spectrometry (DESI-MS) 271

3.2.  Direct analysis in real time-mass spectrometry (DART-MS) 271
3.2.1.  Chicken feed 272

3.2.2.  Dairy products 272

3.2.3.  Olive oil 272

3.2.4. Spices 273

3.3.  Atmospheric solid analysis probe-mass spectrometry (ASAP-MS) 273

3.4. Other ambient mass spectrometry techniques 273
3.4.1. Easy Ambient Sonic-spray lonisation-mass spectrometry (EASI-MS) 274

3.4.2. Paper spray-mass spectrometry (PS-MS) 274

3.4.3. Laser desorption spray post-ionisation-mass spectrometry (LDSPI-MS) 274

4.  The analysis of meat adulteration using AMS 275
41. Concepts of meat adulteration 275

4.2. Meat adulteration using liquid extraction surface-mass spectrometry (LESA-MS) 275

5.  Quantitative analysis 276
6.  Conclusions 276
Acknowledgements 277
References 277

1. Introduction
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Table 1

IGD grocery market size forecasts between 2015-2020 for international markets (US dollars-billions). [8]
US dollars (billons) 2015 2016 2017 2018 2019 2020
UK 310 320 328 336 344 352
United States of America (USA) 1,078 1,122 1,169 1,216 1,260 1,305
China 1,120 1,174 1,237 1,314 1,400 1,491
India 503 566 635 713 802 901
Japan 457 464 469 474 479 485
EU 1,787 1,829 1,872 1,918 1,970 2,024
North America 1,186 1,234 1,286 1,337 1,385 1,434
Asia 3,034 3,240 3,466 3,724 4,012 4,325
Total world 8,757 9,302 9,861 10,464 11,114 11,814

£103 billion to the United Kingdom (UK) economy, which ac-
counted for 7.6% national Gross Value Added (GVA). [1] More recently,
the Institute of Grocery Distribution (IGD) estimated that the UK
food retail industry has a turnover of £177.5 billion in the year for
May 2015, with projections for over £200 billion of sales in 2020.
[2] Horizon forecasts that the UK foodservice market is worth £46.6
billion in 2014 and that this will rise to £56.3 billion in 2019. 3]
On a global scale the IGD expects the value of the world’s grocery
market to increase by a third between 2015-2020 reaching $11.8
trillion in 2020, with the greatest contribution in growth being driven
by lower-middle income countries such as India, Indonesia and
Nigeria. [4] Table 1 identifies how this value was established, showing
the grocery market size forecasts for the major international markets
between 2015-2020 in US dollars (billions).

The maximisation of profits is the prime target for businesses.
However, within the food industry, where the majority of busi-
nesses are profitable and this profit is made by working within legal
frameworks, there are some cases where profit is made illegally
through the sale of fraudulent food. Food fraud is an economically
motivated concept that has occurred within the food production
and retail sectors since trading began. [5] It is defined as the de-
liberate and intentional substitution, addition, tampering or
misrepresentation of food, food ingredients and food packaging for
an economic gain. [6] The Grocery Manufacturers Association (GMA)
of America estimates that food fraud costs the global food indus-
try between $10 billion and $15 billion per year and that it affects
up to 10% of all the food that is eaten in the developed world and
20% in the developing world. [7] To combat this ever growing
problem, many international food standards and regulations have
been introduced. The European Union (EU) food labelling direc-
tive 2000/13 article 2 requires that consumers must not be misled
regarding the characteristics of food, in particular the nature, iden-
tity, manufacture, origin and quality. [5]

Economically motivated adulteration (EMA) of food often goes
undetected until it is too late to rectify the issue and therefore, it
can pose a substantial health risk. [9] Such is the anxiety at the
moment that the World Health Organization (WHO) stated that food
contamination, whether it be deliberate or accidental, is one of the
major public health threats of the 21% century. [10] The impact that
food adulteration can have on the public’s health very much depends
on what adulterant is used and the extent of any contamination.
The public’s health can be put at an immediate risk with the in-
clusion of toxic or lethal contaminants, which is known as direct
food fraud. Examples of this include melamine and the substitu-
tion of olive oil with poor refined peanut oil. The harmful effects
of food fraud may require a long time exposure to the adulterant
such as the addition of the illegal Sudan dyes to spices; [11] this
phenomenon has been described as indirect food fraud. [6]

The adulteration and fraudulent sale of food is believed to be
growing at a rapidly rising rate, with all foods susceptible. Certi-
fied labels such as ‘Organic’ and ‘Fair Trade’ goods may also be
affected by food fraudsters, with Europol indicating in the May 2015

edition of The Grocer that along with fake organic goods, which are
already a growing problem in the food industry, Fair Trade fakes
could be the next fraud scandal. [12] Additionally, Europol also in-
dicated that Mediterranean countries such as Egypt and Turkey were
responsible for a large share of counterfeit products within the food
and drink industry coming into the EU.

Food fraud has led to many people having little faith in the au-
thenticity of the food that they are purchasing. Consumers,
authorities and the reputable food industry are now demanding
greater controls on the quality of food, the authenticity and trace-
ability of food and food safety. Reviews carried out by Ellis et al.,
Reid et al., Reinholds et al. and Castro-Puyana et al. signify the con-
siderable amount of work that has been dedicated towards detecting
the adulteration, authenticity, traceability, safety and quality of food.
Methods of detection that have been utilised include; spectroscop-
ic techniques such as ultraviolet-visible (UV), mid infrared (MIR),
near infrared (NIR), Fourier transform infrared (FT-IR), Raman, flu-
orescent; nuclear magnetic resonance (NMR); isotope ratio mass
spectrometry (IRMS); inductively coupled plasma mass spectrom-
etry (ICP-MS); proton transfer reaction-mass spectrometry (PTR-
MS); high performance liquid chromatography (HPLC) and gas
chromatography (GC); mass spectrometry techniques coupled with
chromatography such as liquid chromatography-mass spectrom-
etry (LC-MS) and gas chromatography-mass spectrometry (GC-
MS); electronic nose; DNA based technologies such as polymerase
chain reaction (PCR); immunological technologies such as enzyme-
linked immunosorbent assay (ELISA) and thermal techniques such
as differential scanning calorimetry (DSC). [13-16] However, most
of these techniques require long and complex sample preparation
and assay times. Ambient mass spectrometry (AMS) is a relatively
new field of analytical chemistry which has the potential to over-
come these issues, whilst giving results that are comparable with
other conventional techniques.

2. Ambient mass spectrometry (AMS)

Liquid chromatography-mass spectrometry (LC-MS) has long been
utilised to investigate metabolic profiling of animal, human and plant
tissues. [17,18] Ionisation techniques such as electrospray ionisation
(ESI) and atmospheric pressure chemical ionisation (APCI) have
worked very well in separating analytes from a solution-phase matrix
at atmospheric pressure and transferring free ions into a vacuum
environment ready for mass spectrometry (MS) analysis. [19]
However, an issue with all atmospheric pressure ionisation sources
is the long, often complex and expensive sample preparation time.

