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ABSTRACT
Laser-induced breakdown spectroscopy (LIBS) is a simple, rapid, and sensitive analytical technique that has been employed in a
number of scientific disciplines (e.g., chemistry, physics, geology, engineering, material science, polymer science, environmental
science, and metallurgy) for almost two decades. LIBS became vastly popular in industry, especially in steel, automobile, and
aircraft manufacturing due to the availability of portable instruments and rapid analysis. As the technique can be employed for
simultaneously analyzing both light and heavy elements, LIBS has attracted global attention for its food analysis capabilities to
characterize micronutrients, essential constituents, and toxicants present in food items. No other technique provides such com-
prehensive analytical data in a short period of time without any substantial sample treatment. This paper reviews applications of
LIBS for food analysis in recent years and discusses its potential to advance the characterization of components in food.
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Introduction
Food is one of the basic requirements of life on this planet and humans need to remain vigilant when making food
choices in their diet. Whether grains, fruit, vegetables, meat, or dairy products, it is important to know the constitu‐
ents present in the food that we consume, which is why food analysis is crucial in an increasingly globalized food
industry. Two general categories of constituents are determined in different foods: (1) essential components and (2)
toxicants. Essential components may be further divided into subcategories of fats, proteins, minerals, and micronu‐
trients. Toxicants include heavy metals such as cadmium, lead, and mercury, as well as organic toxicants that are typi‐
cally present in liquid form.
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In the last 150 years, more sensitive analytical techniques (e.g., spectroscopic, chromatographic, electroanalytical,
biological, and radioanalytical) have emerged in the field of analytical chemistry that are now being successfully em‐
ployed for food analysis. Food adulteration, the addition of harmful and sometimes hazardous material in edible
foods, is a common practice found in various parts of the world. For example, the use of toxic organic dyes in sweets
and ketchup, or urea and formaldehyde added to milk, frequently occur in underdeveloped countries. Hence, strict
food analysis becomes a duty of the state to stop food adulteration and protect its citizens.

Atomic and molecular spectroscopic techniques have been employed to monitor different types of foodstuff and
detect adulteration. Molecular fluorescence has been utilized to identify adulteration of olive oil[1] and to characterize
the type and freshness of oils.[2] Similarly, the use of a near-infrared fluorescence-based chromogenic reaction made
it possible to detect sulfites in food with a reasonably low detection limit of 31.6 nM.[3] Furthermore, electrothermal
atomic absorption spectroscopy has been used to determine heavy metal contamination in water samples.[4,5]

Like other spectroscopic techniques, laser-induced breakdown spectroscopy (LIBS) has been extensively em‐
ployed for food analysis. LIBS is advantageous in terms of ease of sample preparation and analysis speed, being em‐
ployed to determine different elements present in fresh vegetables[6] and for the analysis of food powders.[7] Com‐
pared to other techniques, LIBS is a faster, more accurate, and more cost-effective analytical method, resulting in
adequate precision without requiring lengthy sample preparation, making LIBS a desirable technique for the analysis
of both fresh and processed foodstuff.[8] Many efforts to optimize different LIBS parameters were identified for food
analysis between 2009 and 2013. Attention was focused on the analysis of different plant varieties under various con‐
ditions to use LIBS. For example, elemental and ionic species of K, Ca, Mg, and other elements were determined in
different varieties of wheat.[9,10]

LIBS is a powerful analytical method to identify diverse components found in a variety of food. The nutrients and
contaminants present in potato, spinach, and rice samples were identified by Kim and coworkers using LIBS.
[11,12].Common plant species in Asia were analyzed using LIBS to determine the antioxidants, glycemic elements,
and contaminants present.[13–17] Researchers have also employed LIBS to determine the amount of calcium present
in different types of milk samples and fortified foodstuff for infants and young children (e.g., maternal milk, commer‐
cial infant formulas, and breakfast cereals) that is of significant importance globally.[18,19]

In addition to direct food analysis, LIBS has also been employed successfully in the biotechnology sector to assess
food-related diseases, such as to determine glycemic elements for diabetes management[20] and identify biological
contaminants (e.g., Salmonella enterica)[21,22], and the analysis of algal biomass in industrial biotechnology.[23] In
recent years, the use of LIBS has increased and its optimization has tackled new challenges related to food analysis.

LIBS for direct food analysis
LIBS is based on the use of a laser pulse, which is focused on the sample to produce high temperature plasma. The

sample breaks down due to this intense laser pulse through vaporization, atomization, excitation, and de-excitation
within the plasma. The characteristic radiation, which occurs because of excitation of atoms in the sample, is captured
and processed to characterize the components present. Although the plasma contains atomic, molecular, and ionic
species from the sample, only characteristic atomic lines are registered by the monochromator. A solid-state Nd:YAG
laser with nanosecond laser pulse duration is commonly used in LIBS.[24,25] The formation of plasma that is obtained
by focusing intense laser pulse radiation on a sample until it produces a dielectric breakdown is illustrated in Figure
1.
Figure 1. Evolution of the plasma: (a) the laser is fired on the sample, (b) the species enter an absorption phase and (c) break their
bonds, (d) the plasma is formed (e) that emits its radiation at different wavelengths, (f) then loses energy (g) until it becomes ex‐
tinct.
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This rupture of the sample can be explained as the generation of a partially ionized gas after the action of a laser
pulse, which is known as plasma.[26] Thus when a laser pulse strikes a part of the sample, some radiation is lost
through reflection or conduction, but most of the energy is absorbed and used to heat and overcome the latent heat of
fusion and vaporization, finally resulting in atomization and molecule formation. These atomic and molecular species
in the vapor state interact with the laser radiation reaching an excited or ionized state. Upon returning to the ground
state, these excited species emit characteristic radiation that can be used to obtain an emission spectrum for qualita‐
tive and quantitative analysis.

Generated plasma can reach a temperature of 5000 to 20000 K. This plasma prevents the laser energy from effec‐
tively reaching the surface by means of a shielding effect, which gives rise to very energetic plasma, in which emis‐
sion lines of greater intensity are produced than when this shielding does not occur. After one laser pulse, the system
rapidly loses energy, which forms many excited atoms. The emitted light is captured by an optical fiber, which facili‐
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tates the detection of radiation. Finally, the plasma loses energy until it disappears and only the suspended particles
remain in focus.[27]

A schematic diagram of a LIBS apparatus commonly used for food analysis is shown in Figure 2. The laser irradi‐
ation from a Nd:YAG laser can be directed on the sample through a combination of mirrors and prisms, and then
focused through the use of lenses. An important aspect when working with LIBS is to define the focal length, the
location of the sample, and the position of the optical fiber that will be responsible for transporting the plasma to the
detection system. The optical fiber is accompanied by a collimator that is used to homogenize the trajectories of the
plasma emitted at the source.[28]

Figure 2. General scheme of the laser-induced breakdown spectroscopy instrumentation.

Commonly used detection systems for LIBS consist of the Czerny-Turner or Echelle type spectrographs. Either a
charge-coupled device (CCD) or intensified charge-coupled device (ICCD) can be used to detect emitted lines, the
latter of which provides greater resolution and better sensitivity. Emission spectral data are typically analyzed with
specialty software that varies from manufacturer to manufacturer.[29]

LIBS can be used for qualitative as well as quantitative analysis of food items by analyzing the emission spectra
obtained by direct food analysis. For qualitative analysis, hyperspectral imaging of LIBS spectra obtained from either
the surface or interior of the food sample can be assessed. Hyperspectral images can be used to prepare principal
component analysis (PCA) score maps that are useful for identifying and locating metals and other inorganic species
in the food composition, whether they are macronutrients or toxic elements. For example, Gamela et al.[30] used 810
LIBS emission spectra and hyperspectral images to construct PCA score maps of red lentils, pea seeds, and pumpkin
seeds to identify Ca, Mg, Na, K, and P macronutrients present.

For quantitative analysis, food samples should be minimally altered; appropriate grinding to reduce particle size
(provide homogeneity) and subsequent grazing of that sample is ideal. By utilizing solid calibration standards and a
calibration strategy that overcomes matrix effects, solid samples can be directly analyzed, making it possible to accu‐
rately determine micronutrients and toxic elements with high precision in the food samples.[31]

Common foods analyzed with LIBS
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The number of publications in which LIBS has been reported for food analysis has grown considerably in recent
years.[32] Whereas publication growth for other applications of LIBS has remained fairly stagnant, the number of
publications related to food analysis has increased due to investigations.

Instrumental parameters, such as delay and exposure time, vary from food to food, and even among foods in the
same food group. Analytical conditions must be optimized for each type of food because any change in the analytical
parameters may change the analysis results. A summary of analytical conditions is listed in Table 1. The use of LIBS
for the recent analysis of particular foods is discussed in greater detail below.

Table 1. Most common instrumental conditions in food analysis using laser-induced breakdown spectroscopy.

