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Introduction

Food is one of the basic needs of all living organisms that are 
consumed for day-to-day activities. Food contains a variety of 
essential minerals and nutrients such as carbohydrates, water, 
lipids, and proteins that animals, including humans, can con-
sume or drink for nutrition or pleasure.1 The health and pro-
ductivity of the population depend on the nature of the food 
they consume and its wholesomeness in terms of its nutritive 
value. Adequate nutrition is essential for health, but when food 
is adulterated, its beneficial effects are diminished.2 Poor diet 
quality is associated with elevated risk for various morbidity 
and mortality such as cardiovascular disease, type II diabetes, 

Food adulteration: Causes, risks, and 
detection techniques—review

Yeniewa Kerie Anagaw1 , Wondim Ayenew2, 
Liknaw Workie Limenh3 , Derso Teju Geremew3, 
Minichil Chanie Worku1, Tewodros Ayalew Tessema3, 
Wudneh Simegn2  and Melese Legesse Mitku1

Abstract
Food adulteration is the intentional addition of foreign or inferior substances to original food products for a variety of 
reasons. It takes place in a variety of forms, like mixing, substitution, hiding poor quality in packaging material, putting 
decomposed food for sale, misbranding or giving false labels, and adding toxicants. Several analytical methods (such as 
chromatography, spectroscopy, electronic sensors) are used to detect the quality of foodstuffs. This review provides concise 
but detailed information to understand the scope and scale of food adulteration as a way to further detect, combat, and 
prevent future adulterations. The objective of this review was to provide a comprehensive overview of the causes, risks, 
and detection techniques associated with food adulteration. It also aimed to highlight the potential health risks posed by 
consuming adulterated food products and the importance of detecting and preventing such practices. During the review, 
books, regulatory guidelines, articles, and reports on food adulteration were analyzed critically. Furthermore, the review 
assessed key findings to present a well-rounded analysis of the challenges and opportunities associated with combating food 
adulteration. This review included different causes and health impacts of food adulteration. The analytical techniques for food 
adulteration detection have also been documented in brief. In addition, the review emphasized the urgency of addressing 
food adulteration through a combination of regulatory measures, technological advancements, and consumer awareness. In 
conclusion, food adulteration causes many diseases such as cancer, liver disease, cardiovascular disease, kidney disease, and 
nervous system-related diseases. So, ensuring food safety is the backbone of health and customer satisfaction. Strengthening 
regulations, taking legal enforcement action, enhancing testing, and quality control can prevent and mitigate the adulteration 
of food products. Moreover, proper law enforcement and regular inspection of food quality can bring about drastic changes.

Keywords
Adulteration, analytical method, health impact, intentional, quality, safety

Date received: 23 November 2023; accepted: 11 April 2024

1�Department of Pharmaceutical Chemistry, School of Pharmacy, College 
of Medicine and Health Sciences, University of Gondar, Gondar, Amhara, 
Ethiopia

2�Department of Social and Administrative Pharmacy, School of Pharmacy, 
College of Medicine and Health Sciences, University of Gondar, Gondar, 
Ethiopia

3�Department of Pharmaceutics, School of Pharmacy, College of Medicine 
and Health Sciences, University of Gondar, Gondar, Ethiopia

Corresponding author:
Yeniewa Kerie Anagaw, Department of Pharmaceutical Chemistry, School 
of Pharmacy, College of Medicine and Health Sciences, University of 
Gondar, Redfox, Gondar, Amhara 196, Ethiopia. 
Email: yeniewa21@gmail.com

1250184 SMO0010.1177/20503121241250184SAGE Open MedicineAnagaw et al.
research-article2024

Review

https://uk.sagepub.com/en-gb/journals-permissions
https://journals.sagepub.com/home/smo
mailto:yeniewa21@gmail.com


2	 SAGE Open Medicine

and cancer. For instance, food containing glutton causes to 
increase the glucose level of the person.3 In addition, adulter-
ated food products are responsible for mild-to-severe health 
impacts as well as financial damage. Diarrhea, nausea, allergic 
reactions, diabetes, cancer, etc. are frequently observed ill-
nesses upon consumption of adulterated food.4 Some adulter-
ated food may also affect our internal organs directly, leading 
to heart, kidney, liver, and many more organ disorders and 
failure.5 The assurance and protection of food quality have 
always been important to man. Over many years, governments 
have attempted to ensure the safety and wholesomeness of 
food by legal provisions. Despite these provisions, adultera-
tion of foods has increased and the detection of these adulter-
ants has proved more difficult, essentially because of the 
sophisticated methods being used in the adulteration.6

Economical food adulteration takes place in many forms, 
like mixing, substitution, hiding the observation of poor qual-
ity from packaging material, putting decomposed food for 
sale, misbranding or giving false labels, and the addition of 
toxicants.2 Moreover, some examples of food adulterants are 
listed in Table 1.7 Unbalance of consumer income and food 
price is a leading factor for food adulteration. For instance, 
when the cost of food production exceeds the consumer’s 
willingness to pay, the seller is forced to provide a lower-
quality food product. Adulteration is one of the biggest and 
most challenging problems faced in the present time. Because 

the law is not implemented as drafted and also arresting the 
criminal is challenging due to the collaboration of criminals 
with government members.8 In addition, food adulteration is 
an overall concern for consumers, the government, food pro-
cessors, regulatory agencies, and industries.9–11

According to different articles, economic adulteration is 
a type of adulteration in which dishonest producers and 
traders deliberately reduce the number of essential nutrients 
in various food products to increase their profit margin by 
adding different chemicals and/or less costly foods. 
Furthermore, these dishonest producers and traders increase 
the volume of food by adding ingredients such as starch, 
flour, cane sugar, vegetable oils, water, skim milk, sand, 
chalk powder, molasses, stone, and brick powder to differ-
ent foodstuffs.1 Such practice is the most dangerous because 
the amounts of nutrients deducted and extraneous sub-
stances added to food items that are done by business-ori-
ented people just forget the humanity behind of 
money-making mentality.12 Recent food fraud crises have 
had a considerable impact, including the addition of illegal 
Sudan dyes to chili and paprika (2005), the indirect aug-
mentation of protein content through the nitrogen-rich com-
pound melamine in wheat gluten (2007), and the European 
horsemeat scandal (2013). The 2013 European scandal 
involving the widespread use of cheaper horse meat in place 
of beef, which expanded from the UK and Ireland to several 

Table 1.  List of food, its adulterants, and purposes with its analytical techniques.