2.1. The creation of AMS

AMS was first identified in 1998 when Fenn, in his patent, an-
ticipated paper spray mass spectrometry (PS-MS) when describing
a direct ionisation method employing cellulose based materials. [20]
However, the first published work by Wang et al. using PS-MS did
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Table 2
Applications of desorption electrospray ionisation (DESI), direct in real time anal-
ysis (DART) and the atmospheric analysis probe (ASAP)

Table 3

The grouping of ambient ionisation techniques based upon their ionisation

mechanisms

Ambientqa ionisation  Applications References
technique
Desorption Forensics, public safety, explosives, [22,24,27]

electrospray
ionisation (DESI)

toxic industrial compounds, chemical

warfare agents, pharmaceuticals,

industrial polymers, small organic

molecules, proteins, oligonucleotides,
carbohydrates and food analysis.

Chemical warfare agents, [25]
pharmaceuticals, metabolites,
peptides, oligosaccharides, synthetic
organics, organometallics, drugs of
abuse, explosives for forensics and
security, toxic industrial chemicals,
food analysis and medicinal analysis
Pharmaceuticals, drugs, nucleosides,
polymers, coal-related model
compounds, steroids and food analysis

Direct in real time
analysis (DART)

Atmospheric pressure
solid analysis probe
(ASAP)

[26,28,29]

not occur until 2010 and as a result desorption electrospray
ionisation (DESI) is widely regarded as the first ambient ionisation
technique to be created in 2004 by Takats et al. [21, 22] Their new
ionisation technique allowed samples to be analysed direct and
rapidly in the open air, with no sample preparation required. [23]
Takats et al. initially stated that DESI was capable of analysing pro-
teins and protein complexes, carbohydrates, oligonucleotides,
industrial polymers and small organic molecules. [24]| The re-
search group observed that the protein DESI spectra were identical
to that of ESI spectra, establishing that the results obtained from
the DESI source were comparable with that to conventional tech-
niques such as LC-MS. In 2005, two more ambient mass spectrometry
techniques were published; Cody et al. introduced direct analysis
in real time (DART) and McEwen et al. created the atmospheric pres-
sure solid analysis probe (ASAP). [25, 26] Table 2 identifies the
present applications of the three ambient ionisation techniques,
which range across various industries including pharmaceuticals,
forensics and chemical warfare agents.

2.2. The mechanisms and evolution of AMS

Further development of ambient ionisation techniques has been
undertaken to the point now where there are over thirty different
techniques available. [30] Ambient ionisation techniques can be
classified into three groups based upon their different ionisation
mechanisms; (1) Spray or jet ionisation technique such as DESI where
charged droplets are produced from an electrospray needle at a high
voltage; (2) Electric discharge ambient ionisation technique, such
as DART where ions, electrons and metastable atoms are pro-
duced using helium/nitrogen and a corona discharge; (3) An ambient
gas-, heat- or laser assisted desorption/ionisation technique such
as ASAP where a solid or liquid sample is ionised at atmospheric
pressure between (300°C-500°C). [31]

Table 3 outlines which ambient ionisation techniques are char-
acteristic of the three mechanisms described previously. Under the
mechanism of spray or jet ionisation is a technique known as de-
sorption electrospray/metastable-induced ionisation (DEMI). This
technique, according to Nyadong et al. integrates the benefits and
circumvents the limitations of DESI and (DART)-type metastable-
induced chemical ionisation (MICI). [32] As a result, it can be
operated in three different ionisation modes; (i) a spray or jet
ionisation: DESI; (ii) a metastable -induced chemical ionisation
(MICI): DART; (iii) a multi-mode: DEMI. [32] Therefore, although
Table 3 has DEMI situated under the ionisation mechanism of spray
or jet ionisation, theoretically it can also reside under electric

Spray or jet ionisation

Electric discharge
ambient ionisation

Ambient gas-, heat-
or laser assisted
desorption/ionisation

Desorption electrospray
ionisation (DESI)

Desorption atmospheric
pressure photo
ionisation (DAPPI)

Desorption electrospray/
metastable induced
ionisation (DEMI)?

Desorption sonic-spray

ionisation (DESSI) / Easy

ambient sonic-spray
ionisation (EASI)
Electrode-assisted
desorption
electrospray
ionisation (EADSI)
Electrostatic spray
ionisation (ESTASI)

Jet desorption
electrospray

Atmospheric pressure
glow discharge
desorption ionisation
(APGDDI)

Desorption atmospheric
pressure chemical
ionisation (DAPCI)
Direct analysis in real
time (DART)

Dielectric barrier
discharge ionisation
(DBDI)

Desorption corona
beam ionisation (DCBI)

Helium atmospheric
pressure glow discharge
ionisation (HAPGDI)
Liquid sampling-
atmospheric pressure

Atmospheric solid
analysis probe (ASAP)

Electrospray-assisted
laser desorption
ionisation (ELDI)
Extractive electrospray
ionisation (EESI)

High -voltage-assisted
laser desorption
ionisation (HALDI)

Infrared laser ablation
metastable-induced
chemical ionisation
(IR-LAMICI)?

Laser ablation
electrospray ionisation
(LAESI)

Laser desorption spray
post-ionisation (LDSPI)

ionisation (JeDI) glow discharge

(LS-APGD)
Liquid extraction Low temperature Laser spray ionisation
surface analysis (LESA)  plasma (LTP) (LSI)

Matrix assisted laser
desorption electrospray
ionisation (MALDESI)
Rapid evaporative
ionisation mass
spectrometry (REIMS)

Microwave induced
plasma desorption
ionisation (MIPDI)
Plasma assisted
desorption ionisation
(PADI)

Paper spray (PS)

Transmission mode
desorption electrospray
ionisation (TM-DESI)

3 Indicates that both DEMI and IR-LAMICI ionisation mechanisms have traits similar
to that of an electric discharge ambient ionisation mechanism and can therefore be
grouped in two different ionisation mechanism classes.

discharge ambient ionisation. Additionally, infrared laser ablation
metastable-induced chemical ionisation (IR-LAMICI) is also char-
acteristic of two of the ionisation mechanisms, as described by
Galhena et al. when they stated that IR-LAMICI integrates both IR
laser ablation and direct analysis in real time (DART)-type
metastable-induced chemical ionisation. [33] Firstly, IR laser pulses
impinge the sample surface ablating surface material and then a
portion of ablated material reacts with the metastable reactive plume
facilitating gas-phase chemical ionisation of analyte molecules gen-
erating protonated or deprotonated species in positive and negative
ion modes, respectively. [33]