Food samples Analysis type (qualitative or
quantitative)

Analytes Delay
Time (µs)

Exposure
(µs)

Energy
pulse laser

(mJ)

Reference

Milk and derivates Quantitative Ca 0.65 2 68.1 [40]

Quantitative NaCa 1.27 1010 150 [42]

Meat Quantitative Ca 3 1050 230 [56]

Quantitative NaK 1.27 1100 150 [51]

Vegetables Qualitative – 0.65 1050 36 [57]

Qualitative – 1.5 10 60 [59]

Wheat flour and oth‐
ers

QuantitativeQualitative KMg 1.27 1100 150 [31]

Quantitative Ca 0.3 1050 50 [72]

Tea Quantitative Pb 1.5 2 30 [79]

Qualitative – 1.5 1050 100 [75]

Fish and seafood Quantitative CNC2 3 2 50 [83]

Quantitative CaKMgNaPS‐
FeZn

1 1050 40 [86]

Rice Qualitative – 1.5 3 40 [87]

Quantitative CdPb 1 3 60 [92]

Coffee Semi-quantitative FeCaKMgNa 1.28 1100 35 [95]

Qualitative – 11 2100 50 [94]

Edible salt Quantitative Na 1.27 1100 150 [102]

Quantitative Li 0.65 1050 20 [101]

Sugarcane Semi-quantitative CaMg 0.5 1050 80 [103]

Qualitative – 0.5 1050 80 [104]

Water Quantitative Sr 0.5 2 8 [106]

Quantitative Cr 0.25 1050 20 [107]

Milk and milk derivatives
LIBS enables the direct analysis of solid, liquid, and gaseous samples. One of the most common ways to analyze

liquid milk samples is to place 0.5 mL of milk on high-quality ashless filter paper and then leave it for ∼15 min in a
clean atmosphere so that it partially dries and expands homogeneously. The lines of major minerals (Ca, Na, K, and
Mg) and molecular bands of CN and C2 can thus be observed to determine concentrations of different elements and
to compare with the optimum levels of liquid milk samples.[33–36]
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Another method to analyze milk using LIBS is to lyophilize the milk and press it into a pellet using ∼10 ton·cm−2

pressure.[37,38] An interesting methodology based on formation of a gel from milk samples using gelatin was intro‐
duced by Sezer et al.[39] for LIBS analysis. Another attractive technique for milk analysis involves converting
sprayed milk samples to aerosols by compression in a sprayer with air and argon. In this study, the signal-to-noise
ratio of Ca was optimized using a flow rate of 1.64 mL/min and a delay time of 0.65 µs.[40] These analyses are gener‐
ally performed to first determine the constituents in milk and then to establish a standard method for detecting any
milk adulteration. To this end, LIBS has been successfully employed for the analysis of Ca, Mg, K, and Na as macro‐
nutrients in solid samples of milk, infant formula, and food supplements. Although novel methods have been devel‐
oped[39,40], the most common technique is the preparation of solid samples as pellets.[37,38] Furthermore, calibration
strategies such as matrix-matching calibration and multi-energy calibration (MEC) are commonly employed to mini‐
mize the effects of matrix interference.[40–46]

A number of milk derivatives were analyzed by LIBS in the last five years to further optimize working conditions
and open new research avenues. Different brands of butter and margarine were analyzed with LIBS to determine the
concentrations of macronutrients and compare them with the results obtained from inductively coupled plasma mass
spectroscopy (ICP-MS) and flame atomic absorption spectroscopy (FAAS), resulting in an excellent match with a
maximum standard deviation of 2.6%.[47]

Different cheese samples were also analyzed by Ayvaz et al.[48], whereby samples were crushed and thoroughly
mixed in a mortar and pestle, and then the fine powders were stirred in plastic bags at −18 °C. These samples were
analyzed with LIBS using a Nd:YAG laser coupled to a 5-channel spectrometer. The parameters identified in this
study (i.e., percentages of moisture, dry matter, salt, total ash, total protein, pH, fat, acidity, water soluble nitrogen,
trichloroacetic acid soluble nitrogen, and phosphotungstic acid) revealed that LIBS can be successfully employed as a
standard quality control method.

Meat
Meat samples have been analyzed extensively with LIBS in the last five years, with researchers focusing their at‐

tention primarily on beef samples. Beef is typically placed in a hot air drying oven maintained at 105 °C for at least
12 h, and then the samples are crushed, mixed homogeneously, and pelleted under 10 ton·cm−2 pressure to prepare
beef samples for LIBS as you can see in Figure 3.
Figure 3. General scheme for the preparation of pellets.
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Quantities of Rb, Cu, Na, and K found in beef samples obtained through different calibration models were com‐
pared with the results obtained from either atomic absorption spectroscopy (AAS) or graphite furnace atomic absorp‐
tion spectroscopy (GFAAS), revealing a good match of the results and demonstrating that LIBS is a feasible method
for meat analysis with adequate accuracy and precision, thus confirming the potential of LIBS for meat analysis.[49–
51]

Other methods have been used to prepare samples very fast (< 3 h) and very slow (> 70 h), but all of them have
established the potential of LIBS to identify adulteration in meat species. The mineral composition of various meats
differs and LIBS can distinguish between mineral percentages present in each one.[52–54] The variation of the CN and
C2 spectral bands to recognize spoilage of meat and the concentration of Ca to determine levels of toxicity can also
be determined from LIBS analysis.[55,56]

Vegetables
Vegetables are an essential component of a balanced diet to promote health benefits in humans. However, it is

important to be aware that vegetables may contain a number of toxic heavy metals, toxic organic substances, and
toxic inorganic anions (e.g., sulfide or fluoride). Several vegetable samples have been analyzed by LIBS after drying,
grinding, and pelleting. PCA is the most common strategy used to determine adulteration in vegetables. For example,
PCA was used for the qualitative analysis of pure pistachio, green pea, spinach, and adulterated pistachio samples,
successfully discriminating between the samples.[57] PCA and LIBS spectra have also been used to reveal the level of
adulteration in saffron samples[58] and to identify transgenic maize from non-transgenic maize.[59]

Multielemental analysis is important to identify a number of elements, such as C, O, N, Mg, Ca, Na, K, Al, Ba, Cr,
Cu, P, Fe, Sr, and Zn.[60,61] These studies have also been employed for the detection of Cd in fresh leaves of contami‐
nated vegetables[62–64], and to determine the levels of titanium dioxide used as an additive in chickpea samples.[65]

Wheat flour and secondary products from wheat flour
Wheat flour is one of the most important primary products to prepare a variety of secondary products, such as

bread, pasta, and pizza among many others. The growing global population makes the analysis of wheat and its prod‐
ucts necessary to maintain human health.[66] Pellet formation is considered necessary to obtain a homogeneous shoot‐
ing surface and facilitate sample handling of flour samples. Another method involves burning a food sample under
controlled conditions to obtain an ash that is analyzed using LIBS to identify several elements. For instance, wheat
flour samples with different ash contents were dried at 105 °C for 2 h and then analyzed with LIBS, indicating a pro‐
gressive increase in the concentrations of K, Mg, Na, Ca, and Zn in conjunction with an increase of the ash concen‐
tration.[67] A similar increase was observed for K and Mg concentration when comparing non-wheat flours of potato
flour, buckwheat flour, brown rice flour, tapioca flour, maize flour, and gluten free flour blends.[68] For ash analysis
in wheat milling fractions, partial least squares (PLS) regression has been employed as a calibration strategy and PCA
for data interpretation with a good discrimination analysis percentage.[69,70]

Various methods have been investigated to determine macro and micronutrients in different food samples. For ex‐
ample Atta et al.[71] fixed the focal length, delay, and exposure time to evaluate the laser pulse energy to acquire the
best signal (100 mJ), obtaining good recovery in percentages of Zn and Fe in wheat flours. A standard addition meth‐
od has also been used for the direct determination of Ca to distinguish between natural and calcium-added flours with
LIBS by implementing a response surface obtained from a full factorial designed experiment using central points
from the best instrumental conditions. In both cases, good recovery percentages for analytes were obtained.[72,73]

Tea
Tea is one of the most common beverages in many countries around the world. Multielemental LIBS analysis of

tea leaves is usually performed on tea leaves pressed into pellets prior to analysis.

