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Abstract

In this Part II of the review the applications in the last decade (2010 to 2019) of Laser-

Induced Breakdown Spectroscopy (LIBS) to the study of crop plants and their products 

and food derivatives, also in combination with novel methodological and statistical 

approaches, are discussed. In particular, LIBS applications to the analysis of plant 

leaves, vegetables, tubers, roots, grains, seeds, fruits, and processed vegetal products, 

such as commercial coffee, flours and wine, are reviewed. The new trends of LIBS in 

the analysis of various crops of economic value, such as sugarcane, tobacco, peppermint 

and saffron, and as a diagnostic tool for citrus, soybean and tobacco diseases are also 
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reviewed. Further, the potential of recent advanced LIBS approaches, including double-

pulse (DP)-LIBS, femtosecond (fs)-LIBS, micro-LIBS, nanoparticle-enhanced LIBS 

and 3D elemental imaging, to agricultural products is discussed. Finally, new trends and 

future perspectives of LIBS as an efficient analytical tool to be extended to other plant 

species, cultivars and their derivatives are highlighted.

Keywords: Laser-induced breakdown spectroscopy; Crop plants; Grains; Fruits; Food 

derivatives; Plant diseases

1. Introduction 

To respond to the increasing demand for food in a sustainable way, it is necessary to 

develop novel knowledge and innovative technologies aiming to optimize the 

agricultural production processes at the origin. In particular, the development at 

reasonable costs of miniaturized analytical sensors and portable equipments viable for 

on site and on-line applications is highly demanded to enable the fast analysis of macro 

and micronutrients and inorganic and organic pollutants and the rapid acquisition of 

diagnostic information on potential plant diseases [1].

Traditional multi-elemental analytical tools, including inductively coupled plasma-

mass spectrometry (ICP-MS), ICP-optical emission spectroscopy (ICP-OES) and flame 

atomic absorption spectrometry (FAAS), have been widely applied to plants and their 

products and derivatives. However, these techniques generally appear not to respond 

exhaustively to the demand of low-cost and real-time measurements in agriculture [2], 

as they imply long and complex sample preparation steps and the production of 

chemical waste. 
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Laser-induced breakdown spectroscopy (LIBS) is a type of atomic emission 

spectrometry based on plasma generation by high power pulses [3,4], which in recent 

decades has become a popular analytical technique in several fields of research and 

practical applications, including the agriculture and food sectors. Thanks to its unique 

features such as wide applicability, no or minimal sample preparation, capability of 

multielemental analysis, no waste production, rapidity, affordable costs and remote 

sensing capability [5]. Further, LIBS is particularly attractive thanks to the availability 

of portable equipments enabling for in situ and on-line measurements [6-8]. A brief 

introduction to LIBS principles, methodology and instrumentation is provided in Part I 

section 2 of this review [9], whereas all details on the technique can be found in Refs 3-

8.

In this decade, a few reviews appeared which have surveyed the application of LIBS 

to specific agricultural products and as a promising technique in the food sector (fruits 

and grains) and in the detection of plant diseases [2,10-12]. In particular, Kaiser et al. 

[10] have reviewed the use of LIBS for trace element determination and mapping in 

various biological matrices, including the spatially resolved analysis of vegetal samples, 

which is of great and increasing interest to many biologists, biochemists and clinicians. 

Peng et al. [2] have reviewed the recent progress and challenging applications of multi-

elemental LIBS to the analysis of plants, agricultural products and food with little or no 

attention given to fruits and grains. Recently, Markiewicz-Keszycka et al. [11] have 

reviewed the recent progress and applications of LIBS as an efficient and reagent-free 

on-line tool for assessing the quality and composition of food products capable of 

replacing traditional time-consuming analytical methods. Very recently, Arantes de 

Carvalho et al. [12] have reviewed the main developments and advances of LIBS and X 

ray fluorescence (XRF) quantitative analysis of crop plants and especially leaves, with 
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emphasis on the key aspects of field sampling protocols, sample preparation for analysis 

and calibration strategies, as well as challenges and expectations for plant nutrition 

diagnosis. 

The main plant nutrients can be classified as macronutrients, which include N, P, 

K, Ca, Mg, S. and micronutrients, including Fe, Cu, Mn, Zn, B, Mo, Ni and Cl. Besides 

nutrient elements plants can uptake and accumulate other elements from the 

surrounding environment, i.e. from soil, water, and atmosphere, which can be harmless 

or phytotoxic even at very low levels. Thus, the rapid and accurate determination of 

nutrient and phytotoxic elements in various parts of crop plants is important to evaluate 

the current nutritional status of plants and define strategies for the correction of plant 

deficiencies that may often result in yield limitation and/or quality decrease of 

agricultural products such as fruits, vegetables and roots and their derivatives, including 

natural and processed grains and seeds and wine. Further, it is very important to be able 

to achieve an early diagnosis of suspected plant diseases, so allowing their protection 

and prevention from a devastating spread of the disease with serious damage to infected 

crops and related reduction of yield and decrease of product quality.