3. The analysis of food adulteration using AMS

Most, if not all of the food commodities that appear on the shelves
of supermarkets are either susceptible or have already been exposed
to some form of food fraud. With greater controls and tests being
demanded by the authorities and food industry, analytical tech-
niques already play a key role in detecting the adulteration of food.
Table 4 summarises the issues that have been addressed within a
number of different food commodities using conventional tech-
niques. Additionally, the table also outlines which of these issues
have or have not been assessed using AMS. However, what this table
does not address is the ability or indeed inability of AMS tech-
niques to detect the adulteration in a fit for purpose manner. AMS
continues to evolve and some of the techniques have excelled and
been proven to produce accurate and reproducible results, whilst
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Table 4
The issues within food analysis that have been addressed by ambient mass spectrometry and conventional techniques since 2009
Food and drink Issue(s) addressed/analysed using ambient Ambient mass Issue(s) addressed/analysed Conventional References
commodities mass spectrometry (AMS) spectrometry using conventional techniques techniques
(AMS) techniques
Meat Meat speciation/authentication; chicken feed DART-MS, LESA-  Meat authentication/adulteration;  Stable ratio analysis, [34-46]
control; Triacylglycerol (TAG), diacylglycerol (DAG) MS, DESI-MS, mycotoxins in chicken feed PCR, ELISA, NIRS,
and free fatty acid (FFA) profiles of dry-cured ham PS-MS, EASI-MS Raman, LC-MS
Fish Dietary supplementation; geographic profiling of DART-MS, Frozen/fresh differentiation; fish Raman, PCR-ELISA, [47-56]
dried sea cucumber; lipidomic profiling of caviar; DAPCI-MS, EASI-  authentication/ mislabelling; FT-(N)IR, LC-MS,
analysis of sardine, trout and sardine MS mycotoxins in fish feed NMR, GC-MS
Milk Identification of melamine, dicyandiamide and DAPCI-MS, DESI-  Milk authenticity; animal species TD-NMR, MIR, PCR, [57-67]
cyanuric acid in milk powder, liquid milk, MS, DART-MS, origin; adulteration of soy milk NIRS, ELISA
condensed milk and soy milk; animal species origin =~ LTP-MS and yak milk
Dairy Butter cholesterol levels; cheese adulteration with DAPPI-MS, DESI-  Cheese adulteration; butter LC-MS, NMR [59,68-71]
products plant oils; analysis of margarine MS, DART-MS adulteration
Herbs, spices  Addition of illegal dyes and additives; geographic DAPCI-MS, DESI-  Contaminant analysis and NMR, ICP-MS, UV/Vis, [15,29,35,
and sauces discrimination of star anise; cinnamon MS, ASAP-MS, adulteration in herbs and spices; NIRS, Raman, FT-IR, 72-80]
authentication. DART-MS, PS-MS  Pesticides in herbs LC-MS, GC-MS
Oils, nuts and  Olive oil adulteration; geographic profiling of olive DART-MS, EASI- Adulteration of olive and argon GC-MS, electronic [81-88]
condiments oil; quantitative analysis of 5-hydroxymethylfurfural MS, LDSPI-MS, oils; analysis of balsamic vinegar; nose, NMR, NIRS
in honey; fingerprinting of yoghurt PS-MS authenticity of hazelnuts
Cereals Mycotoxins and pesticides in cereals DART-MS Mycotoxins in wheat; herbicides in  LC-MS/MS, GC-MS, [89-92]
maize; pesticides in corn, oat, rice  ELISA
and wheat
Fruit and Pesticides in fruit and vegetables; differentiation of ~ LTP-MS, PS-MS, Identification of animals in PCR, NMR, LC-MS [93-99]
vegetables organically and conventionally grown peppers and LC/DBDI-MS, vegetarian food; metabolic
tomatoes DART-MS profiling of fruit; pesticides in fruit
Drinks Recognition of beer brands; fungicides in wine; DART-MS, LTP- Brandy adulteration, wine Fluorescence [35,
analysis of cola; origin and post-harvest methods of ~ MS, PS-MS, EASI-  adulteration; authenticity of spectroscopy, stable 100-110]
coffee beans; analysis of sports drinks MS, DESI-MS whiskey; ground coffee isotope ratio, IRMS,

adulteration; pesticides in tea electronic nose, GC/MS,

NIRS, MIRS, LC-MS

others have fallen short. This review attempts to identify the most
recent work carried out using AMS, providing various scenarios
where the technique(s) have worked very well, the technique(s)
which have shown indications of their potential and others where
the technique(s) have not produced data of much promise.

3.1. Desorption electrospray ionisation-mass spectrometry
(DESI-MS)

DESI-MS has mostly been applied to quality control plus phar-
maceutical and forensic analysis due to its ability to screen samples
directly and rapidly and analyse specimens in different forms (tablets,
gels etc.). [27,111] Compared to conventional LC-MS, the litera-
ture indicates very little research has been undertaken regarding
the detection of food adulteration using DESI-MS. Various issues have
been addressed with regards to the analysis of food including the
analysis of lipids in butter products, the identification of triglycer-
ides (TG) in edible oils and margarine and the differentiation of post-
harvest methods of coffee beans. [68,69,105] However, what work
that has been carried out using DESI-MS has indicated that it is not
particularly effective at detecting food adulteration compared to other
ambient mass spectrometry techniques, with the lack of chromato-
graphic separation being cited as the main issue.

Yang et al. attempted to detect the adulteration of milk using de-
sorption atmospheric pressure chemical ionisation-mass
spectrometry (DAPCI-MS), but they also investigated how DESI-
MS could be used and how the results compared. [57] Whereas the
ionisation mechanism of DESI is characteristic of ESI, the ionisation
mechanism of DAPCI is more akin to that of APCI. The literature sug-
gests that DAPCI-MS is potentially more suited to detecting the
adulteration of food compared to DESI-MS, as Chen et al. showed
when investigating the adulteration of tomato sauce with Sudan dyes.
[72] At the outset of their study, Yang et al. gathered a DAPCI-MS
spectrum of authentic melamine (10ng) and found the mass ion at
m/z 127 and the fragment ions at m/z 110, 85 and 60. They then

tested powdered milk samples contaminated with melamine
and found both the parent and daughter ions of this compound.
However, when they utilised DESI-MS on a 10 uL milk sample con-
taining 10 ppm melamine, the melamine daughter ions were not
picked up and instead ions of m/z 109, 84 and 81 were detected.
It was concluded that DESI-MS could not be used to detect mela-
mine contamination at a meaningful concentration. It is important
to note that Yang et al. found that by drying the liquid milk samples
at 120°C, they could detect weak melamine signals with the correct
daughter ions using DESI-MS. Although, having undertaken this re-
search, they still stated that powdered milk should not be directly
analysed by an open-air DESI source because the fine particles started
to contaminate the source region when the gas pressure was higher
than 0.2 MPa.