Fisher discriminant analysis (FDA) was used to develop a variety of statistical inferences based on probability dis‐
tribution by identifying spectral lines or band intensities of Mg, Mn, Ca, Al, Fe, K, CN, and C2 with a 95.3% correct
average identification rate.[74] PLS discriminant analysis was employed to transform the high-dimensional data into a
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set of a few intermediate linear latent variables (determined by leave-one-out cross-validation). After the minimum-
maximum normalization of components, the average of 20 analyses resulted in 99.8% correct identification.[75]

The identification of macronutrients, micronutrients, and contaminants; determination of calibration strategies; and
use of internal and external standard methods for different classes of tea have provided results for comparison with
other analytical techniques, ultimately obtaining good recovery percentages for LIBS. Recovery percentages of
92.9% for Ba in peppermint tea samples and 100.8% for K in black tea have been attained.[76–80]

Fish and seafood
The study of environmental pollution and subsequent contamination of aquatic species is of vital importance since

rivers, estuaries, lakes, and oceans receive the flow of pollutants from anthropogenic and industrial activities (e.g.,
through runoff, rain, and movement of air masses).[81] Hg and As in aquatic species have been studied extensively
with other spectroscopic techniques previously; Pb, Co, and Cu detection with LIBS have been the focus of recent
investigations. For example, the determination of these elements was performed using the dried muscle of fish under
conditions that allowed the local thermodynamic equilibrium (LTE) to be reached. The results were compared to oth‐
er techniques and contrasted with reference values, revealing that LIBS is an effective tool for pollutant monitoring in
aquatic life samples.[35,82]

An interesting study was performed by Abdel-Salam et al.[83], whereby biosynthesized silver nanoparticles were
employed to intensify the emission intensity of the spectral lines and thus identify proteins in canned tuna. Another
interesting work developed by Chen et al.[84] evaluated trace elements in cuttlefish, octopus, and sardines using two
different delay times; one short delay time to reach the LTE and a longer one to achieve partial plasma equilibrium,
thus allowing detection of parts per million (ppm) concentrations of Mg, Ca, As, Si, Zn, Cu, Cd, B, Li, and Sr.

Bivalve mollusks are important bioindicators of water quality in the natural environment due to their filtering ca‐
pacity. The main macronutrients in bivalve mollusks (Ca, K, Mg, and Na) have therefore been analyzed using direct
analysis of solids by LIBS and compared with other techniques such as wavelength dispersive X-ray fluorescence
(WDXRF), thus indicating satisfactory accuracy and precision (root-mean-square deviation (RMSD) ≥ 18%).[85,86]

Rice
Rice is a basic food that is consumed in at least in one-third of the world, including many countries of Southeast

Asia and South America. Investigations to classify rice according to its geographical origin using LIBS and supported
by PCA have been performed to reduce input variables and to reduce the collinearity of LIBS spectral results.[87–89]

Rice powder mixtures were employed for rapid detection of different contaminants including heavy metals by
LIBS. It is generally agreed that 60 mJ laser pulse energy for LIBS is sufficient to obtain the best signal-to-back‐
ground ratio for rice samples, resulting in good agreement with reference values when Cr, Cd, and Cu are present as
contaminants.[90–93]

Pérez-Rodríguez et al.[89] used the emission lines of C, Ca, Fe, Mg, and Mo for direct analysis of Argentine brown
rice samples using spark discharge-LIBS, while also employing chemometric tools to distinguish rice origin. Utiliza‐
tion of the k-nearest neighbor (k-NN) algorithm resulted in the best performance, providing 84% accuracy, 78% spe‐
cificity, and 100% sensitivity in the classification of rice samples.

Coffee
Whether by tradition or culture, coffee is one of the most widely consumed beverages worldwide. Several prob‐

lems related to adulteration, quality, and pollution can be identified with LIBS.[94] For example, LIBS has been em‐
ployed for the analysis of inorganic constituents, mainly K, Ca, Mg, and Na. Pellets are usually used for sample prep‐
aration in these analyses, either from coffee beans or ground coffee.[95,96]

When coffee quality is under discussion, it is important to know the differences between different presentations as
well as the raw material used. For example, Silva et al.[97] studied the presence of green, black, and sour beans in
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different brands of ground and unroasted coffee by analyzing the emission bands and lines of C, CN, C2, and N, the
results of which were supported by PCA. A similar approach combining LIBS with chemometric analysis was used to
verify the presence of wheat, corn, and chickpeas, confirming that LIBS can be combined with chemometric methods
to obtain a powerful technique for the accurate and rapid detection of coffee adulteration.[98]

Edible salt
Sodium chloride, also known as common salt or table salt, is the most widely consumed edible salt used globally

for centuries. In 2016 and 2017, a team of researchers from the Department of Chemistry in Mokpo National Univer‐
sity simultaneously employed LIBS and laser-ablation inductively coupled plasma mass spectrometry (LA-ICP-MS)
to analyze salt samples in order to obtain a multivariate classification of edible salts (sea salt and rock salt) from dif‐
ferent sources, while also performing chemometric analysis using a partial least squares discriminant analysis (PLS-
DA) model. Furthermore, they also identified elemental sulfur present in similar samples, comparing LIBS, LA-ICP-
MS, and laser-ablation inductively coupled plasma optical emission spectrometry (LA-ICP-OES) with ICP-OES re‐
covery percentages, finding a correlation between S and O that is associated with the presence of sulfide (S2-) and
sulfate (SO42-).[99,100]

To demonstrate the ability of LIBS to analyze commercial samples suspected of being contaminated with a toxic
salt, Sezer et al.[101] analyzed meatball samples contaminated with lithium chloride. Dixit et al.[102] mapped the dif‐
fusion of salt in samples of beef fillet, monitoring the intensity of Na emission on the surface of the sample. A ratio of
90 to 90 was sequentially obtained, allowing the generation of a NaCl distribution map for each sample using R and
EBI image software packages.

Sugarcane
LIBS studies developed with sugarcane to detect and classify impurities from plant and soil residues can be incor‐

porated during the sugar or alcohol manufacturing process. For the detection of impurities, mixtures of soil and vege‐
table residues incorporated with cane sugar and immobilized on a polyvinyl alcohol (PVA) substrate were used for
analysis in a PCA study supported by chemometric analysis, where a good correlation between Ca and Mg in the
samples was observed. Using this same methodology for sample preparation and analysis, contamination ranges were
identified with the aid of a partial least-squares discriminant analysis (PLS-DA), thus demonstrating the potential of
LIBS to discriminate between different contaminating species.[103–105]

Water
Water quality is very important to assess in the food industry. However, studies using LIBS for water analysis have

been very limited since the strength of the technique lies in the analysis of solid samples. A comparison between
natural and seawater samples was performed for the determination of Sr. Samples contaminated with Sr and those
that without Sr were analyzed by ICP-OES for comparison. The samples were analyzed in the liquid state in glass
cuvettes by applying a low energy laser pulse (8 mJ), and the time between pulses was controlled to avoid bubbling
and swelling of the samples. This technique provided good reproducibility and good recovery percentages, although
the high salt content affects the electron density during plasma formation.[106]

One study proposed the feasibility of using LIBS to quantify Cr in water samples by employing ceramic solid sup‐
ports. The ceramic supports were prepared by pressing 0.35 g of ceramic with 0.15 g of cellulose at 8 ton·cm−2 for 5 
min. The ceramics were then treated with water with different Cr salts and Fe(II) sulfate heptahydrate added for the
reduction of Cr(VI) to Cr(III). The ceramic selectively adsorbs Cr(III) species at pH 7; quantification of the Cr(VI)
species by LIBS was possible after reduction of this species to Cr(III) using Fe(II) as the reducing agent.[107]

Other foods
Miscellaneous types of food samples that have only been the subject of sporadic studies but can be a starting point

for future work are described here. For instance, vegetable oils were investigated by studying the C2 bands of liquid
samples, indicating the presence of carbon-carbon double bonds that were correlated to the concentration of oil but
not the number of double bonds.[108]
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A study was conducted by examining the emission of Na at 589 nm to quantify sodium chloride in bakery prod‐
ucts used to prepare bread, which were dried and pelletized for LIBS analysis, the results of which were positively
validated with reference methods.[109] Another study was performed with different brands of bread to detect Br from
the atomic transition line at 827.2 nm. Dried and pulverized samples were spiked with different concentrations of Br
and then samples were pelletized for analysis. The resulting values were very close to those measured with the refer‐
ence ICP-MS technique.[110] An interesting work on the analysis of Pb and other elements present in edible food
coloring revealed 4 to 8.8 mg·kg−1 of Pb present in the samples, which was confirmed with an ICP-OES reference,
thus demonstrating the potential of LIBS as a food security tool.[111]

Investigations on alcohol and tobacco
Although they are not part of a regular diet, the consumption of alcoholic drinks and use of tobacco is very com‐

mon throughout the world. Historically, many people use these products before, during, or after food consumption,
requiring analysis and control of their components.

For example, Moncayo et al.[112] were able to use LIBS to classify red wines according to their origin, preparing
samples with collagen to form a gel and then using a correlation model to predict each wine group. Another study
was performed to determine the presence of Cu in cachaça using paper disks for LIBS analysis. Very good results
were obtained, thus showing promise for adaptation of this technique to analyze other contaminants such as lead.[113]

Tobacco samples for multi-elemental analysis have been prepared by forming pellets or with intact leaves for com‐
parison with other spectrometric reference techniques. These novel approaches that have been implemented reveal
the potential of LIBS for the analysis of alcohol and tobacco.[114–116]

Growing trends for LIBS in food analysis
Spectroscopic techniques are frequently used for quality control, testing of raw materials, and determination of

contamination in the food industry. The food industry has been in need of a rapid, simple, cost-effective, and portable
technique with minimum sample preparation for a number of years. LIBS has been demonstrated to fulfill all of these
requirements, proving useful as a technique for the analysis of grains, vegetables, salts, alcoholic beverages, tobacco,
sugar, meat, fish, coffee, tea, and water samples. The LIBS technique is not only valuable for micronutrient and major
element detection, but also for the detection of toxic contaminants. LIBS is comparable to established analytical
methods in terms of precision, accuracy, and sensitivity, but is more advantageous in terms of speed and ease of sam‐
ple preparation.