Food Adulterants Purpose Analytical techniques Reference

Milk Melamine, skim milk powder, 
reconstituted milk, starch flour, glucose

Thickening agents, increased 
volume, and sweetener

Hyperspectral imaging, 
HPLC, GC, GC-MS, heat 
treatments

14,17,41,42,48,71

Water Increase volume FAA, LC-MS, heat 
treatments

14,56

Vegetable oil, sugarcane, or urea Compensate the fat, carbohydrate, 
or protein content

GC, heat treatments 1,14,48

H2O2, carbonates, bicarbonates, 
antibiotics, caustic soda

Increase the shelf life FAA, HPLC 1,41,42,49

Detergents or calcium salts of thioglycolic 
acid and urea

Enhance the cosmetic nature and 
whitening

Heat treatments, FAA 14,41

Wheat 
flour

Benzoyl peroxide (BPO) and alloxan 
monohydrate

Whitening agent Raman hyperspectral 
imaging, polymerase chain 
reaction

77,79

Spice Paprika and chili powders Increase the amount UV-visible and PLS-DA 36

Beef Horse or donkey meat Substitute highly costly food with 
less costly product

HPLC/MS, NMR, IR 39,50,53

Meat 
powder

Foreign proteins, vegetable fat Bulking agents Meat PCR testing 13

Honey Sugar, HFCS, beet inverted syrup, rice 
syrups, or rice molasses

Increase volume and sweetener GC-MS, HPLC, Raman 
spectroscopy

40,44,62,71

Coffee Corn, wheat, and chickpeas To increase volume LIBS 81

Butter Fatty acid, sterol, TAG, Vegetable oil, 
banana, oleomargarine

To increase volume and make 
yellowish

GC-MS and RP-HPLC 1,54

GC-SAW: gas chromatography with surface acoustic wave detector; IRMS: isotope ratio mass spectrometry; LIBS: laser-induced breakdown spectros-
copy; PCR: polymerase chain reaction.
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other nations, highlights the vulnerability of processed 
meat.13 According to different articles, milk is adulterated to 
increase its shelf life, viscosity, and volume. For instance, 
starch and other reconstituted milk powders are added to 
increase viscosity. Various chemicals, including hydrogen 
peroxide, carbonates, bicarbonates, antibiotics, caustic 
soda, and even the most lethal agent, formalin, are also used 
to extend the shelf life of milk. Urea-contaminated milk is 
quite harmful to girls since it speeds up puberty.14

There were many challenges while we prepared this 
review. Since the review includes a variety of food adultera-
tion-related topics and their findings, it took a long time to 
summarize the key findings. Articles published in languages 
other than English are not included. There was a lack of 
information in some studies that we found using search 
engines to conclude. Moreover, there is a lack of guidelines 
and legislation for governing food adulteration. Adulterated 
food is usually not identified until it shows a health hazard. 
In addition, many developing countries still lag in terms of 
food adulteration analysis techniques. The limitations of the 
previous studies are specific to a single topic, like the detec-
tion of food adulteration using a single analytical method. 
So, the previous study did not address different food adul-
terations and their detection techniques simultaneously. This 
review provides concise but detailed information to under-
stand the scope and scale of food adulteration as a way to 
further detect, combat, and prevent future adulterations. It 
also provides an opportunity for the reader to see and even 
evaluate the assessments and research methods in food adul-
teration and its detection techniques. In addition, this review 
prevents the reader from duplicating the same information as 
others writing about food adulteration and its detection tech-
niques. In general, the study aimed to assess the different 
causes, health impacts, and detection techniques of food 
adulteration.

Causes of food adulteration

There are different causes of food adulteration such as the 
dishonesty of traders to make quick and easy money.3,10,11 
Powdered food products are the most vulnerable because of 
the complex supply chain and drift in nutritional and aes-
thetic quality over time. As a result, ground material with a 
texture and color similar to the original powder can be added 
to increase the amount, while other compounds can be added 
to maintain the quality.15 Moreover, to keep the freshness of 
the food, some unethical activities are usually adapted to pre-
vent financial losses due to the spoilage of food during its 
transportation and sale. For instance, the addition of adulter-
ants to increase volume, thickening agents to counter the 
dilution and extend the solids content, compensate the fat, 
carbohydrate, or protein content, enhance the shelf life, 
enhance the cosmetic nature, and give it a genuine look.16 
Besides this, the use of dose-dependent starches and flours in 
the production of fresh cheese is approved as functionally 

necessary, according to the FAO study. However, the maxi-
mum concentration of starch or stabilizer/anti-caking agents 
present in fresh cheese is 5 g kg−1; when the amount is above 
this, the nutritional quality of cheese can be affected.17

Some food producers/traders exaggeratedly advertise 
their products. It is very difficult for the consumer to select 
safe food items because of misleading/false advertisements. 
Based on these malpractices, the ultimate victim is a con-
sumer, who innocently takes adulterated foods and suffers. 
As a result, the right media coverage of food adulteration has 
a great contribution to reducing crime and announcing to the 
consumer how adulterated food is bad for human health, but 
in some countries, the media existence in the country did not 
give attention. Media coverage creates awareness among 
consumers about food adulteration and saves their health 
from such related diseases.18

Preventing food adulteration is a complex task that requires 
a multifaceted approach.19,20 The following measures can pre-
vent and mitigate the adulteration of food products: strength-
ening regulations and enforcement, enhancing testing and 
quality control, promoting public awareness and consumer 
education, strengthening supply chain management, strength-
ening international cooperation, and encouraging responsible 
business practices; collaborative development of codes of 
conduct; implementation of best practice guidelines; monitor-
ing and compliance mechanisms; capacity building and 
knowledge sharing; public–private partnerships and consumer 
engagement; and research and development.19–22 By imple-
menting these measures, we can safeguard public health, pro-
tect consumers’ rights, and ensure the availability of safe and 
nutritious food.22 There is a need for adequate precautions to 
be taken by the consumer at the time of purchasing adulterated 
food, which can make consumers alert to avoid procuring such 
food.23 It is the collective responsibility of governments, regu-
latory bodies, industry stakeholders, and consumers to work 
together to combat food adulteration and establish a robust 
food safety ecosystem.24,25

Health impact of adulterated food

Food adulteration is a major source of health problems.26 
Adulterants of food products not only decrease the quality 
of food but if we eat these adulterated food products daily, 
then it affects our health very dangerously. For instance, 
adulteration causes many diseases such as cancer, lathy-
rism, liver disease, cardiac failure, kidney diseases, and 
nervous system-related diseases.8 Furthermore, nearly 
300,000 illnesses and six known infant deaths were reported 
in China in 2008.7