A summary of the work using DESI-MS, with particular refer-
ence to food analysis ranging from the addition of Sudan dyes in
tomatoes and spices, to the addition of sweeteners and food foren-
sics, including the work undertaken by Yang et al. was carried out
by Nielen et al. [27] Their findings suggested that due to the lack
of sample preparation and therefore lack of chromatographic sep-
aration, DESI-MS is vulnerable to false-positive and false-negative
findings compared to conventional LC-MS and therefore, it is not
reliable enough to be used in the detection of food fraud. [27]

3.2. Direct analysis in real time-mass spectrometry (DART-MS)

Compared to DESI-MS, there is substantially more literature sug-
gesting that DART-MS is capable of analysing food samples. However,
the majority of the published work is not centred on investigating
the adulteration of food but rather on how well DART-MS adapts
to different situations. An example of this type of study was un-
dertaken by Rahman et al. who attempted to use DART-MS to locate
the bioactive components of curcumin present in turmeric rhi-
zomes. [112] The researchers were able to apply DART-MS to locate
the curcumin present in the pitch of the turmeric rhizomes. These
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can now be extracted and added to curries and other dishes to retain
the beneficial effects whilst not making the food unpalatable due
to the colour or odour.

Whereas Nielen et al. stated that DESI-MS is inadequate at de-
tecting food fraud, some of the literature suggests that DART-MS
is much more efficient in such applications. Most of the work that
has been carried out using DART-MS to detect the adulteration of
food appears to have been led by the research group of Jana Hajslova,
Tomas Cajka and Lukas Vaclavik who have attempted to detect adul-
teration in many different food and drink items with varied degrees
of success. [100,113]

3.2.1. Chicken feed

Cajka et al. investigated whether DART-MS, along with multi-
variate data analysis, could be utilised to assess the control of chicken
feed fraud. Chicken feed normally consists of wheat, corn and soya
meal along with other minor components such as barley and oat.
[34] Their aim was to investigate if DART-MS could differentiate
between chickens that had been fed with and without chicken bone
meal using metabolomics. Polar and non-polar extracts of chicken
muscle were analysed in both DART (+) and DART (-). After anal-
ysis of the data Cajka et al. decided to only analyse polar extracts
in DART (+) and non-polar extracts in DART (-) as they provided the
most complex fingerprints which were subsequently used in the
analysis of a large series of chicken samples. [34] Three dominat-
ing ions were detected in the polar extracts; creatine, carnosine and
anserine, whilst fatty acids (FA) were detected in the non-polar
extracts.

Using both principal component analysis (PCA), an unsuper-
vised technique, and orthogonal partial least squares-discriminant
analysis (OPLS-DA), a supervised technique, Cajka et al. where able
to clearly demonstrate that by using DART-MS, they could differ-
entiate between chickens that had been fed with chicken feed and
chicken bone meal and chickens that had been fed with just chicken
feed, with both polar and non-polar fingerprints able to show this.

3.2.2. Dairy products

Dairy products are extremely susceptible to food fraud, [114] with
the Chinese milk scandal in 2008 being the most high profile case
to date with the addition of melamine. The rationale for this addi-
tion was the fact that milk prices are dictated by their nitrogen content.
Melamine contains 67% nitrogen by mass and therefore, when added
to milk it enhances the milks nitrogen content and thus the price.
DART-MS, along with other AMS techniques such as DAPCI-MS and
low temperature plasma-mass spectrometry (LTP-MS), [57,62] is a
technique which has been utilised to detect the presence of mela-
mine in milk powder. However, early studies identified an issue due
to spectral/isobaric interferences. Dane et al. investigated the ionisation
mechanisms of melamine using both helium and argon as the DART
gas. [60] When using helium, the research group identified the for-
mation of protonated 5-hydroxymethylfurfural (5-HMF). Protonated
5-HMF (m/z 127.0395) is a compound which has the same nominal
mass to that of melamine (m/z 127.0732) which according to the re-
search group results in clear spectral interferences. Additionally, Dane
et al. observed that the relative abundance of 5-HMF increased with
prolonged exposure to the DART heat source. As a result, the team
attempted to repeat the experiments using argon as the DART gas,
in combination with acetylacetone and pyridine reagent gases. The
reasoning for this combination of gases was; (1) 5-HMF and more
importantly melamine were not directly ionised by argon DART gas
and (2) the combination of gases selectively ionised melamine whilst
reducing the spectral interferences of 5-HMF. The ionisation mech-
anism started with a penning ionisation of acetylacetone resulting
in cation radicals which when protonated form protonated
acetylacetone. The proton transferred to pyridine which was then
finally transferred to melamine. An important conclusion from Dane

et al. was that although qualitatively melamine could be detected
in milk powder samples, quantitatively much more work was
required. [60]

Further publications using DART-MS to detect melamine in milk
powder have been produced, an example being the work under-
taken by Vaclavik et al. who could detect the presence of melamine
and cyanuric acid at levels as low as 170 pg/kg and 450 pg/kg re-
spectively. [61] Additionally, the limits of quantitation (LOQ) were
450 pg/kg for melamine and 1200 pg/kg for cyanuric acid. Inter-
estingly, the research group used isotopic labelling (**C; -MEL and
13C; —~CYA) to obtain accurate quantification. However, an impor-
tant observation was that deuterated melamine analogues such as
MEL-ds were found not to be suitable for quantitative analysis. [61]
Vaclavik et al. compared the LOQ for DART-time of flight mass spec-
trometry (DART-TOFMS), LC-MS/MS and ELISA when analysing
melamine in dried milk, condensed milk and dried cheese samples.
The team stated that there was good agreement between DART-
TOFMS and LC-MS/MS for the dried milk samples, but large
differences for the condensed milk and dried cheese samples. The
work undertaken by the research group demonstrated that AMS has
many benefits such as lack of sample preparation, quick assay
running times and fairly comparative qualitative results to that of
conventional techniques. However, quantitatively conventional tech-
niques such as LC-MS are still much better suited.

Another means of fraud in milk is the substitution of milk from
one species with milk from another species. Hrbek et al. under-
took the task of using DART-high resolution mass spectrometry
(DART-HRMS) to investigate whether it was possible to discrimi-
nate between organic cow’s milk, conventional cow’s milk, goat’s
milk and sheep’s milk. [59] When this group applied PCA to the data
of all the milk samples, they made a very interesting observation.
The PCA plot showed that cow’s milk from both organic and con-
ventional production were very different to sheep’s milk and goat’s
milk. However, sheep’s milk and goat’s milk could not be differen-
tiated using DART-HRMS. Hrbek et al. believed this occurred as the
differences caused by the variability in TAG profiles were appar-
ently larger than the inter-species differences. [59] Other interesting
observations were that it was not possible to distinguish between
cow’s milk from organic and conventional production. However, it
was possible to discriminate between cow’s milk and milk from other
species using DART-HRMS. This demonstrated that ambient mass
spectrometry has the ability to be utilised as a tool for the detec-
tion of at least some forms of food and drink adulteration.