Efforts are underway to evaluate and develop calibration strategies that minimize or overcome the strong matrix
effects that may compromise the analytical parameters of the method and preclude determination with satisfactory
accuracy and precision for quantitative food analysis with LIBS. We have just begun to explore the full potential of
LIBS in the food industry, focusing mainly on the classification of foods by specific groups or by their origin, and in
the detection and quantification of macronutrients and specific elements that can be considered toxic according to
their concentration.

A growing demand in the field of food safety has led to the development of spectroscopic techniques for preven‐
tion, control, and remediation measures, and it is in this realm that LIBS has performed exceptionally strong. Al‐
though some challenges remain, such as manipulating liquid samples, there is much promise in the application of
LIBS in the food industry thanks to the ease of equipment handling, the facile preparation of samples, and the versa‐
tility in its use. LIBS research has been performed on the laboratory scale thus far, but we believe that in the coming
years LIBS instrumentation will begin to be employed in the food industry as research in this area progresses.

Declaration of interest statement
The authors declare that there are no conflicts of interest.

References

© Copyrights 2020



1.  Lastra-Mejías, M.; Aroca-Santos, R.; Izquierdo, M.; Cancilla, J. C.; Mena, M. L.; Torrecilla, J. S. Chaotic Parame‐
ters from Fluorescence Spectra to Resolve Fraudulent Mixtures of Fresh and Expired Protected Designation of Origin
Extra Virgin Olive Oils. Talanta 2019, 195, 1–7. doi:10.1016/j.talanta.2018.10.102

2.  Dankowska, A.; Kowalewski, W. Comparison of Different Classification Methods for Analyzing Fluorescence
Spectra to Characterize Type and Freshness of Olive Oils. Eur. Food Res. Technol. 2019, 245, 745–752. doi:10.1007/
s00217-018-3196-z [AQ2]

3.  Duan, C.; Zhang, J.-F.; Hu, Y.; Zeng, L.; Su, D.; Bao, G.-M. A Distinctive near-Infrared Fluorescence Turn-on
Probe for Rapid, Sensitive and Chromogenic Detection of Sulfite in Food. Dyes Pigm. 2019, 162, 459–465.
doi:10.1016/j.dyepig.2018.10.057

4.  Shirani, M.; Habibollahi, S.; Akbari, A. Centrifuge-less deep eutectic solvent based magnetic nanofluid-linked air-
agitated liquid-liquid microextraction coupled with electrothermal atomic absorption spectrometry for simultaneous
determination of cadmium, lead, copper, and arsenic in food samples and non-alcoholic beverages . Food Chem.
2019, 281, 304–311. doi:10.1016/j.foodchem.2018.12.110

5.  Acikkapi, A. N.; Tuzen, M.; Hazer, B. A Newly Synthesized Graft Copolymer for Magnetic Solid Phase Microex‐
traction of Total Selenium and Its Electrothermal Atomic Absorption Spectrometric Determination in Food and Water
Samples. Food Chem. 2019, 284, 1–7. doi:10.1016/j.foodchem.2019.01.091

6.  Juvé, V.; Portelli, R.; Boueri, M.; Baudelet, M.; Yu, J. Space-Resolved Analysis of Trace Elements in Fresh Vege‐
tables Using Ultraviolet Nanosecond Laser-Induced Breakdown Spectroscopy. Spectrochim. Acta, Part B 2008, 63,
1047–1053. doi:10.1016/j.sab.2008.08.009

7.  Khumaeni, A.; Ramli, M.; Deguchi, Y.; Lee, Y. I.; Idris, N.; Kurniawan, K. H.; Lie, T. J.; Kagawa, K. New Techni‐
que for the Direct Analysis of Food Powders Confined in a Small Hole Using Transversely Excited Atmospheric
CO(2) laser-induced gas plasma . Appl. Spectrosc. 2008, 62, 1344–1348. doi:10.1366/000370208786822151

8.  Machado, R. C.; Andrade, D. F.; Babos, D. V.; Castro, J. P.; Costa, V. C.; Sperança, M. A.; Garcia, J. A.; Gamela,
R. R.; Pereira-Filho, E. R. Solid Sampling: Advantages and Challenges for Chemical Element Determination - A
Critical Review. J. Anal. At. Spectrom. 2020, 35, 54–77. doi:10.1039/C9JA00306A

9.  Martelli, M. R.; Brygo, F.; Sadoudi, A.; Delaporte, P.; Barron, C. Laser-Induced Breakdown Spectroscopy and
Chemometrics: A Novel Potential Method to Analyze Wheat Grains. J. Agric. Food Chem. 2010, 58, 7126–7134.
doi:10.1021/jf100665u

10.  Martelli, M. R.; Brygo, F.; Delaporte, P.; Rouau, X.; Barron, C. Estimation of Wheat Grain Tissue Cohesion via
Laser Induced Breakdown Spectroscopy. Food Biophys. 2011, 6, 433–439. doi:10.1007/s11483-011-9222-3

11.  Lei, W.; Motto-Ros, V.; Boueri, M.; Ma, Q.; Zhang, D.; Zheng, L.; Zeng, H.; Yu, J. Time-Resolved Characteriza‐
tion of Laser-Induced Plasma from Fresh Potatoes. Spectrochim. Acta, Part B 2009, 64, 891–898. doi:10.1016/
j.sab.2009.07.015

12.  Kim, G.; Kwak, J.; Choi, J.; Park, K. Detection of Nutrient Elements and Contamination by Pesticides in Spinach
and Rice Samples Using Laser-Induced Breakdown Spectroscopy (LIBS). J. Agric. Food Chem. 2012, 60, 718–724.
doi:10.1021/jf203518f

13.  Mehta, S.; Rai, P. K.; Rai, D. K.; Rai, N. K.; Rai, A. K.; Bicanic, D.; Sharma, B.; Watal, G. LIBS-Based Detec‐
tion of Antioxidant Elements in Seeds of Emblica Officinalis. Food Biophys. 2010, 5, 186–192. doi:10.1007/
s11483-010-9158-z

14.  Rai, N. K.; Rai, P. K.; Pandhija, S.; Watal, G.; Rai, A. K.; Bicanic, D. Application of LIBS in Detection of Anti‐
hyperglycemic Trace Elements in Momordica Charantia. Food Biophys. 2009, 4, 167–171. doi:10.1007/
s11483-009-9114-y

15.  Shukla, S.; Rai, P. K.; Chatterji, S.; Rai, N. K.; Rai, A. K.; Watal, G. LIBS Based Screening of Glycemic Ele‐
ments of Ficus Religiosa. Food Biophys. 2012, 7, 43–49. doi:10.1007/s11483-011-9241-0

16.  Tiwari, M.; Agrawal, R.; Pathak, A. K.; Rai, A. K.; Rai, G. K. Laser-Induced Breakdown Spectroscopy: An Ap‐
proach to Detect Adulteration in Turmeric. Spectrosc. Lett. 2013, 46, 155–159. doi:10.1080/00387010.2012.702707

© Copyrights 2020



17.  Tripathi, D. K.; Kumar, R.; Chauhan, D. K.; Rai, A. K.; Bicanic, D. Laser-Induced Breakdown Spectroscopy for
the Study of the Pattern of Silicon Deposition in Leaves of Saccharum Species. Instrum. Sci. Technol. 2011, 39, 510–
521. doi:10.1080/10739149.2011.623206

18.  Abdel-Salam, Z.; Al Sharnoubi, J.; Harith, M. A. Qualitative Evaluation of Maternal Milk and Commercial In‐
fant Formulas via LIBS. Talanta 2013, 115, 422–426. doi:10.1016/j.talanta.2013.06.003

19.  Ferreira, E. C.; Menezes, E. A.; Matos, W. O.; Milori, D. M. B. P.; Nogueira, A. R. A.; Martin-Neto, L. Determi‐
nation of Ca in Breakfast Cereals by Laser Induced Breakdown Spectroscopy. Food Control 2010, 21, 1327–1330.
doi:10.1016/j.foodcont.2010.04.004

20.  Rai, P. K.; Jaiswal, D.; Rai, N. K.; Pandhija, S.; Rai, A. K.; Watal, G. New Strategies of LIBS-Based Validation
of Glycemic Elements for Diabetes Management. Food Biophys. 2009, 4, 260–265. doi:10.1007/s11483-009-9123-x

21.  Barnett, C.; Bell, C.; Vig, K.; Akpovo, A. C.; Johnson, L.; Pillai, S.; Singh, S. Development of a LIBS Assay for
the Detection of Salmonella enterica Serovar Typhimurium from Food. Anal. Bioanal. Chem. 2011, 400, 3323–3330.
doi:10.1007/s00216-011-4844-3

