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Major food adulteration and contamination events occur with alarming regularity and are known to be episodic,

with the question being not if but when another large-scale food safety/integrity incident will occur. Indeed, the

challenges of maintaining food security are now internationally recognised. The ever increasing scale and

complexity of food supply networks can lead to them becoming significantly more vulnerable to fraud and

contamination, and potentially dysfunctional. This can make the task of deciding which analytical methods

are more suitable to collect and analyse (bio)chemical data within complex food supply chains, at targeted

points of vulnerability, that much more challenging. It is evident that those working within and associated

with the food industry are seeking rapid, user-friendly methods to detect food fraud and contamination, and

rapid/high-throughput screening methods for the analysis of food in general. In addition to being robust and

reproducible, these methods should be portable and ideally handheld and/or remote sensor devices, that

can be taken to or be positioned on/at-line at points of vulnerability along complex food supply networks

and require a minimum amount of background training to acquire information rich data rapidly (ergo point-

and-shoot). Here we briefly discuss a range of spectrometry and spectroscopy based approaches, many of
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which are commercially available, as well as other methods currently under development. We discuss a future

perspective of how this range of detectionmethods in the growing sensor portfolio, alongwith developments in

computational and information sciences such as predictive computing and the Internet of Things, will together

form systems- and technology-based approaches that significantly reduce the areas of vulnerability to food

crime within food supply chains. As food fraud is a problem of systems and therefore requires systems level

solutions and thinking.
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Background

Major food fraud and contamination events occur with alarm-
ing regularity, and are known to be episodic, with the question
being not if but when another large-scale food safety/integrity
incident will occur. The increase in scale and spread of these
events could be said to be directly related to globalization and
rapid distribution systems, with the result that major events can
now have international impacts, with far-reaching and some-
times lethal consequences.1 It is perhaps not surprising then
that as the modern phase of globalization is relatively recent
(from the latter part of the 20th century), issues related to large-
scale food adulteration and contamination events are only now
beginning to be realised, discussed and analysed in far more
detail, by the food industry, regulators, as well as by consumers.
These discussions could be said to include the parts played by
the drivers of global population and consumer/supplier
demand for an increasingly wide-range of food products year
round, regardless of seasonality or local availability, resulting in
Roy Goodacre is a PhD graduate
from the University of Bristol
(UK) where he studied mass
spectrometry of microbial
systems. Aer a postdoc, Well-
come Trust fellowship and
lectureship in the University of
Wales, Aberystwyth, he is now
Professor of Biological Chem-
istry at the University of Man-
chester (UK). His group's main
areas of research (http://
www.biospec.net/) are broadly

within analytical biotechnology, metabolomics and systems
biology, and one of his areas of interest is Food Security and Food
Integrity. His expertise involves many forms of Raman spectros-
copy (including deep UV resonance Raman and SERS), FT-IR
spectroscopy, and mass spectrometry, as well as advanced che-
mometrics, machine learning and evolutionary computational
methods. He is Editor-in-Chief of the journal Metabolomics, on the
Editorial Advisory Boards of Analyst and Journal of Analytical and
Applied Pyrolysis, a founding director of the Metabolomics Society
and a director of the Metabolic Proling Forum.

This journal is © The Royal Society of Chemistry 2015
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the ever increasing scale and complexity of food supply
networks. This not only leads to food supply networks
becoming signicantly more vulnerable to fraud and contami-
nation (as well as potentially fragmented and dysfunctional2–4);
it also makes the task of deciding which analytical methods are
more suitable to collect and analyse data within the component
parts, or targeted points of vulnerability along complex and
dynamic supply chains, that much more challenging.