Additionally, Hrbek et al. also wanted to further test DART-
HRMS and see whether it could be used to detect plant oils in milk-
based foods. In order to do this, they prepared soft cheese samples
with and without rapeseed, sunflower and soybean oil. The soft
cheeses were made using randomly selected cows’ milk. TAG com-
positions in milk fat, whether it be from cow, goat or sheep are much
lower compared to plant oils. Therefore, when DART-HRMS was used
to detect the adulteration of soft cheese with plant oils, it was able
to clearly detect the plant oil even to levels as low as 1 % (w/w).
According to Hrbek et al. between the mass range of m/z 840-910
is where there is the largest contrast between authentic soft cheese
and soft cheese adulterated with plant oil can be observed, due to
the presence of plant [M + NH4] * TAGs adduct ions.

3.2.3. Olive oil

One of the most commonly adulterated food items are oils and
in particular olive oil. This is a highly appreciated product world-
wide and is the major lipid component of the Mediterranean
diet. [82] Its unique taste and flavour makes it a very desirable
product and therefore it has a high price, especially the virgin
products. The adulteration of olive oil has been studied exten-
sively with many analytical techniques such as NMR, LC-MS,
supercritical fluid chromatography-mass spectrometry (SFC-MS) and
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gas chromatography-mass spectrometry (GC-MS), but the sample
preparation time in all cases is lengthy. [115-117]

There are many different grades of olive oil available, but extra
virgin olive oil is the most sought after and therefore, the most ex-
pensive. As a result, it is very susceptible to adulteration. Vaclavik
et al. utilised DART-MS to detect the adulteration of extra virgin olive
oil with the cheaper hazelnut oil. [81] This group gathered their data
using DART-TOFMS. Using linear discriminant analysis (LDA), Vaclavik
et al. were able to detect down to 6% adulteration of extra virgin
olive oil with hazelnut oil. [81] Characteristic DART-MS finger-
prints in the polar TAG fractions helped identify the presence of
hazelnut oil, with the time required to analyse one sample being
below one minute.

3.2.4. Spices

Spices are commodities which have received substantial amounts
of media attention in the last couple of years, and as result the spice
industry is taking fraud very seriously. Avula et al. undertook the
challenge of using DART-TOFMS and PCA to investigate the authen-
tication of true cinnamon. [74] The samples they analysed were;
Cinnamomum verum (true cinnamon); Cinnamomum aromaticum
(cultivated in Southern China and Burma); Cinnamomum loureirii
(cultivated in Vietnam) and Cinnamomum burmanini (cultivated in
Indonesia and the Philippines). The research group obtained their
data in positive mode and they identified clear groupings which were
unique for each type of cinnamon. Between m/z 130-170 were
phenylpropane compounds whilst between m/z 195-240 there were
sesquiterpene compounds. There were clear differences in the DART-
MS spectral data of the various cinnamon species and clear
separation in the PCA plots, which according to Avula et al. was due
to the varying intensities of coumarin, cinnamaldehyde, methyl
cinnamate, aminocinnamic acid and three sesquiterpenes. [74] This
work demonstrated that ambient mass spectrometry has a very im-
portant role to play in improving the traceability and authentication
of food.

When the adulteration of a food or drink commodity is under-
taken, the consumer’s health is seldom if ever taken into account
by the fraudster. In some cases, the adulteration of food can have
serious health implications, such was the case in the Chinese milk
scandal. Work undertaken by Shen et al. demonstrated such a case
where the power of techniques such as DART-MS can be effective-
ly utilised.

Using DART-HRMS Shen et al. investigated whether they could
identify the presence of anisatin in Japanese star anise rapidly. A
carpel of star anise was held in position for 15-25 s and measure-
ments were taken in both positive and negative mode. The resulting
spectra showed the clear presence of anisatin in Japanese star anise
with the signals being greater than 1000 times in intensity com-
pared to that of the Chinese star anise. The main marker of anisatin
in positive mode was identified at m/z 346.148 which was the
[M + NH4]* adduct and in negative mode the marker was identi-
fied at m/z 327.107 which was the [M-H]" adduct. [73] Shen et al.
stated that even though both ionisation modes clearly identified the
presence of anisatin in Japanese star anise, the spectra produced
in negative mode were higher in terms of sensitivity and had less
interference.

As well as identifying clear spectral differences between Chinese
star anise and Japanese star anise, Shen et al. also investigated
whether it was possible to detect the presence of Japanese star anise
in herbal teas that commonly contain star anise. Shen et al. spiked
tea samples with Japanese star anise at concentrations of 0%, 1%,
2%, 5%, 20% and 50%. By dipping a glass rod into the tea so that ap-
proximately 2 uL was analysed, the researchers were able to produce
calibrations and establish that adulteration at levels as low as 1%
(w/w) were measurable. When carrying out a small retail survey
on eight herbal teas purchased in the Netherlands, no anisatin was

found. However, the work undertaken by Shen et al. demonstrated
the importance of combating food adulteration in terms of pro-
tecting the public’s health.

3.3. Atmospheric solid analysis probe-mass spectrometry (ASAP-MS)

Similar to DESI-MS, there is a scarcity of evidence to suggest that
ASAP-MS has been utilised to detect the adulteration of food, but
much more widely applied to the field of pharmaceuticals and the
analysis. [28] Fussell et al. carried out an assessment on how ASAP
had been utilised in food analysis. [29] Their main focus was on
detecting pesticides in cereals and the detection of illegal dyes in
spices.

With regards to work on spice fraud, most of the literature has
been focused on the addition of Sudan dyes which are banned within
the EU due to their carcinogenicity. However, there are many other
illegal dyes such as malachite green and orange Il available that have
been found to be added to food items. Fussell et al. utilised ASAP-
TOFMS to detect the presence of the illegal dye auramine in saffron,
which is one of the most expensive spices available on the market.
The ASAP probe was stirred into the sample and desorbed. The re-
sulting ASAP-TOFMS spectrum produced an ion at m/z 268.1805
which corresponded to auramine [M + H]*. The results from the ASAP
probe were in agreement with results produced using LC-MS/MS,
which verified the presence of auramine at 8 mg/kg. [29] Fussell et al.
also stated that the ASAP probe had been used to detect the pres-
ence of bixin and norbixin in paprkia, which are EU approved food
additives, [118] and coumarin in cinnamon. [29] Coumarin, al-
though found naturally in cinnamon as described previously, is also
permitted to be used as a food additive. However, after investiga-
tion by the European Food Safety Authority (EFSA), a daily intake
limit of 0.1 mg/kg bodyweight was set because repeated high intakes
of coumarin can lead to liver failure. [119]

Work was undertaken by Waters Corporation to investigate
whether the ASAP probe along with a triple quadrupole (TQD) mass
spectrometer could be utilised to detect melamine in a range of milk
based food products. [120] 1 pl of milk, infant formula, or the su-
pernatant from chocolate or biscuit were shaken with acetonitrile
and directly loaded into onto the ASAP probe. The experiments were
conducted in positive mode and a hot stream of nitrogen gas (400°C)
was used. According to Waters, within 2.5 minutes the ASAP probe
and TQD were able to screen for the presence of melamine at levels
which were relevant to legislation in a range of sample matrices.
Waters Corporation set the TQD in multiple reaction monitoring
(MRM) mode allowing them to acquire three transitions. Similar to
the work undertaken by Yang et al. Waters Corporation identified
the melamine mass ion of m/z 127. The fragment ions identified
using the ASAP probe were m/z 110, 68 and 60, whilst in the work
undertaken using DAPCI-MS, the fragment ions identified were m/z
110, 85 and 60. [57,120] A study investigating the fragmentation of
melamine was undertaken by Ju et al. where they identified that
m/z 85 and 68 were both fragments of melamine, with m/z 85 being
[CoN,Hs]*and m/z 68 being [CNsH»]*. [121] Although Waters Cor-
poration identified fragments of melamine, there was no information
regarding which, if any, food items were contaminated with mel-
amine. Overall, ASAP-MS provides good qualitative results, but with
regards to quantitative results, the technique struggles and is there-
fore potentially insufficient at detecting the adulteration of food.