Economically motivated adulteration is a root cause of 
public health food risks.27 Although the motivations are eco-
nomic, the adulteration may result in serious public health 
consequences when the adulterant is toxic or allergenic.7 For 
instance, hydrogen peroxide affects antioxidants in the body 
disturbing the natural immunity hence increasing aging, 
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chloride in the milk disturbs the acid–base balance in the body 
and also blood pH, and ammonia in milk develops regression, 
loss of acquired speech, and sensory disturbances.16

Food safety

Food safety is the milestone for health, customer satisfac-
tion, acceptance of the industry by consumers, and decreas-
ing the deficit of food supply. Thus, proof of provenance is 
an important topic for food safety, food quality, and con-
sumer protection, as well as compliance with national legis-
lation, international standards, and guidelines. Provenance is 
the identification and verification of a product’s origin and, 
subsequently, the location in which it was manufactured.28 
Today, food safety is a big issue so many consumers are con-
cerned about what they eat. In addition, the choice of one 
food product over another can reflect individuals’ lifestyles, 
religious beliefs, diets, and health concerns. As a result, 
proper labeling is essential in supporting consumers in mak-
ing conscious choices. The elemental composition of food is 
a very important indicator to understand food quality, nutri-
tional value, and authenticity of the food. Besides, it is fun-
damental to assess the presence of nutrients presented. 
Therefore, determining the elemental composition of a food 
product is vital, especially for certain consumer groups such 
as children, pregnant women, and people with allergies to 
specific elements.29

While food security is a matter of equal importance to 
importing and exporting countries, several countries have 
inferior food safety standards and have not yet established 
adequate surveillance or reporting mechanisms to identify 
food adulteration.30 Nowadays, food safety is a major con-
cern for both the food industry and food safety organizations, 
due to an increase in the number of food adulteration cases 
over the past decade.15 Most food products susceptible to 
fraud are high commercial cost products, often produced 
worldwide on a large scale. Therefore, the ability of the 
industry, governments, and standard-setting organizations to 
authenticate, control food constituents, and check for food 
fraud is increasingly important.31 Food safety is a multidisci-
plinary subject regarding food processing, preparation, and 
storage in ways that prevent food adulteration.32

Analytical methods

Determination of food authenticity is an important issue for 
both quality assurance (QA) and food safety. Authenticity 
testing is a quality criterion for food and food ingredients 
and is increasingly a result of the legislative protection of 
regional foods. Thus, there is a pressing need for accurate, 
standardized food authentication techniques. Over the last 
decade, several analytical procedures have been proposed 
for rapid screening or selective confirmation of the quality 
and authenticity of different food items such as liquid chro-
matography (LC) and gas chromatography (GC), especially 

coupled with mass spectrometry (MS).33 In addition, chemo-
metric methods with other analytical techniques are used for 
qualitative and quantitative analyses of food including milk34 
and edible extra virgin olive oils.35 Principal component 
analysis (PCA) and neural networks (NN) are the two chem-
ometric methods practiced for food analysis. PCA provides 
useful plots by representing the first principal components 
(PCs).34

Multivariate qualitative methods also have increasingly 
been applied in food analysis. Qualitative analysis is used 
not only to identify compounds but also to classify and 
authenticate foodstuffs. Like all analytical methods, qualita-
tive methods need to be validated by establishing their per-
formance parameters.36 The most commonly used techniques 
have been chromatography-based methods including HPLC, 
GC–MS, LC-MS/MS,37 FTIR, and SERS.38 Recent research 
focused on the determination of adulterants using different 
analytical techniques. Among these, Raman spectroscopy,39 
HPLC,40–43 GC–MS,44 FTIR,45,46 GC,47,48 FAA,49 HPLC-MS, 
IR, GLC,43 and HPLC/MS50 were successfully used as suit-
able techniques for the determination and quantification of 
different food adulterants.

Chromatography

Chromatography is an analytical method used to separate 
chemical compounds and food items based on their polarity 
or boiling point. This includes techniques that adsorb or par-
tition analytes between a mobile and a stationary phase. 
They are usually classified according to the character of the 
stationary and mobile phases. The solid stationary phase is 
applied in a column and the mobile phase is pumped through 
the column.51 A compound with the lowest affinity of the 
stationary phase, lowest boiling point, and lowest retention 
time will elute first and be detected by the detector.52 
Chromatographic methods may be capable of differentiating 
individual meat products, but they are less effective in detect-
ing adulterated products in meat mixtures or cooked meat 
because of the increased complexity of the chromatographic 
patterns. Besides, expensive instruments and laborious sam-
ple preparation procedures are required, which has restricted 
their use for regulatory purposes.53

The most common classifications of chromatography are 
GC and LC. Gas chromatography is one type of chromatog-
raphy that has been applied to a wide range of foods for iden-
tification, authentication, or quality feature prediction. 
Liquid chromatography has also been applied to identify, 
classify, and assess the quality of several kinds of foods. 
Nowadays, HPLC fingerprints are used to evaluate the simi-
larity of various food items. The similarity analysis is applied 
to calculate some correlation parameters like correlation 
coefficients. Furthermore, many classes of food solutions, 
both polar and non-polar solvents, can be analyzed directly 
and easily by LC without derivatization.52 However, GC 
needs derivatization during sample preparation due to the 
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high boiling point and compact nature of the product. For 
instance, derivatization is used to transfer the hydroxyl 
groups of tocopherols to trimethylsilyl (TMS) forms, result-
ing in lower boiling points.54

To date, HPLC methods have been widely used in the 
analysis of tocopherols in food and nutrition areas. Using 
HPLC with either a UV or fluorescence detector, each form 
of tocopherol can be separated and quantified separately. 
Interferences are largely reduced after separation by HPLC. 
As a result, this method is more sensitive and specific than 
that of the colorimetric, or polarimetric, but less than GC 
methods.54 Moreover, the LC systems currently shifting 
from standard HPLC to UHPLC, which can significantly 
increase resolution, sensitivity, and peak capacity due to the 
reduced particle size while significantly decreasing sample 
volumes and mobile phases.52

HPLC coupled with PCA has differentiated bovine (col-
lagen originates from a cow) and porcine (collagen origi-
nates from a pig) gelatins based on the results of individual 
amino acids. The amino acid analysis was performed using a 
reversed phase-high performance liquid chromatography 
(RP-HPLC). HPLC/MS method is also used for the identifi-
cation of marker peptides in digested gelatins.55 LC-MS was 
used to determine the adulteration of cow’s milk into the 
water, buffalo milk, and mozzarella.56 In addition, HPLC, 
LC, and GC are widely used to assess the quality of honey.57