The vulnerabilities currently inherent within complex inter-
national food supply chains were very publically demonstrated by
the horsemeat scandal (so-called ‘Horsegate’ scandal) in 2013
centred in the UK and Europe, which also focused the attention of
governments, industry, researchers and regulatory bodies across
the world onto the subject of food fraud (food crime) and
contamination. The events are well documented but primarily
involved the large-scale replacement of processed beef products
with horsemeat and other undeclared meat products, such as
pork, sometimes up to levels of 100% substitution.5 Of course this
form of adulteration (or contamination) of the food supply is
nothing new, and is probably as old as the food production
systems themselves and continues unabated.1 Table 1 contains
examples of the adulterants found by Accum and Hassall in some
of the rst studies of food adulteration and contamination in the
rst half of the 19th century and published in The Lancet.6,7 A short
list of relative recent high impact examples that have affected
global food security would include: widespread adulteration of
milk products with melamine in China in 2008; PCBs and dioxins
in pork via industrial oil contaminated animal feed in Ireland in
2008 (and Belgium in 1999); carcinogenic Sudan I–IV dyes in chilli
powder and tomato-based products leading to EU regulation in
2003; scrapie-infected feed for cattle leading to BSE in the late
1980s/early 1990s in the UK; wine adulteration, e.g. by methanol
in Italy in 1986; diethylene glycol (used in some anti-freeze
products) in Austrian wines in 1985; and Toxic Oil Syndrome in
Spain in 1981 which unfortunately killed over 600 people.8

Whilst these are just a few of the recent major incidents, the
engagement with fraudsters and detection of adulterated and
contaminated food is continuous and becoming increasingly
more sophisticated, with the leading food categories of reported
food fraud including adulteration and mislabelling of dairy
produce, meat, seafood, wines, spirits, edible oils, honey, fruit
juices, coffee and tea, organic food and products, and clouding
agents.9 More recently, the adulteration of various herbs10 and
spices,11–13 the so-called gutter oil scandal in Asia,14,15 and fake
rice, for example, are causing signicant or potential problems.
One recent report stated that in the UK alone, food and drink
companies lose an estimated £11.2 billion per annum to food
fraud and that tackling fraud within this industry could boost
protability by £4.48 bn (34%).16 Worldwide, this is a huge and
growing problem with sophisticated and well connected
networks of fraudsters becoming involved and seeing opportu-
nities in existing and rapidly expanding sectors such as whole
meats and sh into newly affluent markets, the burgeoning halal
market, where the consumption of haram food is highly unde-
sirable,17–19 and organic food sectors,20 through to low-value but
very high turnover products such as processed foods, as was the
case with beef substitution with horse etc. in ready meals.
This journal is © The Royal Society of Chemistry 2015
Spectrometry versus spectroscopy

Following the horsemeat scandal, as well as the other food
fraud and contamination events mentioned above (in addition
to many others not mentioned here), it is evident that those
working within and associated with the food industry, such as
producers, retailers and regulators, are seeking rapid, user-
friendly methods to detect food fraud and contamination, and
rapid/high-throughput screening methods for the analysis of
food in general (i.e. quality indicators). These methods should
be portable, ruggedized, and ideally handheld and/or remote
sensor devices that can be taken to or positioned on/at/in-line at
points of vulnerability along (complex) food supply networks. It
is also essential that these approaches require a minimum
amount of background training in order to allow the users to
acquire information rich and reproducible data rapidly (ergo
point-and-shoot). These rapid methods could include any one,
or a combination of, spectroscopies as well as many other
methods (see below). Of course much more sophisticated and
sensitive, though considerably more expensive, techniques
already exist in the form of mass spectrometry and related
hyphenated approaches which incorporate prior chromato-
graphic separations. Here we will briey discuss a range of
spectrometry and spectroscopy approaches.
Mass spectrometry

Mass spectrometry (MS) is a powerful technology which offers a
number of advantages and, as inferred above, some current
limitations for applications within the food supply chain
(though not within food industry and food regulatory labora-
tories). Targeted analytical methods such as MS offer high
chemical specicity and sensitivity for example, enabling the
accurate identication and quantication of known analytes
within complex food matrices at sub-mg concentrations.
Considered to be the gold standard within many industries, and
research elds, including the agri-food as well as the pharma-
ceutical, petrochemical, and defence industries, these methods
are usually coupled with chromatographic techniques. The
chromatography column chemistry needs to be carefully chosen
in order to separate out the complex components of food
adequately and thus comes with an additional analytical cost as
well as being relatively slow (min–h).