22.  Multari, R. A.; Cremers, D. A.; Dupre, J. A. M.; Gustafson, J. E. Detection of Biological Contaminants on Foods
and Food Surfaces Using Laser-Induced Breakdown Spectroscopy (LIBS). J. Agric. Food Chem. 2013, 61, 8687–
8694. doi:10.1021/jf4029317

23.  Pořízka, P.; Prochazka, D.; Pilát, Z.; Krajcarová, L.; Kaiser, J.; Malina, R.; Novotný, J.; Zemánek, P.; Ježek, J.;
Šerý, M.; et al. Application of Laser-Induced Breakdown Spectroscopy to the Analysis of Algal Biomass for Industri‐
al Biotechnology. Spectrochim. Acta, Part B 2012, 74-75, 169–176. doi:10.1016/j.sab.2012.06.014

24.  Anabitarte, F.; Cobo, A.; Lopez-Higuera, J. M. Laser-Induced Breakdown Spectroscopy: Fundamentals, Applica‐
tions, and Challenges. ISRN Spectrosc. 2012, 2012, 1–12. doi:10.5402/2012/285240

25.  Costa, V. C.; Augusto, A. S.; Castro, J. P.; Machado, R. C.; Andrade, D. F.; Babos, D. V.; Sperança, M. A.;
Gamela, R. R.; Pereira-Filho, E. R. Laser Induced-Breakdown Spectroscopy (LIBS): Histórico, Fundamentos, Apli‐
cações e Potencialidades. Quim. Nova 2019, 42, 527–545. doi:10.21577/0100-4042.20170325

26.  Cremers, D. A.; Radziemski, L. J. Handbook of Laser-Induced Breakdown Spectroscopy; John Wiley & Sons,
Ltd: Chichester, 2006.

27.  Siano, S.; Agresti, J. Laser-Induced Breakdown Spectroscopy (LIBS). In The Encyclopedia of Archaeological
Sciences; Wiley, 2018. [AQ3]

28.  Cremers, D. A.; Chinni, R. C. Laser-Induced Breakdown Spectroscopy -Capabilities and Limitations. Appl. Spec‐
trosc. Rev. 2009, 44, 457–506. doi:10.1080/05704920903058755

29.  Radziemski, L.; Cremers, D. A Brief History of Laser-Induced Breakdown Spectroscopy: From the Concept of
Atoms to LIBS 2012. Spectrochim. Acta, Part B 2013, 87, 3–10. doi:10.1016/j.sab.2013.05.013

30.  Gamela, R. R.; Sperança, M. A.; Andrade, D. F.; Pereira-Filho, E. R. Hyperspectral Images: A Qualitative Ap‐
proach to Evaluate the Chemical Profile Distribution of Ca, K, Mg, Na and P in Edible Seeds Employing Laser-In‐
duced Breakdown Spectroscopy. Anal. Methods 2019, 11, 5543–5552. doi:10.1039/C9AY01916B

31.  Markiewicz-Keszycka, M.; Cama-Moncunill, R.; Pietat Casado-Gavalda, M.; Sullivan, C.; Cullen, P. J. Laser-
Induced Breakdown Spectroscopy for Food Authentication. Curr. Opin. Food Sci. 2019, 28, 96–103. doi:10.1016/
j.cofs.2019.10.002

32.  Web of Science. Search Performed Using ‘LIBS’ as a Keyword. https://wcs.webofknowledge.com/RA/
analyze.do?product=WOS&SID=D5K3klcpS5TttFWF2yz&field=PY_PublicationYear_PublicationYear_en&year‐
Sort=true. (accessed Feb 3, 2020).

33.  Abdel-Salam, Z. A.; Abdel-Salam, S. A. M.; Abdel-Mageed, I. I.; Harith, M. A. Evaluation of Proteins in Sheep
Colostrum via Laser-Induced Breakdown Spectroscopy and Multivariate Analysis. J. Adv. Res. 2019, 15, 19–25.
doi:10.1016/j.jare.2018.07.001

© Copyrights 2020



34.  Abdel-Salam, Z.; Abdelghany, S.; Harith, M. A. Characterization of Milk from Mastitis-Infected Cows Using
Laser-Induced Breakdown Spectrometry as a Molecular Analytical Technique. Food Anal. Methods 2017, 10, 2422–
2428. doi:10.1007/s12161-017-0801-x

35.  Rezk, R. A.; Galmed, A. H.; Abdelkreem, M.; Abdel Ghany, N. A.; Harith, M. A. Detachment of Cu (II) and Co
(II) ions from synthetic wastewater via adsorption on Lates niloticus fish bones using LIBS and XRF. J. Adv. Res.
2018, 14, 1–9. doi:10.1016/j.jare.2018.05.002

36.  Alfarraj, B. A.; Sanghapi, H. K.; Bhatt, C. R.; Yueh, F. Y.; Singh, J. P. Qualitative Analysis of Dairy and Powder
Milk Using Laser-Induced Breakdown Spectroscopy (LIBS). Appl. Spectrosc. 2018, 72, 89–101.
doi:10.1177/0003702817733264

37.  Bilge, G.; Sezer, B.; Eseller, K. E.; Berberoglu, H.; Topcu, A.; Boyaci, I. H. Determination of Whey Adulteration
in Milk Powder by Using Laser Induced Breakdown Spectroscopy. Food Chem. 2016, 212, 183–188. doi:10.1016/
j.foodchem.2016.05.169

38.  Moncayo, S.; Manzoor, S.; Rosales, J. D.; Anzano, J.; Caceres, J. O. Qualitative and Quantitative Analysis of
Milk for the Detection of Adulteration by Laser Induced Breakdown Spectroscopy (LIBS). Food Chem. 2017, 232,
322–328. doi:10.1016/j.foodchem.2017.04.017

39.  Sezer, B.; Durna, S.; Bilge, G.; Berkkan, A.; Yetisemiyen, A.; Boyaci, I. H. Identification of Milk Fraud Using
Laser-Induced Breakdown Spectroscopy (LIBS). Int. Dairy J. 2018, 81, 1–7. doi:10.1016/j.idairyj.2017.12.005

40.  Bilge, G.; Sezer, B.; Boyaci, I. H.; Eseller, K. E.; Berberoglu, H. Performance Evaluation of Laser Induced
Breakdown Spectroscopy in the Measurement of Liquid and Solid Samples. Spectrochim. Acta, Part B 2018, 145,
115–121. doi:10.1016/j.sab.2018.04.016

41.  Cama-Moncunill, R.; Casado-Gavalda, M. P.; Cama-Moncunill, X.; Markiewicz-Keszycka, M.; Dixit, Y.; Cullen,
P. J.; Sullivan, C. Quantification of Trace Metals in Infant Formula Premixes Using Laser-Induced Breakdown Spec‐
troscopy. Spectrochim. Acta, Part B 2017, 135, 6–14. doi:10.1016/j.sab.2017.06.014

42.  Cama-Moncunill, X.; Markiewicz-Keszycka, M.; Cama-Moncunill, R.; Dixit, Y.; Casado-Gavalda, M. P.; Cullen,
P. J.; Sullivan, C. Sampling Effects on the Quantification of Sodium Content in Infant Formula Using Laser-Induced
Breakdown Spectroscopy (LIBS). Int. Dairy J. 2018, 85, 49–55. doi:10.1016/j.idairyj.2018.04.014

43.  dos Santos Augusto, A.; Barsanelli, P. L.; Pereira, F. M. V.; Pereira-Filho, E. R. Calibration Strategies for the
Direct Determination of Ca, K, and Mg in Commercial Samples of Powdered Milk and Solid Dietary Supplements
Using Laser-Induced Breakdown Spectroscopy (LIBS). Food Res. Int. 2017, 94, 72–78. doi:10.1016/
j.foodres.2017.01.027

44.  Cama-Moncunill, X.; Markiewicz-Keszycka, M.; Dixit, Y.; Cama-Moncunill, R.; Casado-Gavalda, M. P.; Cullen,
P. J.; Sullivan, C. Feasibility of Laser-Induced Breakdown Spectroscopy (LIBS) as an at-Line Validation Tool for
Calcium Determination in Infant Formula. Food Control 2017, 78, 304–310. doi:10.1016/j.foodcont.2017.03.005

45.  Augusto, A.; Castro, J.; Sperança, M.; Pereira, E. Combination of Multi-Energy Calibration (MEC) and Laser-
Induced Breakdown Spectroscopy (LIBS) for Dietary Supplements Analysis and Determination of Ca, Mg and K. J.
Braz. Chem. Soc. 2018, 30, 804–812. doi:10.21577/0103-5053.20180211 [AQ4]

46.  Cama-Moncunill, X.; Markiewicz-Keszycka, M.; Cullen, P. J.; Sullivan, C.; Casado-Gavalda, M. P. Direct Anal‐
ysis of Calcium in Liquid Infant Formula via Laser-Induced Breakdown Spectroscopy (LIBS). Food Chem. 2020,
309, 125754doi:10.1016/j.foodchem.2019.125754