Spectroscopy

A variety of spectroscopy has been researched for food safety 
and quality applications. It has a great role in the determina-
tion of food adulterants through subsurface inspection of 
packaging and evaluation of flesh quality under fruit skin.58 
The development of non-destructive rapid analysis methods 
is an area in which interest increased a few years ago. Several 
methods based on various chemical and physical principles 
have been presented to perform both qualitative and quanti-
tative determinations in laboratories and process chains. The 
methods that have demonstrated high versatility and robust-
ness are those based on the simultaneous analysis of a large 
number of wavelengths of electromagnetic spectra and in all 
their modes. Specifically, the study of IR has been used for a 
vast number of determinations from multiple food matrices 
and analytes.9 It uses spectra in the NIR and MIR region, but 
in muscle food applications, visible wavelength ranges are 
often included due to the presence of pigments in the raw 
material. In the NIR region, vibration and combination over-
tones of the fundamental O–H, C–H, and N–H bonds are the 
main recordable phenomena. The MIR spectrum of a food 
sample reveals more about the molecules present, including 
many of the general stretchings, bendings, and wagging 
motions of functional groups like C–C, C–H, O–H, C=O, 
and N–H. UV-vis, NIR, and MIR spectroscopy coupled with 
chemometric techniques used for detecting bovine meat 
adulteration with turkey meat.59

Fourier-transform infrared spectroscopy (FTIR) and 
Raman spectroscopy have come into use for fat-based meth-
ods in the recent decade. The capacity to provide information 
about the chemical structure of molecules without creating 
any changes and the use of only a small amount of the sam-
ple are the two key advantages of this technology.39 NIRS, 
based on the absorption of various wavelengths, and Raman 
spectroscopy, based on the inelastic scattering of light, are 
becoming increasingly popular tools in the determination of 
food adulteration. Based on the identification of chemical 
adulterants in foods, different articles state that Raman spec-
troscopy has a great contribution to the determination of 
melamine in milk. Besides this, NIRS methods have also 
contributed to the determination of the adulteration of mela-
mine in soya bean products.60 Raman and IR spectroscopies 
have been extensively investigated to reveal food fraud 
issues based on their simple instrumentation, increased 
accessibility, and rapid and non-destructive features.61 
Raman spectroscopy was used to determine adulterants of 
honey such as high fructose corn syrup (HFCS) and maltose 
syrup.62 Also, the adulteration of butter with margarine was 
determined using this analytical technique in combination 
with chemometric methods.63 This has high potency for the 
evaluation of food quality systems during handling, process-
ing, and storage. The combination of Raman spectroscopy 
with chemometric data analysis methods enables researchers 
to determine food adulteration more quickly. It is a new 
approach used to differentiate horse meat from beef.39

To date, various types of research focus on the determina-
tion and quantification of the adulteration of minced lean beef 
with horse meat, textured soy protein, or the addition of fat 
beef trimmings using mid-FTIR spectroscopy with multivari-
ate analysis.53 Surface-enhanced Raman spectroscopy (SERS) 
has been widely investigated owing to its significant enhance-
ment of faint Raman scattering signals. SERS gathers vibra-
tional signals from a variety of functional groups in molecules. 
As a result, both targeted analytes and interferences derived 
from food matrices contribute to SERS spectra.64

Nuclear magnetic resonance (NMR) is preferable in ana-
lytical and metabolomics studies due to its high robustness 
and reproducibility, so it is a preferable choice for the deter-
mination of adulteration of different food items.65 Besides 
this, it has a better performance in identifying various chemi-
cals because the minor difference in the electron cloud of 
nuclei can be accurately recorded by NMR spectra. Thus, the 
identification of chemicals sharing similar structures can be 
achieved. The intensity of NMR spectral signals is only 
influenced by the number of each type of nuclei present in 
the sample; thus, absolute quantification of several specific 
chemicals simultaneously can be achieved by applying only 
one reference chemical. Although NMR spectroscopy also 
lacks the sensitivity to determine the chemical(s) at low con-
centrations based on its principle, the sensitivity can be 
improved by simply increasing the number of scans during 
spectral collection without modifying any hardware.61
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In general, there are various types of analytical methods 
used to determine adulterants in foods, most of which are 
chromatography and spectroscopy-based including SERS,64 
NIR-PLSR,66 immunological separation and SERS,67 multi-
plexed planar waveguide fluorescence immunosensor,68 
near-infrared hyperspectral imaging and band ratio,69 mid-
infrared spectroscopy,70 and others like silver nanoparti-
cles,38 Personal Glucose Meter,71 and Chemical Sensors and 
Biosensors.72 The analytical techniques that were employed 
to rate the qualities of a variety of food products are shown 
in Table 1. To determine and quantify the authentication of 
honey, different articles used various analytical methods 
including Vis-IR with chemometrics,73 NIR,74 Hyperspectral 
Imaging,75 and other analytical techniques have been 
reported by different authors: differential scanning calorim-
etry to detect corn syrups,76 high-performance liquid chro-
matography (HPLC) to detect starch syrups.40 To determine 
the authentication of wheat flour, different articles used vari-
ous analytical methods including Raman micro-spectroscopy 
combined chemometrics to detect L-cysteine,77 laser-induced 
breakdown spectroscopy (LIBS) to determine calcium 
(Ca),78 polymerase chain reaction assay to detect common 
wheat adulteration of durum wheat for pasta production.79 
NIR spectroscopy to detect Corn Adulteration in Brazilian 
Coffee (Coffee Arabica),80 LIBS for determination of coffee 
adulteration with chickpea, corn, and wheat,81 DNA-based 
method to detect and quantify adulterations in coffee 
(Arabica vs Robusta),82 capillary electrophoresis-tandem 
mass spectrometry to determine adulteration of coffee with 
soybean and corn,83 and NMR spectroscopy was used to 
verify the presence of Arabica and Robusta species in cof-
fee.84 In addition, a list of foods, their adulterants, and the 
methods employed for their analyses are shown in Table 1.