3.4. Other ambient mass spectrometry techniques

Since the development of the three original ambient ionisation
techniques; DESI, DART and ASAP, there are now a broad range of
different ambient ionisation techniques which when coupled with
mass spectrometry show potential for food applications. However,
most of the published techniques that have been utilised were in
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the area of pharmaceutical sciences. In much of the literature as-
sumptions have been made that because the technique performs
well in one area of analytical science then it must be employed in
a different area; i.e. food safety. An example of this was shown in
a paper by Ren et al. where they utilised high-voltage-assisted laser
desorption ionisation-mass spectrometry (HALDI-MS). They estab-
lished that HALDI-MS was capable of analysing liquid samples
including proteins, pharmaceuticals and other biological fluids in
both positive and negative mode. [122] They went on to state that
the technique could be further developed to aid the rapid analysis
of food, however, to date there is no literature concerning the use
of HALDI-MS to investigate food analysis. Potentially, HALDI-MS may
be similar to DESI-MS in that they both produce very accurate and
reliable results in applications such as pharmaceuticals, but in terms
of food analysis they may both suffer the same shortfalls.

3.4.1. Easy Ambient Sonic-spray lonisation-mass spectrometry
(EASI-MS)

EASI-MS is another AMS technique that has been used fairly ex-
tensively to investigate food quality and authenticity issues as
demonstrated in a review carried out by Porcari et al. [123] Olive
oil fraud through adulteration with cheaper oils and the detection
using DART-TOFMS has previously been discussed. Another form of
fraud is based on geographic origin of foods that are labelled as origi-
nating from one country but instead originate from another.
Therefore, it is essential that there are analytical techniques that
can be utilised to detect differences between olive oils originating
from different countries, hopefully through the identification of
unique markers. Riccio et al. utilised EASI-MS to investigate whether
it was possible to discriminate between thirty different olive oil
samples which had originated from Portugal, Italy, Spain, Greece
and Lebanon. [82] EASI works by forming charged droplets which
are produced due to sonic spray which causes a statistical imbal-
ance discharge of charges. [124] It is thought that EASI is the simplest
ambient ionisation technique since only a compressed gas (nitro-
gen or air) is required and it does not require high voltages, UV lights,
laser beams, corona or glow discharges or heating. [124] Addition-
ally, EASI has the ability to produce positive and negative ions
simultaneously.

Riccio et al. utilised EASI-TOFMS and acquired their data in neg-
ative mode. Air dried extracts were obtained using 0.3mL oil and
1mL (methanol: water) (1:1) solution. Droplets were then placed
on the sample spot and allowed to dry. [82] Using chemometrics
Riccio et al. were able to clearly discriminate between the samples
based on their geographic origins. Additionally, it was also possi-
ble to discriminate between the samples according to their FA ratios
based on a set of four ions of m/z 255, 279, 281 and 283. Another
important observation was that olive oil samples originating from
Spain contained the greatest relative abundance of phenols, whilst
the samples originating from Lebanon contained the lowest. Un-
fortunately, the researchers were not able to identify unique markers
for all the olive oils except for the samples originating from Lebanon
with the ion of m/z 564 present in only the Lebanese samples.

Caviar is a luxurious product which the public are willing to pay
a high premium for. However, the fast natural degradation of the
product presents issues when shipping it around the globe. As a
result, conservation protocols such as salting and pasteurisation are
carried out to preserve the product, although pasteurisation is be-
lieved to reduce the culinary and economic value of caviar. Due to
the high price of this luxurious product, it is susceptible to food fraud
with salted caviar being substituted with pasteurised caviar. Porcari
et al. investigated whether it was possible of differentiating the two
types of caviar based upon their lipid profiles. [49] In their work
three mass spectrometry techniques were utilised, with EASI-MS
coupled with thermal imprinting (TI) being one of them.

Caviar samples (500mg) were analysed on an envelope paper with
a solution of methanol: chloroform (2:1, v: v) being dripped on the
sample surface. Using a halogen bulb, the lipid fraction had ther-
mally imprinted on the envelope, ready to be analysed by EASI-
MS in positive mode. With the samples being run at both room
temperature and 4°C, Porcari et al. stated that there were clear spec-
tral differences between the two types of caviar at 4°C which was
due to the relative abundances of m/z 828 (phosphatidylcholines
(PC)) and m/z 927 (TAG) with pasteurised caviar having a greater
abundance of m/z 927 and salted caviar m/z 828. [49] The overall
conclusion stated by the research group was that TI-EASI (+) -MS
was capable of comprehensive lipid profiling as both PC and TAG
ions could be simultaneously analysed.

3.4.2. Paper spray-mass spectrometry (PS-MS)

To some PS-MS is regarded as the first ambient mass spectrom-
etry technique to have been created. Paper spray ionisation operates
by applying a high voltage to a paper triangle wetted with a small
volume of solution. When the high voltage is applied, the ionisation
is characteristic of an ESI process and charged droplets are gener-
ated. The literature suggests that much work has been dedicated
towards the analysis of food using PS-MS. A review carried out by
Zhang et al. demonstrated some of the work that had been under-
taken, including the identification of clenbuterol, terbutaline,
salbutamol and ractopamine in beef and pork, melamine in milk
powder and infant formula, Sudan dyes in chilli powder and plas-
ticizers in sports drinks. [35] Additionally, another review undertaken
by Klampfl et al. demonstrated that since 2010, food commodities
such as olive oil, spices, beverages and caramel have been investi-
gated using PS-MS. [125] The technique has also been utilised to
analyse cola and identify the presences of pesticides in fruit and veg-
etable products. [94,103]

Coffee is a commodity which is of huge importance to develop-
ing counties as it is produced mostly in Asia, Africa and Central and
Southern America. In 2014 Brazil was the largest producer of coffee
and according to the International Coffee Organization it was also
the largest exporter in July 2015. [126,127] Most coffee is con-
sumed in developed counties, with the EU and the USA being
responsible for 86% of total coffee imports. [128] Garrett et al. un-
dertook the challenge of investigating whether or not is was possible
to geographically discriminate between coffee beans which had origi-
nated from three different regions in Brazil using PS-MS. [104] The
research group obtained arabica coffee beans from Bahia, Rio de
Janeiro and Parand. The coffee beans were extracted in a metha-
nol: water solution (9:1) and then 5uL was spotted onto a triangular
shape paper. Measurements were carried out in both positive and
negative mode, but after initial review Garret et al. established that
the spectra in negative mode were dominated by high back-
ground peaks and as a result, they only used the positive mode data.
Using PCA and hierarchical cluster analysis (HCA), the research group
identified three clear groupings which represented the three dif-
ferent geographic origins of the coffee beans. The reasoning behind
the groupings was not due to identification of unique geographic
markers, but instead the varying intensities of the ions.