47.  Temiz, H. T.; Sezer, B.; Berkkan, A.; Tamer, U.; Boyaci, I. H. Assessment of Laser Induced Breakdown Spectro‐
scopy as a Tool for Analysis of Butter Adulteration. J. Food Compos. Anal. 2018, 67, 48–54. doi:10.1016/
j.jfca.2017.12.032

48.  Ayvaz, H.; Sezer, B.; Dogan, M. A.; Bilge, G.; Atan, M.; Boyaci, I. H. Multiparametric Analysis of Cheese Using
Single Spectrum of Laser-Induced Breakdown Spectroscopy. Int. Dairy J. 2019, 90, 72–78. doi:10.1016/j.idair‐
yj.2018.11.008

© Copyrights 2020



49.  Casado-Gavalda, M. P.; Dixit, Y.; Geulen, D.; Cama-Moncunill, R.; Cama-Moncunill, X.; Markiewicz-Keszycka,
M.; Cullen, P. J.; Sullivan, C. Quantification of Copper Content with Laser Induced Breakdown Spectroscopy as a
Potential Indicator of Offal Adulteration in Beef. Talanta 2017, 169, 123–129. doi:10.1016/j.talanta.2017.03.071

50.  Dixit, Y.; Casado-Gavalda, M. P.; Cama-Moncunill, R.; Markiewicz-Keszycka, M.; Cama-Moncunill, X.; Cullen,
P. J.; Sullivan, C. Quantification of Rubidium as a Trace Element in Beef Using Laser Induced Breakdown Spectro‐
scopy. Meat Sci. 2017, 130, 47–49. doi:10.1016/j.meatsci.2017.03.013

51.  Dixit, Y.; Casado-Gavalda, M. P.; Cama-Moncunill, R.; Cama-Moncunill, X.; Markiewicz-Keszycka, M.; Cullen,
P. J.; Sullivan, C. Laser Induced Breakdown Spectroscopy for Quantification of Sodium and Potassium in Minced
Beef: A Potential Technique for Detecting Beef Kidney Adulteration. Anal. Methods 2017, 9, 3314–3322.
doi:10.1039/C7AY00757D

52.  Leme, F. O.; Silvestre, D. M.; Nascimento, A. N.; Nomura, C. S. Feasibility of Using Laser Induced Breakdown
Spectroscopy for Quantitative Measurement of Calcium, Magnesium, Potassium and Sodium in Meat. J. Anal. At.
Spectrom. 2018, 33, 1322–1329. doi:10.1039/C8JA00115D

53.  Bilge, G.; Velioglu, H. M.; Sezer, B.; Eseller, K. E.; Boyaci, I. H. Identification of Meat Species by Using Laser-
Induced Breakdown Spectroscopy. Meat Sci. 2016, 119, 118–122. doi:10.1016/j.meatsci.2016.04.035

54.  Velioglu, H. M.; Sezer, B.; Bilge, G.; Baytur, S. E.; Boyaci, I. H. Identification of Offal Adulteration in Beef by
Laser Induced Breakdown Spectroscopy (LIBS). Meat Sci. 2018, 138, 28–33. doi:10.1016/j.meatsci.2017.12.003

55.  Abdel-Salam, Z.; Abdel-Salam, S. A. M.; Harith, M. A. Application of Laser Spectrochemical Analytical Techni‐
ques to Follow up Spoilage of White Meat in Chicken. Food Anal. Methods 2017, 10, 2365–2372. doi:10.1007/
s12161-017-0806-5

56.  Andersen, M.-B. S.; Frydenvang, J.; Henckel, P.; Rinnan, Å. The Potential of Laser-Induced Breakdown Spectro‐
scopy for Industrial at-Line Monitoring of Calcium Content in Comminuted Poultry Meat. Food Control 2016, 64,
226–233. doi:10.1016/j.foodcont.2016.01.001

57.  Sezer, B.; Apaydin, H.; Bilge, G.; Boyaci, I. H. Detection of Pistacia Vera Adulteration by Using Laser Induced
Breakdown spectroscopy. J. Sci. Food Agric. 2019, 99, 2236–2242. doi:10.1002/jsfa.9418

58.  Varliklioz Er, S.; Eksi-Kocak, H.; Yetim, H.; Boyaci, I. H. Novel Spectroscopic Method for Determination and
Quantification of Saffron Adulteration. Food Anal. Methods 2017, 10, 1547–1555. doi:10.1007/s12161-016-0710-4

59.  Liu, X.; Feng, X.; Liu, F.; Peng, J.; He, Y. Rapid Identification of Genetically Modified Maize Using Laser-In‐
duced Breakdown Spectroscopy. Food Bioprocess Technol. 2019, 12, 347–357. doi:10.1007/s11947-018-2216-0

60.  Singh, J.; Kumar, R.; Awasthi, S.; Singh, V.; Rai, A. K. Laser Induced Breakdown Spectroscopy: A Rapid Tool
for the Identification and Quantification of Minerals in Cucurbit Seeds. Food Chem. 2017, 221, 1778–1783.
doi:10.1016/j.foodchem.2016.10.104

61.  Rehan, I.; Rehan, K.; Sultana, S.; Khan, M. Z.; Muhammad, R. LIBS Coupled with ICP/OES for the Spectral
Analysis of Betel Leaves. Appl. Phys. B 2018, 124, 76. doi:10.1007/s00340-018-6947-4

62.  Yao, M.; Yang, H.; Huang, L.; Chen, T.; Rao, G.; Liu, M. Detection of Heavy Metal Cd in Polluted Fresh Leafy
Vegetables by Laser-Induced Breakdown Spectroscopy. Appl. Opt. 2017, 56, 4070–4075. doi:10.1364/ao.56.004070

63.  Shen, T.; Kong, W.; Liu, F.; Chen, Z.; Yao, J.; Wang, W.; Peng, J.; Chen, H.; He, Y. Rapid Determination of
Cadmium Contamination in Lettuce Using Laser-Induced Breakdown Spectroscopy. Molecules 2018, 23, 2930.
doi:10.3390/molecules23112930

64.  Chen, Z.; Shen, T.; Yao, J.; Wang, W.; Liu, F.; Li, X.; He, Y. Signal Enhancement of Cadmium in Lettuce Using
Laser‐Induced Breakdown Spectroscopy Combined with Pyrolysis Process. Molecules 2019, 24, 2517. doi:10.3390/
molecules24132517

65.  Sezer, B.; Bilge, G.; Berkkan, A.; Tamer, U.; Boyaci, I. H. A Rapid Tool for Determination of Titanium Dioxide
Content in White Chickpea Samples. Food Chem. 2018, 240, 84–89. doi:10.1016/j.foodchem.2017.07.093

© Copyrights 2020



66.  Zhang, H.; Wang, H.; Cao, X.; Wang, J. Preparation and Modification of High Dietary Fiber Flour: A Review.
Food Res. Int. 2018, 113, 24–35. doi:10.1016/j.foodres.2018.06.068

67.  Bilge, G.; Sezer, B.; Eseller, K. E.; Berberoglu, H.; Koksel, H.; Boyaci, I. H. Ash Analysis of Flour Sample by
Using Laser-Induced Breakdown Spectroscopy. Spectrochim. Acta, Part B 2016, 124, 74–78. doi:10.1016/
j.sab.2016.08.023

68.  Markiewicz-Keszycka, M.; Casado-Gavalda, M. P.; Cama-Moncunill, X.; Cama-Moncunill, R.; Dixit, Y.; Cullen,
P. J.; Sullivan, C. Laser-Induced Breakdown Spectroscopy (LIBS) for Rapid Analysis of Ash, Potassium and Magne‐
sium in Gluten Free Flours. Food Chem. 2018, 244, 324–330. doi:10.1016/j.foodchem.2017.10.063

69.  Sezer, B.; Bilge, G.; Sanal, T.; Koksel, H.; Boyaci, I. H. A Novel Method for Ash Analysis in Wheat Milling
Fractions by Using Laser-Induced Breakdown Spectroscopy. J. Cereal Sci. 2017, 78, 33–38. doi:10.1016/
j.jcs.2017.04.002

70.  Yang, P.; Zhu, Y.; Tang, S.; Hao, Z.; Guo, L.; Li, X.; Lu, Y.; Zeng, X. Analytical-Performance Improvement of
Laser-Induced Breakdown Spectroscopy for the Processing Degree of Wheat Flour Using a Continuous Wavelet
Transform. Appl. Opt. 2018, 57, 3730–3737. doi:10.1364/ao.57.003730

71.  Atta, B. M.; Saleem, M.; Haq, S. U.; Ali, H.; Ali, Z.; Qamar, M. Determination of Zinc and Iron in Wheat Using
Laser-Induced Breakdown Spectroscopy. Laser Phys. Lett. 2018, 15, 125603. doi:10.1088/1612-202X/aaea6e