Electronic nose

An electronic sensor is an advanced analytical method used 
for the physical or chemical determination of food adulter-
ants by imitating the human sense. Electronic noses are 
devices that imitate the sense of smell. These instruments 
generally consist of an array of sensors utilized to detect and 
distinguish odors in complex samples at a low cost. These 
characteristics make them very useful for different applica-
tions in many areas, including the food industry.85,86 
Nowadays, electronic sensors are increasingly employed for 
food analysis. These are being utilized to analyze the aro-
matic profiles of samples without first separating the volatile 
fraction into distinct components. These devices are made up 
of a series of neon or partly selective gas sensors that are 
linked to a data processing and pattern recognition system 
that can recognize even the most complex aromatic profiles. 
This technique is a non-destructive analysis and is used as an 
alternative to relatively costly and time-consuming tech-
niques.85,87 E-tongues, on the other hand, are analytical 
devices (sensor groups) used to identify and classify the 

tastes of a variety of chemical substances in beverages or 
liquid phase food samples, with their method of operation 
“imitating” the human sense of taste. It can be utilized to 
characterize multi-component mixtures for both qualitative 
and quantitative purposes, hence the increasing attention 
they are receiving in the field of food analysis.86

Enzyme-linked immunosorbent assay

This analytical technique is a simple, specific, and sensitive 
analytical method used to determine the adulteration of meat 
speciation. Enzyme-linked immunosorbent assay (ELISA) 
does not need major scientific equipment, is easy to perform, 
uses a small number of immune reagents, and has the capac-
ity for large-scale screening and field tests. However, the 
performance of ELISA depends on the nature, quality, and 
availability of the antibody used.53 Many monoclonal anti-
body-based immunoassays have been commercialized for 
the detection of various food adulterants/contaminants to 
better comply with food regulations and decrease the eco-
nomic loss to the food business.88 ELISA test kits were used 
to find melamine, atrazine, and triazines. About 1500 g/ml 
melamine was needed for the test kit to detect triazines. The 
atrazine ELISA produced results with 23 g/ml melamine. 
The melamine ELISA also produced positive results, with all 
samples containing at least 9 ng/ml of melamine.89 Through 
the use of monoclonal antibody-based ELISA test kits, the 
species of 100 different types of meat and meat products 
were determined. According to the findings of this examina-
tion, unknown species were detected in 11 of 28 fermented 
sausages (39.2%), 5 of 14 cooked salami (35.7%), 3 of 11 
frankfurters (27.2%), 2 of 9 raw meat samples (22.2%), and 
1 of 16 raw ground meat and meatball samples (6.2%).90

Food quality control

Quality control is the standard that maintains the quality of 
food products according to the customer’s acceptability. 
Physical, chemical, microbiological, nutritional, and sensory 
properties are employed to preserve healthy food. These 
quality factors depend on specific attributes such as sensory 
properties, based on flavor, color, aroma, taste, texture, and 
quantitative properties, namely, percentage of sugar, protein, 
fiber, and so on as well as hidden attributes such as perox-
ides, free fatty acids, enzyme.91 Over the past few decades, 
there has been a growing demand for safe and high-quality 
food. Rapid economic development and recent changes in 
the food supply chain have contributed to increased interest 
in the issue of quality in the food sector. The concept of a 
food product’s quality appears to be intimately linked to the 
perception of its safety in the minds of customers. A recent 
study looking at the relationship between food quality and 
food safety discovered that, in general, consumers are more 
likely to see a food product as safe if it is of good quality 
rather than the converse.92
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Conclusion

Authentic food is a basic need for a human being that 
plays a crucial role in maintaining a healthy lifestyle. 
However, unscrupulous dealers nowadays mix, substitute, 
and hide quality inspections from packing material, sell 
decomposed food, use forged labels, and mix low-quality, 
even dangerous chemicals with real food. Moreover, dis-
honest traders and producers practice food adulteration to 
boost their profit margins. Food adulteration is a serious 
public health problem that affects millions of people every 
year. As a result, it causes cancer, lathyrism, liver disease, 
heart failure, kidney disease, and nervous system disor-
ders. The economic-oriented producers/traders adulterate 
foodstuffs in a sophisticated way from time to time. To 
overcome this sophisticated food adulteration, advanced 
analytical techniques were used. However, these tech-
niques were not applied well in low- and middle-income 
countries and cannot assure food safety easily. That is 
why food adulteration is a big challenge for consumers 
and regulatory bodies. These mind-boggling problems 
will be solved by building an unwavering food regulatory 
system, giving training for personnel to detect adulterants 
easily, developing analytical methods for various adulter-
ants, giving serious legal coverage, the law must be imple-
mented as drafted, etc.

In modern times, the contribution of scientists and 
researchers to food adulteration detection and quantification 
technologies is highly appreciable. Even though different 
authors across the world have published their research on the 
area of food adulteration, more research is needed for the 
development of new onsite testing analytical methods for 
adulteration in different foodstuffs like milk, honey, injera, 
and others. That means more methods need to be developed, 
validated, and approved, especially those that are simple and 
easy to undertake. Different forms of food adulteration and 
their associated health impacts should be well documented 
and analyzed. Proper law enforcement and regular inspec-
tion of food quality can bring about drastic changes. 
Awareness creation for the community, food value chain 
stakeholders, and different organizations and agencies 
responsible for the health implications of adulteration and 
the like must be done. Build guidelines and legislation for 
governing food adulteration.

Acknowledgements

We would like to acknowledge all individuals who contributed to 
making the documents available for this review and the authors and 
references that we used.

Authors’ contributions

YKA designed the study and wrote the manuscript. YKA, WA, 
LWL, DTG, MCW, TAT, WS, and MLM collected scientific stud-
ies and assessed the quality of the study. YKA also prepared the 
manuscript for publication. All authors have read and approved the 
manuscript.

Availability of data and materials

This paper is a review of previously published data.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with respect 
to the research, authorship, and/or publication of this article.

Funding

The author(s) received no financial support for the research, author-
ship, and/or publication of this article.

Ethical approval

Not applicable.

Informed consent

Not applicable.

Consent for publication

Not applicable.

ORCID iDs

Yeniewa Kerie Anagaw  https://orcid.org/0000-0001-7676-5147

Liknaw Workie Limenh  https://orcid.org/0000-0002-9680-6134

Wudneh Simegn  https://orcid.org/0000-0002-4070-2010

Melese Legesse Mitku  https://orcid.org/0009-0001-1515-3400

References

	 1.	 Ayza A and Belete E. Food adulteration: its challenges and 
impacts. Food Sci Qual Manag 2015; 41: 50–56.

	 2.	 Faizunisa H, Priyadarshini I, Chaly P, et al. Evaluation of food 
adulteration among selected food items-in vitro study. Int J 
Health Sci Res 2016; 6(5): 139–145.

	 3.	 Appelhans BM, French SA, Tangney CC, et al. To what extent 
do food purchases reflect shoppers’ diet quality and nutrient 
intake? Int J Behav Nutr Phys Act 2017; 14(1): 1–10.