3.4.3. Laser desorption spray post-ionisation-mass spectrometry
(LDSPI-MS)

The coupling of laser desorption and ESI post-ionisation is a
popular combination which has led to the creation of techniques
such as ELDI, LSI, LAESI, and MALDESI. In reality, there is very little
difference between these techniques, with the main point of dis-
tinction being the type of laser that is used (UV, IR, Nd:YAG, etc.).
The popularity of laser based techniques is down to the fact that
spatial resolution is achieved and multiply charged ions are freely
generated. With regards to food analysis, LDSPI-MS has not really
played a key role, bar the work undertaken Liu et al. [83] who
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investigated whether it was possible to differentiate between yogurt
brands based on unique fingerprints. In their work, the research
group utilised a Nd:YAG laser (wavelength of 1064nm) and irradi-
ated the samples, which were deposited on a gold surface at 45°
angles. A solution of methanol: water (1:1, v: v) was introduced
through a spray emitter at a flow rate of 0.2uL/min.

The research group attempted to differentiate three different
brands of yogurts; Erhmann, Guangming and Yili. Working in pos-
itive ion mode, Liu et al. obtained spectra that showed clear visible
differences between the three yogurt brands. A PCA score plot of
the data emphasised those differences, with three clear group-
ings, each one representative of the three different yogurt brands.
This work showed glimpses that laser based AMS techniques may
have a key role to play in tackling food fraud. It must also be stated
that MALDESI has been also been utilised in some sort of capacity
to analyse food. However, this work was carried out using a Fourier
transform ion cyclotron resonance (FT-ICR) mass spectrometer. [129]
Although the work undertaken by Liu et al. is encouraging, it is still
some time off before it can be stated that laser based AMS tech-
niques provide 100% accurate and reliable results with regards to
detecting the adulteration and fraudulent sale of food.

4. The analysis of meat adulteration using AMS

Meat is often shown to be one of the most vulnerable commodi-
ties, particularly processed meats to food adulteration. The sale of
fraudulent meat was one of the most widely discussed issues over
the past three years, especially during and after the 2013 Europe-
an horse meat scandal. The scale of the fraud was substantial and
led to widespread decline in consumer confidence.

4.1. Concepts of meat adulteration

Meat adulteration can take many forms and there are many points
of vulnerability due to complex supply chains. According to Ballin,
meat adulteration can be organised into four main areas where fraud
is most likely to occur: [130]

1. Meat origin (sex, meat cuts, breed, feed intake, slaughter age,
wild vs farmed meat and geographic origin).

. Meat substitution (species, tissue).

. Meat processing or treatment (fresh vs thawed, meat preparation)

4. Non-meat ingredient additions (water and additives).
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4.2. Meat adulteration using liquid extraction surface-mass
spectrometry (LESA-MS)

Montowska et al. undertook the challenge of utilising ambient
mass spectrometry to combat meat adulteration. In their early work
they attempted to use DESI-MS and liquid extraction surface analysis-
mass spectrometry (LESA-MS) to detect meat adulteration. [39] LESA
combines micro-liquid extraction from a solid surface with nano-
electrospray mass spectrometry. This group stated that there were
four key differences between the spectra of DESI-MS and the spectra
of LESA-MS: [39]

e The ion intensities in the LESA-MS spectra were one to two orders
higher in magnitude compared to DESI-MS.

e A more consistent signal level was observed using LESA-MS.

e LESA-MS produced more multiply charged peptides which meant
that there were fewer ions above m/z 1000.

e DESI-MS produced more singly charged peptides which meant
that there were ions in the m/z 1000-1600 region.

Both DESI-MS and LESA-MS were used to differentiate between
five different meat species; beef, chicken, pork, horse and turkey.
Having undertaken data analysis through multivariate statistical soft-
ware, it was stated that there was better grouping in the LESA-MS
models and that the DESI-MS models were weaker, albeit the OPLS-
DA plot gave satisfactory separation. It was also stated that LESA-
MS gave more reproducible analysis and greater sensitivity compared
with DESI-MS, which is in agreement with the findings of Nielen
et al. [27,39] Further work was undertaken by Montowska et al. com-
bining LESA-MS with multivariate data analysis. They were able to
clearly discriminate between five different cooked meats (beef,
chicken, pork, horse and turkey), as shown in Fig. 1. [40]

Having shown that different cooked meats could be distin-
guished, the researchers went on to attempt to identify heat stable
peptide markers for each type meat. Tryptic digests of raw and
cooked meat were analysed using LESA-MS and the peptide markers
were identified using targeted MS/MS. Fifteen markers were iden-
tified in the cooked meat samples and twenty-nine in the raw meat
samples. According to Montowska et al. the reason for the reduced
number of markers in the cooked samples was a result of the in-
solubility of protein aggregates. This was due to the conformational
changes of proteins during thermal treatment, resulting in reduced
digestion efficiency. [40] Having found heat stable peptide markers,
Montowska et al. investigated the levels of detection (LOD) for
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Fig. 1. PCA (left) and OPLS-DA (right) plots, in the range of m/z 400-1000 taken from the work carried out by Montowska et al., demonstrating the clear separation of the
five different cooked meats (beef (B), horse (H), pork (P), chicken (C) and turkey (T), using LESA-MS.[40]!
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Table 5
A table identifying the meat composition of eight of the eighteen processed prod-
ucts analysed by Montowska et al. using LESA-MS. [41]

Sample Declared meat composition

Potted beef

Hunters sausage

Kabanos sausage with cheese
Pork sausage

Cocktail sausage
Frankfurters poultry
Frankfurters

Hotdogs

Beef 67%, beef heart

Pork 70%, beef 20%

Chicken 58%, pork 12%, cheese 7.5%
Pork 92%, veal 6%

Beef 60%, turkey 6%

Chicken and Turkey MRM 65%
Veal 50%, pork 28%

Pork 40%, chicken 18%

LESA-MS. Samples of cooked beef were prepared and spiked with
pork, chicken, turkey and horse meat at concentrations of 10%, 5%
and 1%. Once again, using multivariate data analysis, they could easily
discriminate between the meat mixtures and demonstrated that
LESA-MS successfully detected the peptide markers for horse, pork,
chicken and turkey meat at 10 % adulteration. They also detected
two chicken peptide markers at 5% adulteration in the beef/
chicken sample. [40]

Following this work, Montowska et al. utilised LESA-MS to iden-
tify twenty-five species and protein-specific heat stable peptide
markers which had been detected in processed samples which had
been manufactured from their five target species. [41] Montowska
et al. demonstrated that several peptides which were derived from
myofibrillar and sarcoplasmic proteins which were resistant to pro-
cessing. A retail survey was conducted and eighteen meat products
were purchased from English and Polish supermarkets. These were
tested and it was found that most of the observed peptides were
heat stable markers. Using the markers, they were able to declare
the meat composition of each product and identified that seven of
the processed samples were a mixture of two different meat species,
and one sample was found to contain offal, as shown in Table 5.