That being said, some forms of MS can be considered as
ngerprinting techniques21 as they involve the direct introduc-
tion of samples into the mass spectrometer without the
requirement for prior chromatographic separation. Some
recent examples of these MS ngerprinting techniques have
included direct infusion (or injection) mass spectrometry
(DIMS) for the characterization of the foodborne pathogen
Campylobacter jejuni,22 desorption electrospray ionisation
(DESI) for the analysis of melamine migration into foods from
melamine tableware,23 matrix-assisted laser desorption
(MALDI) MS for the detection of hazelnut oil in extra virgin olive
oil (EVOO) down to levels of 1% 24 and direct analysis in real-
time (DART) MS for the direct swabbing of fruit and vegetables
for the detection of pesticides,25 amongst many others. For a
Anal. Methods, 2015, 7, 9401–9414 | 9403
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Table 1 A range of the adulterants identified by Accum and Hassall in some of the first published studies of food adulteration during the early to
mid 19th century6,7

Food product

Adulterant

To increase the bulk/weight To alter the appearance/avour

Cayenne pepper Bulked out with the addition of a variety of
compounds such as ground rice, mustard seed
husks, sawdust, and salt

Coloured with red lead, vermillion, venetian red
(from ferric oxide, also known commonly as
rust), turmeric

Cocoa and chocolate Arrowroot, wheat, maize, sago, potato, tapioca,
our, chicory were commonly used to increase
weight and volume

Venetian red, red ochre, and other iron
compounds added to effect the colour

Coffee Chicory, roasted wheat, rye our, potato our,
roasted beans, and acorns were added to bulk
out the volume

Burnt sugar, which was also referred to as black
jack, was used as a darkener

Confectionery No bulking agents found Sweets coloured with Gamboge, a Southeast
Asian tree sap/resin, traditionally used to dye
Buddhist monks robes. White comts were
coloured with clay from Cornwall, red sweets
with red lead and vermillion, green sweets were
oen found to be coloured with copper salts and
Scheele's green, a compound which used to be
used to colour paints and also known as copper
arsenite (a compound famously linked to the
death of Napoleon)

Custard powders Bulked out with wheat, potato, or rice our Lead chromate, and turmeric were used to
enhance the yellow colour

Gin Diluted with water Cayenne, cassia, cinnamon, sugar, alum
(aluminium sulfate), and so-called salt of tartar
(potassium carbonate) used to change taste

Olive oil No bulking agents found Olive oil was reported to contain lead from the
olive presses

Pickles No bulking agents found Toxic copper salts were used as a green
colourant

Porter and stout Diluted with water Adulterated with shberry (also known as
Levant nut), a poisonous picrotoxin. And many
other adulterants such as brown sugar,
capsicum, salt, wormwood, ginger, caraway
seeds, highly poisonous Nux vomica seeds from
the strychnine tree, brucine, cream of tartar,
shavings from the horns of male red deer,
treacle, coriander, liquorice and honey

Red cheese No bulking agents found Red lead (lead tetroxide), and vermillion
(mercury sulde), used as colourants

Tea Used tea leaves, as well as a variety of leaves
from plants not related to tea. Starch, sand,
China clay

The pigment Prussian blue (ferric ferrocyanide)
in black tea, turmeric, orpiment (arsenic
sulde), and copper salts for green tea.
Plumbago, gum, and Indigofera

Vinegar No bulking agents found Vinegar was found to contain dissolved tin and
lead aer being boiled in pewter vessels. It could
also undergo a process known as sharpening,
using sulfuric acid
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more technical explanation of these, and other, lab-based MS
methods for the authentication and analysis of food adultera-
tion and contamination, such as isotope ratio mass spectrom-
etry (IRMS),26 the reader is directed to our more comprehensive
review on ngerprinting food in Chemical Society Reviews,1 as
well as other reviews on the potential of ambient mass spec-
trometry for high-throughput analyses,27 and DART-MS for food
analysis.28