	 4.	 Ghimire S. Knowledge on food adulteration and their 
effects on health: faculty of education. Kirtipur: Tribhuvan 
University, 2016.

	 5.	 Mohammad A-M, Chowdhury T, Biswas B, et al. Food poi-
soning and intoxication: a global leading concern for human 
health. Food Saf Preserv 2018; 307–352.

	 6.	 Edith IN and Ochubiojo EM. Food quality control: history, 
present and future: IntechOpen, 2012.

	 7.	 Everstine K, Spink J and Kennedy S. Economically motivated 
adulteration (EMA) of food: common characteristics of EMA 
incidents. J Food Protect 2013; 76(4): 723–735.

	 8.	 Nagvanshi D. A study on common food adulterants and 
knowledge about adulteration among women of Rae Bareli 
district. Int J Home Sci 2015; 1(3): 5–8.

	 9.	 Verdú S, Vásquez F, Grau R, et al. Detection of adulterations 
with different grains in wheat products based on the hyper-
spectral image technique: the specific cases of flour and bread. 
Food Control 2016; 62: 373–380.

	10.	 Forsyth JE, Nurunnahar S, Islam SS, et  al. Turmeric means 
“yellow” in Bengali: lead chromate pigments added to turmeric 

https://orcid.org/0000-0001-7676-5147
https://orcid.org/0000-0002-9680-6134
https://orcid.org/0000-0002-4070-2010
https://orcid.org/0009-0001-1515-3400


8	 SAGE Open Medicine

threaten public health across Bangladesh. Environ Res 2019; 
179: 108722.

	11.	 Yeasmin D, Baker M, Kamal A-HM, et al. Exploring custom-
ers’ perceptions of food adulteration at bazaars and supermar-
kets in Dhaka, Bangladesh; a qualitative exploration. BMC 
Public Health 2023; 23(1): 206.

	12.	 Awasthi S, Jain K, Das A, et al. Analysis of food quality and 
food adulterants from different departmental and local grocery 
stores by qualitative analysis for food safety. IOSR J Environ 
Sci Toxicol Food Technol 2014; 8:22–26.

	13.	 Cavin C, Cottenet G, Cooper KM, et al. Meat vulnerabilities to 
economic food adulteration require new analytical solutions. 
Chimia 2018; 72(10): 697–703.

	14.	 El-Loly MM, Mansour AIA and Ahmed RO. Evaluation of 
raw milk for common commercial additives and heat treat-
ments. Int J Food Saf 2013; 15(10): 7–10.

	15.	 Lohumi S, Lee H, Kim MS, et al. Calibration and testing of a 
Raman hyperspectral imaging system to reveal powdered food 
adulteration. PLoS One 2018; 13(4): e0195253.

	16.	 Swathi J and Kauser N. A study on adulteration of milk and 
milk products from local vendors. Int J Biomed Adv Res 2015; 
6(09): 678–681.

	17.	 Barreto A, Cruz-Tirado J, Siche R, et  al. Determination of 
starch content in adulterated fresh cheese using hyperspectral 
imaging. Food Biosci 2018; 21: 14–19.

	18.	 Kamthania M, Saxena J, Saxena K, et  al. Milk adultration: 
methods of detection and remedial measures. Int J Eng Tech 
Res 2014; 1: 15–20.

	19.	 McGrath TF, Haughey SA, Patterson J, et  al. What are the 
scientific challenges in moving from targeted to non-targeted 
methods for food fraud testing and how can they be addressed? 
Spectroscopy case study. Trends Food Sci Technol 2018; 76: 
38–55.

	20.	 Théolier J, Barrere V, Charlebois S, et  al. Risk analysis 
approach applied to consumers’ behavior toward fraud in food 
products. Trends Food Sci Technol 2021; 107: 480–490.

	21.	 Selamat J and Iqbal SZ. Food safety: basic concepts, recent 
issues, and future challenges. Berlin, Germany: Springer, 
2016.

	22.	 Fung F, Wang H-S and Menon S. Food safety in the 21st cen-
tury. Biomed J 2018; 41(2): 88–95.

	23.	 Gahukar R. Food adulteration and contamination in India: 
occurrence, implication and safety measures. Int J Basic Appl 
Sci 2014; 3(1):47.

	24.	 Johnson R. Food fraud and economically motivated adul-
teration of food and food ingredients. Washington, DC: 
Congressional Research Service, 2014.

	25.	 Stadler RH, Tran L-A, Cavin C, et al. Analytical approaches to 
verify food integrity: needs and challenges. J AOAC Int 2016; 
99(5): 1135–1144.

	26.	 Al-Mutairi S, Connerton I and Dingwall R. Food safety organ-
izations in Saudi Arabia–organizational, historical and future 
analysis. Food Control 2015; 47: 478–486.

	27.	 El Sheikha AF. DNAFoil: novel technology for the rapid 
detection of food adulteration. Trends Food Sci Technol 2019; 
86: 544–552.

	28.	 Danezis GP, Tsagkaris AS, Camin F, et  al. Food authenti-
cation: techniques, trends and emerging approaches. TrAC 
Trends Anal Chem 2016; 85: 123–132.

	29.	 Sezer B, Bilge G and Boyaci IH. Capabilities and limitations 
of LIBS in food analysis. TrAC Trends Anal Chem 2017; 97: 
345–353.

	30.	 King T, Cole M, Farber JM, et al. Food safety for food security: 
relationship between global megatrends and developments in 
food safety. Trends Food Sci Technol 2017; 68: 160–75.

	31.	 Esteki M, Vander Heyden Y, Farajmand B, et al. Qualitative 
and quantitative analysis of peanut adulteration in almond 
powder samples using multi-elemental fingerprinting com-
bined with multivariate data analysis methods. Food Control 
2017; 82: 31–41.

	32.	 Lv M, Liu Y, Geng J, et al. Engineering nanomaterials-based 
biosensors for food safety detection. Biosensors Bioelect 
2018; 106: 122–128.

	33.	 Trbović D, Petronijević R and Đorđević V (eds.). 
Chromatography methods and chemometrics for determina-
tion of milk fat adulterants. IOP Conf Ser Earth Environ 2017; 
85: 012025.

	34.	 Moncayo S, Manzoor S, Rosales J, et al. Qualitative and quan-
titative analysis of milk for the detection of adulteration by 
Laser Induced Breakdown Spectroscopy (LIBS). Food Chem 
2017; 232: 322–328.

	35.	 Garrido-Delgado R, Muñoz-Pérez ME and Arce L. Detection 
of adulteration in extra virgin olive oils by using UV-IMS and 
chemometric analysis. Food Control 2018; 85: 292–299.