72.  Bilge, G.; Sezer, B.; Eseller, K. E.; Berberoğlu, H.; Köksel, H.; Boyacı, İH. Determination of Ca Addition to the
Wheat Flour by Using Laser-Induced Breakdown Spectroscopy (LIBS). Eur. Food Res. Technol. 2016, 242, 1685–
1692. doi:10.1007/s00217-016-2668-2

73.  Costa, V. C.; de Babos, D. V.; de Aquino, F. W. B.; Virgílio, A.; Amorim, F. A. C.; Pereira-Filho, E. R. Direct
Determination of Ca, K and Mg in Cassava Flour Samples by Laser-Induced Breakdown Spectroscopy (LIBS). Food
Anal. Methods 2018, 11, 1886–1896. doi:10.1007/s12161-017-1086-9

74.  Wang, J.; Zheng, P.; Liu, H.; Fang, L. Classification of Chinese Tea Leaves Using Laser-Induced Breakdown
Spectroscopy Combined with the Discriminant Analysis Method. Anal. Methods 2016, 8, 3204–3209. doi:10.1039/
C5AY03260A

75.  Zhang, H. Y.; Zhu, Q. B.; Huang, M.; Guo, Y. Automatic Determination of Optimal Spectral Peaks for Classifi‐
cation of Chinese Tea Varieties Using Laser-Induced Breakdown Spectroscopy. Int. J. Agric. Biol. Eng. 2018, 11,
154–158. doi:10.25165/j.ijabe.20181103.3482

76.  Zheng, P.; Shi, M.; Wang, J.; Liu, H. The Spectral Emission Characteristics of Laser Induced Plasma on Tea
Samples. Plasma Sci. Technol. 2015, 17, 664–670. doi:10.1088/1009-0630/17/8/09

77.  Zivkovic, S.; Savovic, J.; Kuzmanovic, M.; Petrovic, J.; Momcilovic, M. Alternative Analytical Method for Di‐
rect Determination of Mn and Ba in Peppermint Tea Based on Laser Induced Breakdown Spectroscopy. Microchem. J
2018, 137, 410–417. doi:10.1016/j.microc.2017.11.020

78.  Gondal, M. A.; Habibullah, Y. B.; Baig, U.; Oloore, L. E. Direct Spectral Analysis of Tea Samples Using 266 nm
UV Pulsed Laser-Induced Breakdown Spectroscopy and Cross Validation of LIBS Results with ICP-MS. Talanta
2016, 152, 341–352. doi:10.1016/j.talanta.2016.02.030

79.  Wang, J.; Shi, M.; Zheng, P.; Xue, S. Quantitative Analysis of Lead in Tea Samples by Laser-Induced Breakdown
Spectroscopy. J. Appl. Spectrosc. 2017, 84, 188–193. doi:10.1007/s10812-017-0448-9

80.  Andrade, D. F.; Pereira-Filho, E. R.; Konieczynski, P. Comparison of ICP OES and LIBS Analysis of Medicinal
Herbs Rich in Flavonoids from Eastern Europe. J. Braz. Chem. Soc. 2017, 28, 838–847.
doi:10.21577/0103-5053.20160236

81.  Weiskerger, C. J.; Brandão, J.; Ahmed, W.; Aslan, A.; Avolio, L.; Badgley, B. D.; Boehm, A. B.; Edge, T. A.;
Fleisher, J. M.; Heaney, C. D.; et al. Impacts of a Changing Earth on Microbial Dynamics and Human Health Risks in
the Continuum between Beach Water and Sand. Water Res. 2019, 162, 456–470. doi:10.1016/j.watres.2019.07.006

82.  Alvira, F. C.; Flores Reyes, T.; Ponce Cabrera, L.; Moreira Osorio, L.; Perez Baez, Z.; Vazquez Bautista, G.
Qualitative Evaluation of Pb and Cu in Fish Using Laser-Induced Breakdown Spectroscopy with Multipulse Excita‐
tion by Ultracompact Laser Source. Appl. Opt. 2015, 54, 4453–4457. doi:10.1364/ao.54.004453

© Copyrights 2020



83.  Abdel-Salam, Z.; Alexeree, S. M. I.; Harith, M. A. Utilizing Biosynthesized Nano-Enhanced Laser-Induced
Breakdown Spectroscopy for Proteins Estimation in Canned Tuna. Spectrochim. Acta, Part B 2018, 149, 112–117.
doi:10.1016/j.sab.2018.07.029

84.  Chen, C.-T.; Banaru, D.; Sarnet, T.; Hermann, J. Two-Step Procedure for Trace Element Analysis in Food via
Calibration-Free Laser-Induced Breakdown Spectroscopy. Spectrochim. Acta, Part B 2018, 150, 77–85. doi:10.1016/
j.sab.2018.10.011

85.  Ji, G.; Ye, P.; Shi, Y.; Yuan, L.; Chen, X.; Yuan, M.; Zhu, D.; Chen, X.; Hu, X.; Jiang, J. Laser-Induced Break‐
down Spectroscopy for Rapid Discrimination of Heavy-Metal-Contaminated Seafood Tegillarca Granosa. Sensors
2017, 17, 2655. doi:10.3390/s17112655

86.  Costa, V. C.; Amorim, F. A. C.; de Babos, D. V.; Pereira-Filho, E. R. Direct Determination of Ca, K, Mg, Na, P,
S, Fe and Zn in Bivalve Mollusks by Wavelength Dispersive X-Ray Fluorescence (WDXRF) and Laser-Induced
Breakdown Spectroscopy (LIBS). Food Chem. 2019, 273, 91–98. doi:10.1016/j.foodchem.2018.02.016

87.  Yang, P.; Zhou, R.; Zhang, W.; Tang, S.; Hao, Z.; Li, X.; Lu, Y.; Zeng, X. Laser-Induced Breakdown Spectrosco‐
py Assisted Chemometric Methods for Rice Geographic Origin Classification. Appl. Opt. 2018, 57, 8297–8302.
doi:10.1364/ao.57.008297

88.  Yang, P.; Zhu, Y.; Yang, X.; Li, J.; Tang, S.; Hao, Z.; Guo, L.; Li, X.; Zeng, X.; Lu, Y. Evaluation of Sample
Preparation Methods for Rice Geographic Origin Classification Using Laser-Induced Breakdown Spectroscopy. J.
Cereal Sci. 2018, 80, 111–118. doi:10.1016/j.jcs.2018.01.007

89.  Pérez-Rodríguez, M.; Dirchwolf, P. M.; Silva, T. V.; Villafañe, R. N.; Neto, J. A. G.; Pellerano, R. G.; Ferreira, E.
C. Brown Rice Authenticity Evaluation by Spark Discharge-Laser-Induced Breakdown Spectroscopy. Food Chem.
2019, 297, 124960. doi:10.1016/j.foodchem.2019.124960

90.  Peng, J.; He, Y.; Ye, L.; Shen, T.; Liu, F.; Kong, W.; Liu, X.; Zhao, Y. Moisture Influence Reducing Method for
Heavy Metals Detection in Plant Materials Using Laser-Induced Breakdown Spectroscopy: A Case Study for Chro‐
mium Content Detection in Rice Leaves. Anal. Chem. 2017, 89, 7593–7600. doi:10.1021/acs.analchem.7b01441

91.  Liu, F.; Ye, L.; Peng, J.; Song, K.; Shen, T.; Zhang, C.; He, Y. Fast Detection of Copper Content in Rice by
Laser-Induced Breakdown Spectroscopy with Uni- and Multivariate Analysis. Sensors 2018, 18, 705. doi:10.3390/
s18030705

92.  Yang, P.; Zhou, R.; Zhang, W.; Yi, R.; Tang, S.; Guo, L.; Hao, Z.; Li, X.; Lu, Y.; Zeng, X. High-Sensitivity Deter‐
mination of Cadmium and Lead in Rice Using Laser-Induced Breakdown Spectroscopy. Food Chem. 2019, 272, 323–
328. doi:10.1016/j.foodchem.2018.07.214

93.  Peng, J.; Liu, F.; Shen, T.; Ye, L.; Kong, W.; Wang, W.; Liu, X.; He, Y. Comparative Study of the Detection of
Chromium Content in Rice Leaves by 532 nm and 1064 nm Laser-Induced Breakdown Spectroscopy. Sensors 2018,
18, 621. doi:10.3390/s18020621

94.  Silva, T. V.; Milori, D. M. B. P.; Neto, J. A. G.; Ferreira, E. J.; Ferreira, E. C. Prediction of Black, Immature and
Sour Defective Beans in Coffee Blends by Using Laser-Induced Breakdown Spectroscopy. Food Chem. 2019, 278,
223–227. doi:10.1016/j.foodchem.2018.11.062

95.  Ganash, E.; Alrabghi, R.; Mangl, S.; Altuwirqi, R.; Alsufiani, H.; Omar, U. Semi-Quantitative Analysis of Min‐
eral Composition in Harari Coffee with Herbal Additives by Using Laser-Induced Breakdown Spectroscopy. Laser
Phys. 2019, 29, 025701. doi:10.1088/1555-6611/aaf922