Whilst the MS methods mentioned thus far are all relatively
bulky and therefore conned to conventional laboratories, there
9404 | Anal. Methods, 2015, 7, 9401–9414
is obviously huge potential for these techniques outside the lab
and out in the food supply chain, with research and develop-
ment into the portability and miniaturization of ambient MS29

having been underway for some considerable time30 (at least
two decades31). These developments have primarily been based
around point-of-care clinical applications (such as the Mini
12 32) or in-eld chemical detection33 applications, though the
broader potential of ‘handheld’ MS in other areas such as food
analysis has of course been recognised.32,34,35 Very signicant
and progressive steps in both portability and the less relative
This journal is © The Royal Society of Chemistry 2015
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term, miniaturization, during the last decade have been ach-
ieved with reductions in size to less than 4 kg by Graham Cooks
and Zheng Ouyang36 (and for the purposes of this article, we
consider any instrument weighing 4 kg or less to be handheld,37

and above 4 kg as portable). Cooks and Ouyang have also been
at the forefront in a multitude of other areas of broader MS
research such as DESI, low temperature plasma, and paper
spray handheld/portable mass spectrometry.38–40 Miniaturiza-
tion of MS has continued to evolve by addressing technical
challenges such as the development of compact low-power
pumping systems suitable for miniature MS and the reduction
in size of ion traps. These have led to the development of
discontinuous atmospheric pressure interface (DAPI), as well as
rectilinear ion traps as mass analysers, the optimisation,
miniaturization, and simulation of which are still on-going.41,42

Whilst these developments are extremely encouraging, to
date these systems still require much further optimization for
them to be tolerant to and tested in a wide-range of environ-
mental conditions outside of the laboratory, cost-effective, and
importantly, the ability to be used and the data presented in a
way that is readily interpretable by those not expert or with a
background in MS. The development of totally self-sustained,
integrated, and truly handheld MS sensors may yet be sometime
in the future. Yet this could still be possible with simplied user
interfaces, and as some have reported, perhaps with the same
MS core but with any number of interchangeable sample
cartridges for a variety of on-site applications.31 Innovations
such as these would allow for the true democratisation of MS
methods in becoming universal techniques able to be routinely
used by non-specialists within a wide range of applications
outside of laboratories, such as food supply chains.
Infrared spectroscopy

Spectroscopy includes a wide range of methods which involve
the measurement of the interaction of matter with electro-
magnetic (EM) radiation. Here we will briey focus on a subset
of these methods, specically those termed vibrational spec-
troscopies, and their current and potential future use within
food supply chains. Infrared spectroscopies include near
infrared (NIR) and Fourier transform infrared (FT-IR) spec-
troscopy, the latter operating in the mid-infrared (MIR) part of
the EM spectrum.43 Both these methods involve measuring the
absorption of an infrared beam within a sample, with every
sample having its own unique spectral ngerprint.44 Unlike the
predominantly lab-boundMSmethods mentioned above, on/at-
line NIR instrumentation has been used within the food pro-
cessing industry for four decades, particularly for the moni-
toring and control of product and process quality.1,45

The use of NIR hyperspectral imaging as an analytical tool
for process control, food safety and quality has also been well
recognised, more so during the last decade,46 as well as more
recently,47–49 accompanied by the application of chemometrics
for data pre-treatment and analysis50,51 and multivariate
screening and modelling.52 Other recent reports include the
application of NIR to melamine adulteration of soya bean
meal53,54 and non-targeted analysis of the adulteration of milk
This journal is © The Royal Society of Chemistry 2015
powders.55 Even more relevant to our focus here, are reports
such as advancements in the miniaturization of these methods
using handheld micro-electrical-mechanical-systems (MEMS)
based NIR online in abattoirs for the in situ classication of
several different high-value gourmet meat carcass types on the
slaughterhouse line56 with further reports into the algorithms
used for the rapid transfer of large databases from at-line high
performance NIR monochromators downloaded directly to
handheld MEMS-NIR.57 These methods have been reported to
enable a new approach and conrm the suitability of handheld
MEMS-NIR for the rapid, low-cost, on-line/in situ analysis of
meat products. For a recent review of the applications of
portable NIR in the agro-food industry the reader is directed to
dos Santos and co-workers.58