	36.	 Vera DN, Ruisánchez I and Callao MP. Establishing time sta-
bility for multivariate qualitative methods. Case study: Sudan 
I and IV adulteration in food spices. Food Control 2018; 92: 
341–347.

	37.	 Fu X, Kim MS, Chao K, et al. Detection of melamine in milk 
powders based on NIR hyperspectral imaging and spectral 
similarity analyses. J Food Eng 2014; 124: 97–104.

	38.	 Song J, Wu F, Wan Y, et al. Colorimetric detection of mela-
mine in pretreated milk using silver nanoparticles functional-
ized with sulfanilic acid. Food Control 2015; 50: 356–361.

	39.	 Boyacı IH, Temiz HT, Uysal RS, et al. A novel method for 
discrimination of beef and horsemeat using Raman spectros-
copy. Food Chem 2014; 148: 37–41.

	40.	 Wang S, Guo Q, Wang L, et al. Detection of honey adultera-
tion with starch syrup by high performance liquid chromatog-
raphy. Food Chem 2015; 172: 669–674.

	41.	 Filazi A, Sireli U, Ekici H, et al. Determination of melamine in 
milk and dairy products by high performance liquid chroma-
tography. J Dairy Sci 2012; 95(2): 602–608.

	42.	 Ivanova AS, Merkuleva AD, Andreev SV, et al. Method for 
determination of hydrogen peroxide in adulterated milk using 
high performance liquid chromatography. Food Chem 2019; 
283: 431–436.

	43.	 Chmilenko F, Minaeva N and Sidorovaanad L. Complex chro-
matographic determination of the adulteration of dairy prod-
ucts: a new approach. J Anal Chem 2011; 66(7): 572–581.

	44.	 Ruiz-Matute AI, Rodríguez-Sánchez S, Sanz ML, et  al. 
Detection of adulterations of honey with high fructose syrups 
from inulin by GC analysis. J Food Compos Anal 2010; 23(3): 
273–276.

	45.	 Haughey SA, Graham SF, Cancouët E, et al. The application 
of near-infrared reflectance spectroscopy (NIRS) to detect 
melamine adulteration of soya bean meal. Food Chem 2013; 
136(3–4): 1557–1561.



Anagaw et al.	 9

	46.	 Oussama A, Elabadi F, Platikanov S, et al. Detection of olive 
oil adulteration using FT-IR spectroscopy and PLS with vari-
able importance of projection (VIP) scores. J Am Oil Chem 
Soc 2012; 89: 1807–1812.

	47.	 Alizadeh M, Pirsa S and Faraji N. Determination of lemon 
juice adulteration by analysis of gas chromatography profile 
of volatile organic compounds extracted with nano-sized pol-
yester-polyaniline fiber. Food Anal Methods 2017; 10: 2092–
2101.

	48.	 Kim JM, Kim HJ and Park JM. Determination of milk fat adul-
teration with vegetable oils and animal fats by gas chromato-
graphic analysis. J Food Sci 2015; 80(9): C1945–C1951.

	49.	 Dos Santos PM, Costa LF and Pereira-Filho ER. Study of cal-
cium and sodium behavior to identify milk adulteration using 
flame atomic absorption spectrometry. Food Nutr Sci 2012; 
3(9): 1228.

	50.	 von Bargen C, Dojahn J, Waidelich D, et  al. New sensitive 
high-performance liquid chromatography–tandem mass spec-
trometry method for the detection of horse and pork in halal 
beef. J Agri Food Chem 2013; 61(49): 11986–11994.

	51.	 Schieber A. Introduction to food authentication. Modern tech-
niques for food authentication. Amsterdam: Elsevier, 2018, 
pp. 1–21.

	52.	 Cuadros-Rodríguez L, Ruiz-Samblás C, Valverde-Som L, 
et al. Chromatographic fingerprinting: an innovative approach 
for food ‘identitation’ and food authentication–A tutorial. 
Anal Chim Acta 2016; 909: 9–23.

	53.	 Meza-Márquez OG, Gallardo-Velázquez T and Osorio-Revilla 
G. Application of mid-infrared spectroscopy with multivari-
ate analysis and soft independent modeling of class analogies 
(SIMCA) for the detection of adulterants in minced beef. Meat 
Sci 2010; 86(2): 511–519.

	54.	 Derewiaka D, Sosińska E, Obiedziński M, et al. Determination 
of the adulteration of butter. Eur J Lipid Sci Technol 2011; 
113(8): 1005–1011.

	55.	 Yilmaz MT, Kesmen Z, Baykal B, et al. A novel method to 
differentiate bovine and porcine gelatins in food products: 
nanoUPLC-ESI-Q-TOF-MSE based data independent acqui-
sition technique to detect marker peptides in gelatin. Food 
Chem 2013; 141(3): 2450–2458.

	56.	 Czerwenka C, Műller L and Lindner W. Detection of the adul-
teration of water buffalo milk and mozzarella with cow’s milk 
by liquid chromatography–mass spectrometry analysis of β-
lactoglobulin variants. Food Chem 2010; 122(3): 901–908.

	57.	 Das C, Chakraborty S, Acharya K, et al. FT-MIR supported 
electrical impedance spectroscopy based study of sugar adul-
terated honeys from different floral origin. Talanta 2017; 171: 
327–334.

	58.	 Qin J, Kim MS, Chao K, et al. Subsurface inspection of food 
safety and quality using line-scan spatially offset Raman spec-
troscopy technique. Food Control 2017; 75: 246–254.

	59.	 Alamprese C, Casale M, Sinelli N, et al. Detection of minced 
beef adulteration with turkey meat by UV–vis, NIR and MIR 
spectroscopy. LWT Food Sci Technol 2013; 53(1): 225–232.

	60.	 Haughey SA, Galvin-King P, Ho Y-C, et  al. The feasibility 
of using near infrared and Raman spectroscopic techniques 
to detect fraudulent adulteration of chili powders with Sudan 
dye. Food Control 2015; 48: 75–83.

	61.	 Hu Y, Wang S, Wang S, et al. Application of nuclear mag-
netic resonance spectroscopy in food adulteration determina-

tion: the example of Sudan dye I in paprika powder. Scient Rep 
2017; 7(1): 2637.

	62.	 Li S, Shan Y, Zhu X, et al. Detection of honey adulteration 
by high fructose corn syrup and maltose syrup using Raman 
spectroscopy. J Food Compos Anal 2012; 28(1): 69–74.