96.  Khalil, A. A. I.; Labib, O. A. Detection of Micro-Toxic Elements in Commercial Coffee Brands Using Optimized
Dual-Pulsed Laser-Induced Spectral Analysis Spectrometry. Appl. Opt. 2018, 57, 6729–6741. doi:10.1364/
ao.57.006729

97.  Silva, T. V.; Hubinger, S. Z.; Gomes Neto, J. A.; Milori, D. M. B. P.; Ferreira, E. J.; Ferreira, E. C. Potential of
Laser Induced Breakdown Spectroscopy for Analyzing the Quality of Unroasted and Ground Coffee. Spectrochim.
Acta, Part B 2017, 135, 29–33. doi:10.1016/j.sab.2017.06.015

© Copyrights 2020



98.  Sezer, B.; Apaydin, H.; Bilge, G.; Boyaci, I. H. Coffee Arabica Adulteration: Detection of Wheat, Corn and
chickpea. Food Chem. 2018, 264, 142–148. doi:10.1016/j.foodchem.2018.05.037

99.  Lee, Y.; Nam, S.-H.; Ham, K.-S.; Gonzalez, J.; Oropeza, D.; Quarles, D.; Yoo, J.; Russo, R. E. Multivariate Clas‐
sification of Edible Salts: Simultaneous Laser-Induced Breakdown Spectroscopy and Laser-Ablation Inductively
Coupled Plasma Mass Spectrometry Analysis. Spectrochim. Acta, Part B 2016, 118, 102–111. doi:10.1016/
j.sab.2016.02.019

100.  Lee, Y.; Chirinos, J.; Gonzalez, J.; Oropeza, D.; Zorba, V.; Mao, X.; Yoo, J.; Russo, R. E. Laser-Ablation Sam‐
pling for Accurate Analysis of Sulfur in Edible Salts. Appl. Spectrosc. 2017, 71, 651–658.
doi:10.1177/0003702817691288

101.  Sezer, B.; Velioglu, H. M.; Bilge, G.; Berkkan, A.; Ozdinc, N.; Tamer, U.; Boyaci, I. H. Detection and Quantifi‐
cation of a Toxic Salt Substitute (LiCl) by Using Laser Induced Breakdown Spectroscopy (LIBS). Meat Sci. 2018,
135, 123–128. doi:10.1016/j.meatsci.2017.09.010

102.  Dixit, Y.; Casado-Gavalda, M. P.; Cama-Moncunill, R.; Cama-Moncunill, X.; Markiewicz-Keszycka, M.; Jaco‐
by, F.; Cullen, P. J.; Sullivan, C. Introduction to Laser Induced Breakdown Spectroscopy Imaging in Food: Salt Diffu‐
sion in Meat. J. Food Eng. 2018, 216, 120–124. doi:10.1016/j.jfoodeng.2017.08.010

103.  Andrade, D. F.; Guedes, W. N.; Pereira, F. M. V. Detection of Chemical Elements Related to Impurities Leached
from Raw Sugarcane: Use of Laser-Induced Breakdown Spectroscopy (LIBS) and Chemometrics. Microchem. J.
2018, 137, 443–448. doi:10.1016/j.microc.2017.12.005

104.  Guedes, W. N.; Pereira, F. M. V. Classifying Impurity Ranges in Raw Sugarcane Using Laser-Induced Break‐
down Spectroscopy (LIBS) and Sum Fusion across a Tuning Parameter Window. Microchem. J. 2018, 143, 331–336.
doi:10.1016/j.microc.2018.08.030

105.  Guedes, W. N.; dos Santos, L. J.; Filletti, É. R.; Pereira, F. M. V. Sugarcane Stalk Content Prediction in the
Presence of a Solid Impurity Using an Artificial Intelligence Method Focused on Sugar Manufacturing. Food Anal.
Methods 2020, 13, 140–144. doi:10.1007/s12161-019-01551-2

106.  Popov, A. M.; Drozdova, A. N.; Zaytsev, S. M.; Biryukova, D. I.; Zorov, N. B.; Labutin, T. A. Rapid, Direct
Determination of Strontium in Natural Waters by Laser-Induced Breakdown Spectroscopy. J. Anal. At. Spectrom.
2016, 31, 1123–1130. doi:10.1039/C5JA00468C

107.  Carvalho, A. A. C.; Silvestre, D. M.; Leme, F. O.; Naozuka, J.; Intima, D. P.; Nomura, C. S. Feasibility of
Measuring Cr(III) and Cr(VI) in Water by Laser-Induced Breakdown Spectroscopy Using Ceramics as the Solid Sup‐
port. Microchem. J. 2019, 144, 33–38. doi:10.1016/j.microc.2018.08.031

108.  Mbesse Kongbonga, Y. G.; Ghalila, H.; Onana, M. B.; Ben Lakhdar, Z. Classification of Vegetable Oils Based
on Their Concentration of Saturated Fatty Acids Using Laser Induced Breakdown Spectroscopy (LIBS). Food Chem.
2014, 147, 327–331. doi:10.1016/j.foodchem.2013.09.145

109.  Bilge, G.; Boyaci, I. H.; Eseller, K. E.; Tamer, U.; Çakir, S. Analysis of Bakery Products by Laser-Induced
Breakdown Spectroscopy. Food Chem. 2015, 181, 186–190. doi:10.1016/j.foodchem.2015.02.090

110.  Mehder, A. O.; Gondal, M. A.; Dastageer, M. A.; Habibullah, Y. B.; Iqbal, M. A.; Oloore, L. E.; Gondal, B.
Direct Spectral Analysis and Determination of High Content of Carcinogenic Bromine in Bread Using UV Pulsed
Laser Induced Breakdown Spectroscopy. J Environ Sci Health B 2016, 51, 358–365.
doi:10.1080/03601234.2016.1142317

111.  Rehan, I.; Khan, M. Z.; Rehan, K.; Abrar, S. U.; Farooq, Z.; Sultana, S.; Us Saqib, N.; Anwar, H. Optimized
Laser-Induced Breakdown Spectroscopy for the Determination of High Toxic Lead in Edible Colors. Appl. Opt.
2018, 57, 6033–6039. doi:10.1364/ao.57.006033

112.  Moncayo, S.; Rosales, J. D.; Izquierdo-Hornillos, R.; Anzano, J.; Caceres, J. O. Classification of Red Wine
Based on Its Protected Designation of Origin (PDO) Using Laser-Induced Breakdown Spectroscopy (LIBS). Talanta
2016, 158, 185–191. doi:10.1016/j.talanta.2016.05.059

© Copyrights 2020



113.  Pasquini, C.; Farias Filho, B. B. Mechanization of Measurement of Laser Induced Breakdown Spectroscopy/
Ring-Oven Pre-Concentration: Determination of Copper in Cachaça. Anal. Methods 2016, 8, 7354–7360.
doi:10.1039/C6AY01555G

114.  Silvestre, D. M.; de Oliveira Leme, F.; Nomura, C. S.; do Nascimento, A. N. Direct Analysis of Barium, Calci‐
um, Potassium, and Manganese Concentrations in Tobacco by Laser-Induced Breakdown Spectroscopy. Microchem.
J. 2016, 126, 545–550. doi:10.1016/j.microc.2016.01.015

115.  Ahmed, N.; Umar, Z. A.; Ahmed, R.; Aslam Baig, M. On the Elemental Analysis of Different Cigarette Brands
Using Laser Induced Breakdown Spectroscopy and Laser-Ablation Time of Flight Mass Spectrometry. Spectrochim.
Acta, Part B 2017, 136, 39–44. doi:10.1016/j.sab.2017.08.006

116.  Peng, J.; Ye, L.; Shen, T.; Liu, F.; Song, K.; He, Y. Fast Determination of Copper Content in Tobacco (Nicotina
Tabacum L.) Leaves Using Laser-Induced Breakdown Spectroscopy with Univariate and Multivariate Analysis.
Trans. ASABE 2018, 61, 821–829. doi:10.13031/trans.12393

 

Author Queries
Query: AQ0: Please review the table of contributors below and confirm that the first and last names are structured
correctly and that the authors are listed in the correct order of contribution. This check is to ensure that your names
will appear correctly online and when the article is indexed.

Sequence Prefix Given name(s) Surname Suffix
1 Abrahan Velásquez-Ferrín
2 Diego Babos
3 César Marina-Montes
4 Jesús Anzano

Author Response: Ok

Query: AQ1: Please check and confirm whether the author affiliations and corresponding details have been set cor-
rectly.
Author Response: Ok

Query: AQ2: The year of publication has been changed as per Crossref details in the list and in the text for this refer-
ence. Please check.
Author Response: Ok

Query: AQ3: Please provide the editor names, page range and publisher location.
Author Response: pages: 1-7doi: 10.1002/9781119188230.saseas0343

Query: AQ4: The year of publication has been changed as per Crossref details in the list and in the text for this refer-
ence. Please check.
Author Response: Ok

© Copyrights 2020