Whilst not having the on-site history that NIR applications
have had within the food processing and related industries over
the last four decades, the potential of FT-IR spectroscopy for
food analysis (and many other forms of rapid bioanalysis44,59,60)
has been recognised for some considerable time. As mentioned
above, FT-IR operates within the mid-infrared range of the EM
spectrum, and along with NIR, it readily presents itself as a
rapid, high-throughput at/in/on-line screening technology for
food and feed. As well as operating within the mid-infrared, FT-
IR (like NIR) uses a broadband source, though the resultant
data collected contains fundamental vibrations of the sample
under analysis from the entire wavenumber range (unlike NIR
which corresponds to vibrational overtones and combination
modes, which are consequently broader in nature and not so
information rich). Consequently, whilst NIR technology is still
improving and is an extremely convenient technology within
the agri-food sector (predominantly due to the perceived lack
of water interference) for rapid, bulk and high-throughput
screening, FT-IR is more sensitive and perhaps more suited to
the detection of low-level compounds within complex food
matrices and subtle differences between samples from very
similar backgrounds.

Within research laboratories FT-IR has a long history of
published food-based research applications, such as food and
food ingredient authentication,61 with work by Gerard Downey
and co-workers contributing a great deal to this, and indeed,
other areas of vibrational spectroscopy for food analysis and
authentication.62,63 The range of applications of food-based FT-
IR research are considerably broad (and increasing) and include
the rapid detection of food spoilage bacteria (an indicator of
food quality as well as shelf-life estimation) at ambient
temperatures in meat,64–67 and detecting food spoilage micro-
organisms68 on meat in different forms of conventional and
vacuum packaging,69 as well as dairy produce.70 Others include
the monitoring of bacterial interactions within milk,71 specia-
tion in meat and dairy produce,72,73 and more recently, brand
authentication of a range of Trappist beers,74 adulteration of
milk75 and of highly processed foods with complex chemical
and physical matrices, such as fresh/frozen/thawed beef
burgers.76 For a review of FT-IR for rapid authentication and
detection of food adulteration, the reader is directed to Rodri-
guez-Saona and Allendorf.77
Anal. Methods, 2015, 7, 9401–9414 | 9405
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with methods able to track, trace and detect within food supply
chains. These could include microuidic132,133 and nanouidic
devices such as Nanopore,134 active and intelligent packaging135

and containers,136 DNA barcoding,137 edible tags,138 3D-printed
smart caps139 and novel adaptations to existing technologies,
such as turning a handheld personal blood glucose meter into a
melamine detector for milk for one very recent example.140 In
addition to computational tools for data analysis, simulation
and fusion, as well as visualisation and interpretation of food
supply chains and systems.141–143

Concluding remarks

In this review we have focussed, and some may say ‘shone a
light on’, one small subset of potentially very useful handheld
detection methods for on-site food fraud detection, namely
vibrational spectroscopy. It is our sincere hope that, along with
the many other methods currently in development, mobile
handheld (as well as static, benchtop, xed at-line) spectros-
copy, will play a far greater role within the area of food and feed
fraud detection, and indeed food analysis/screening in general,
within increasingly complex and globalized food supply chains.
As it is our rm belief that the ever expanding portfolio of
sensor platforms and technologies and future pervasive,
predictive computation will together take on the role of a tech-
nology-based capable guardian for food systems.144,145 Able to
increase the resilience of food systems, and reduce the areas of
vulnerability within complex food supply chains signicantly,
as well as the space within which the opportunities for food
crime currently exist (Fig. 2). As food fraud has repeatedly been
shown to be a problem of systems, and it therefore requires
systems level solutions and thinking,146 holism, as opposed to
one-eyed reductionism.
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