	63.	 Uysal RS, Boyaci IH, Genis HE, et al. Determination of butter 
adulteration with margarine using Raman spectroscopy. Food 
Chem 2013; 141(4): 4397–4403.

	64.	 Hu Y, Feng S, Gao F, et  al. Detection of melamine in milk 
using molecularly imprinted polymers–surface enhanced 
Raman spectroscopy. Food Chem 2015; 176: 123–129.

	65.	 Dowlatabadi R, Farshidfar F, Zare Z, et al. Detection of adul-
teration in Iranian saffron samples by 1 H NMR spectroscopy 
and multivariate data analysis techniques. Metabolomics 
2017; 13: 1–11.

	66.	 Lim J, Kim G, Mo C, et  al. Detection of melamine in milk 
powders using near-infrared hyperspectral imaging combined 
with regression coefficient of partial least square regression 
model. Talanta 2016; 151: 183–191.

	67.	 Li X, Feng S, Hu Y, et al. Rapid detection of melamine in milk 
using immunological separation and surface enhanced Raman 
spectroscopy. J Food Sci 2015; 80(6): C1196–C201.

	68.	 Guo H, Zhou X, Zhang Y, et al. Highly sensitive and simulta-
neous detection of melamine and aflatoxin M1 in milk products 
by multiplexed planar waveguide fluorescence immunosensor 
(MPWFI). Food Chem 2016; 197: 359–366.

	69.	 Huang M, Kim MS, Delwiche SR, et al. Quantitative analysis 
of melamine in milk powders using near-infrared hyperspec-
tral imaging and band ratio. J Food Eng 2016; 181: 10–19.

	70.	 de Souza Gondim C, Junqueira RG, de Souza SVC, et  al. 
Detection of several common adulterants in raw milk by MID-
infrared spectroscopy and one-class and multi-class multivari-
ate strategies. Food Chem 2017; 230: 68–75.

	71.	 Gu C, Lan T, Shi H, et  al. Portable detection of melamine 
in milk using a personal glucose meter based on an in vitro 
selected structure-switching aptamer. Anal Chem 2015; 
87(15): 7676–7682.

	72.	 Li Y, Xu J and Sun C. Chemical sensors and biosensors for the 
detection of melamine. RSC Adv 2015; 5(2): 1125–1147.

	73.	 Ferreiro-González M, Espada-Bellido E, Guillén-Cueto L, 
et  al. Rapid quantification of honey adulteration by visible-
near infrared spectroscopy combined with chemometrics. 
Talanta 2018; 188: 288–292.

	74.	 Kumaravelu C and Gopal A. Detection and quantification of 
adulteration in honey through near infrared spectroscopy. Int J 
Food Proper 2015; 18(9): 1930–1995.

	75.	 Shafiee S, Polder G, Minaei S, et al. Detection of honey adul-
teration using hyperspectral imaging. IFAC-PapersOnLine 
2016; 49(16): 311–314.

	76.	 Sobrino-Gregorio L, Vargas M, Chiralt A, et al. Thermal prop-
erties of honey as affected by the addition of sugar syrup. J 
Food Eng 2017; 213: 69–75.

	77.	 Cebi N, Dogan CE, Develioglu A, et  al. Detection of 
L-Cysteine in wheat flour by Raman microspectroscopy com-
bined chemometrics of HCA and PCA. Food Chem 2017; 228: 
116–124.

	78.	 Bilge G, Sezer B, Eseller KE, et al. Determination of Ca addi-
tion to the wheat flour by using laser-induced breakdown 
spectroscopy (LIBS). Eur Food Res Technol 2016; 242: 1685–
1692.



10	 SAGE Open Medicine

	79.	 Carloni E, Amagliani G, Omiccioli E, et  al. Validation and 
application of a quantitative real-time PCR assay to detect 
common wheat adulteration of durum wheat for pasta produc-
tion. Food Chem 2017; 224: 86–91.

	80.	 Winkler-Moser JK, Singh M, Rennick KA, et  al. Detection 
of corn adulteration in Brazilian coffee (Coffea arabica) by 
tocopherol profiling and near-infrared (NIR) spectroscopy. J 
Agri Food Chem 2015; 63(49): 10662–10668.

	81.	 Sezer B, Apaydin H, Bilge G, et al. Coffee arabica adultera-
tion: detection of wheat, corn and chickpea. Food Chem 2018; 
264: 142–148.

	82.	 Combes M-C, Joët T and Lashermes P. Development of a 
rapid and efficient DNA-based method to detect and quan-
tify adulterations in coffee (Arabica versus Robusta). Food 
Control 2018; 88: 198–206.

	83.	 Daniel D, Lopes FS, Dos Santos VB, et al. Detection of cof-
fee adulteration with soybean and corn by capillary electro-
phoresis-tandem mass spectrometry. Food Chem 2018; 243: 
305–310.

	84.	 Monakhova YB, Ruge W, Kuballa T, et al. Rapid approach to 
identify the presence of Arabica and Robusta species in coffee 
using 1H NMR spectroscopy. Food Chem 2015; 182: 178–184.

	85.	 Rodríguez SD, Barletta DA, Wilderjans TF, et al. Fast and effi-
cient food quality control using electronic noses: adulteration 

detection achieved by unfolded cluster analysis coupled with 
time-window selection. Food Anal Methods 2014; 7: 2042–
2050.

	86.	 Peris M and Escuder-Gilabert L. Electronic noses and tongues 
to assess food authenticity and adulteration. Trends Food Sci 
Technol 2016; 58: 40–54.

	87.	 Wasilewski T, Szulczyński B, Wojciechowski M, et  al. 
Determination of long-chain aldehydes using a novel quartz 
crystal microbalance sensor based on a biomimetic peptide. 
Microchem J 2020; 154: 104509.

	88.	 Jiang X, Rao Q, Mittl K, et  al. Monoclonal antibody-based 
sandwich ELISA for the detection of mammalian meats. Food 
Control 2020; 110: 107045.

	89.	 Garber EA. Detection of melamine using commercial enzyme-
linked immunosorbent assay technology. J Food Protect 2008; 
71(3): 590–594.

	90.	 Ayaz Y, Ayaz N and Erol I. Detection of species in meat and 
meat products using Enzyme-Linked Immunosorbent Assay. J 
Muscle Foods 2006; 17(2): 214–220.

	91.	 Paiva CL. Quality management: Important aspects for the 
food industry. Food Indus 2013; 9: 191–192.

	92.	 Mascarello G, Pinto A, Parise N, et  al. The perception of 
food quality. Profiling Italian consumers. Appetite 2015; 89:  
175–182.