5. Quantitative analysis

This review has outlined how various AMS techniques (ASAP,
DART, DAPCI, EASI, LESA and PS) coupled with mass spectrometry
have produced qualitative results which are comparable to those
obtained through the use of conventional techniques. There is still
some debate as to whether DESI-MS is suited towards detecting the
adulteration or fraudulent sale of food as it has been found to be
vulnerable to false-positive and false-negative results. [27] Addi-
tionally, with the lack of published literature regarding laser based
AMS techniques, it is too early to suggest that reliable qualitative
results can be achieved. However, food fraud or adulteration pro-
cedures cannot be reliant on just obtaining qualitative results. Some
aspect of quantification, whether it be semi-quantitative, has to be
achieved in order to fully understand the extent of the fraud. A
number of food fraud incidents have shown there is a genuine risk
to the public’s health. The recent example of the identification of
ground peanut shells and almond proteins present in ground cumin
and paprika required quantification to try and understand the level
of risk. [131]

It is believed that food gangs and criminals often attempt to
fraudulently sell or adulterate food at levels well above 10%-20% as
any smaller amounts of substitution would not lead to substantial
economic benefits. It is well known that AMS has been perceived
to provide excellent qualitative results but falls some way short in
terms of acquiring accurate quantitative results. There are a few pub-
lications within this review that have demonstrated scenarios where
an AMS technique has obtained quantitative results below 20% adul-
teration; Vaclavik et al. detected down to 6% adulteration of extra
virgin olive oil with hazelnut oil, [81] Shen et al. detected the

adulteration of star anise based teas at levels of 1%, [73] Hrbek et al.
detected the adulteration of cheese with plant oils at levels of 1%
and Montowska et al. detected chicken in beef samples at levels of
5%.140,59]

Whereas the majority of food fraud/adulteration studies have only
generated semi-quantitative results, and this has been accepted, food
safety is a very different issue and quantification of the risk is ex-
tremely important. Although this review has focused mainly on the
adulteration, traceability and fraudulent sale of food, a small number
of cases where food safety is an additional issue have been pre-
sented, providing examples of where an AMS technique has
successfully obtained quantitative results. Vaclavik et al. success-
fully detected the presence of melamine and cyanuric acid in milk
powder at levels as low as 170 ug/kg and 450 ug/kg respectively
using DART-MS and isotopically labelled standards. [61] Using DAPCI-
MS, Yang et al. could identify melamine in both milk powder and
liquid milk at levels of 1.6 e'" g/mm? and 1.3 e"'?> g/mm? respec-
tively and Huang et al. could detect melamine at levels of 6-15 ug/
kg in milk powder, soy milk powder, liquid milk and synthetic urine
when using LTP-MS. [57,62] Zhang et al. could detect melamine in
milk powder and infant formula at levels of 20 ng/ml and 50 ng/g
respectively, illegal Sudan dyes in chilli powder at levels between
50-100 ng/g and various contaminants in beef and pork samples
between 1-5 ng/g using PS-MS. [35] The work undertaken by Fussell
et al. using ASAP-MS to detect auramine in saffron also demon-
strated some potential signs of quantification when they detected
the illegal dye at levels of 8 mg/kg. [29] However, it is clear that
ASAP-MS struggles in terms of quantitation, as acknowledged by
Fussell et al. and in terms of LOD it is trailing behind the studies
using DART-MS, DAPCI-MS, LTP-MS and PS-MS.

At present conventional and AMS techniques are providing similar
qualitative results with regards to detecting food fraud. With the
fact that the AMS techniques require minimal to no sample prep-
aration and very fast assay running times compared to that of
conventional techniques, it is clear that AMS has a major role to play.
However, in terms of quantitation there are still big issues con-
cerning how accurate the results are and the possibility for false
negative and positive results. Another issue concerning AMS tech-
niques is that the all of the studies which have been shown to provide
some levels of quantification are liquid based samples, or solid
samples diluted/dissolved in a liquid solution. Thus, perhaps the
biggest drawback of all for AMS is that it is not possible to achieve
quantification of solid samples. In order to ensure that fit for purpose,
reliable and accurate quantification of liquid samples and perhaps
solid samples can be achieved by AMS, substantial thought and effort
will have to be placed on appropriate quality control procedures as
described previously by Hajslova et al. (spiked samples, certified ref-
erence materials and comparisons with chromatography based
methods). [113] Although their recommendations are specifically
described for DART-MS experiments, their suggestions can be ex-
trapolated for any AMS based technique. Until a sufficient number
of studies have been carried out operating in accordance with these
quality control procedures, it is impossible to know whether AMS
can produce both and qualitative and quantitative results.

6. Conclusions

The sale of fraudulent and adulterated food is being reported
widely on a global basis and much more frequently than previ-
ously. It is clear the driver for such fraud are the large profits that
can be achieved. Economically motivated adulteration of food is a
common practice that has been carried out since the trading of food
commodities began. However, recent scandals such as the adulter-
ation of oregano with olive and myrtle leaves, [80] and more high
profile scandals including the European horse meat scandal in 2013
have further highlighted the extent at which it is occurring. The rapid
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growth of ambient ionisation techniques coupled with mass spec-
trometry is exciting with over thirty different techniques now
available. Perhaps not all will be capable of detecting the adulter-
ation of food, however, to date a number of these ambient ionisation
techniques such as DART, DAPCI, EASI, LESA and PS coupled with
mass spectrometry have been proven to enhance and aid the way
in which the detection of food adulteration is undertaken. Com-
pared to conventional techniques such as LC-MS, NMR, ELISA, PCR
and various spectroscopic techniques which were commonly used
to investigate the adulteration of food, the authenticity and trace-
ability of food and general food safety, these ambient mass
spectrometry techniques require no sample preparation and minimal
sampling time thus producing fast and accurate results which most
importantly are comparable with results obtained from conven-
tional techniques. It is clear there is rapid growth in the use of
ambient mass spectrometry applied to food adulteration issues. It
appears to be an area of analytical chemistry that lends itself to the
needs of regulators and industry, and may become one of the most
important analytical tools in detecting food fraud globally.
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