The aim of this paper is to review the relevant developments occurred in the last 

decade (2010-2019) in LIBS applications to the analysis of crop plants and their 

products and food derivatives and provide insights into new research and application 

trends of LIBS in the investigation of these materials. In particular, the most recent 

results on the application of LIBS to the analysis crop plant leaves, pasture vegetables, 

grains, seeds, fruits, food derivatives and other agricultural products will be presented. 

In particular, the detection and quantification by LIBS of plant nutrients and phytotoxic 

elements, pesticide residues, impurities and other pollutants, as well as the quality 

control of food derivatives, the identification of possible food adulteration and early 
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plant disease diagnosis by LIBS will be discussed. Finally, new trends and perspectives 

of LIBS in vegetal products and food derivatives analysis, novel potential LIBS 

applications and solutions of the existing LIBS problems will be suggested.

2. Crop plant leaves, pasture and vegetables 

The plant leaves apparatus is a complex system and its macro and micronutrients 

and potentially phytotoxic elements composition varies considerably between species 

and varieties. Thus, the direct analysis by LIBS of fresh and intact or powdered and 

pelletized leaves is very relevant to evaluate the nutritive status and possible 

contamination of the whole plant. 

2.1 Macro and micronutrients and harmless elements

In the last decade, the Krug group [13-20] have continued to apply extensively 

LIBS to the analysis of several crop plant, especially sugarcane leaves. In an early 

study, Braga et al. [13] evaluated the use of LIBS, as an alternative to traditional 

analytical methods based on wet acid digestion of samples, for the direct elemental 

analysis of various parts, mostly leaves, of 20 different plants. A similar performance in 

accuracy and precision was achieved by applying both univariate and multivariate 

PLSR calibration methods to the analysis of LIBS emission lines of B at 249.773 nm, 

Cu at 327.395 nm, Fe at 275.578 nm, Mn at 257,610 nm and Zn at 206.200 nm. 

However, the significant lower number of outliers observed for Cu and Zn when using 

PLSR suggested that this method performed more robustly than the univariate method. 

Further, the best analytical conditions that allow to minimize the matrix effects could be 

achieved when a specific PLSR calibration model was developed for and applied to 

each element analysed using the spectral regions containing only the lines of that 
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element. In the same year, Nunes et al. [14] analysed by LIBS the macronutrients P, K, 

Ca and Mg and the micronutrients B, Cu, Fe, Mn and Zn in dried, ground, homogenized 

and pelletized sugarcane leaves by previously optimizing operational conditions using a 

neuro-genetic approach. The results obtained by applying univariate calibration and the 

chemometric methods PLS and iPLS to analyse LIBS data were similar, i.e. the 

precision varied from 0.7 to 15% for the latter methods and from 1.3 to 20% for the 

former one, except for Fe, for which better results were obtained by using the 

multivariate models.

Successively, Arantes de Carvalho et al. [15] analysed by LIBS the milled, 

dried, homogenized and pelletized leaves of boldo and 23 varieties of sugarcane finding 

that the emission line intensity of the macro and micronutrients Ca, K, Mg, P, Al, B, Cu, 

Fe, Mn and Zn, i.e. the accuracy and precision of the measurements, increased with 

increasing both the laser spot size and laser fluence. In particular, higher sensitivities 

were obtained for fluences between 25 and 60 Jcm-2, and the coefficients of variation as 

a function of site were lower than 10% when analysing a spot size of 750 μm at a 

fluence of 50 Jcm-2. Thus, matrix effects could be minimized when using appropriate 

operational parameters. Da Silva Gomes et al. [18] proposed a new method to produce 

matrix-matched calibration pellets so to overcome or minimize the matrix effects on the 

calibration procedure in the LIBS analysis of Ca, Mg, K, P, Cr, Mn and Zn in pelletized 

leaves of 17 varieties of sugarcane. The method consisted in the acid extraction of 

ground leaves so to obtain very low concentrated solutions that were then dried and 

homogeneously mixed with the original leaves at appropriate ratios. The good 

correlations obtained between LIBS and ICP-OES data allowed to extend the calibration 

range towards lower concentrations. Thus, the method appeared promising to be 

extended to LIBS analyses of other plant species and even soils. The ascertained 
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capacity of Si to improve the productivity and resistance to pests and diseases of various 

important crops, such as sugarcane, maize and wheat, and the laborious procedure and 

difficulties involved in its quantitative determination prompted de Souza et al. [19] to 

attempt the use of LIBS for the direct Si measurement in pelletized leaves of 24 

sugarcane varieties containing from about 2 to 10 gKg-1 Si. The best results were 

obtained using a laser fluence of 50 Jcm-2 and a 750-μm spot size. The LODs achieved 

were 0.02 and 0.16 gKg-1, respectively, for the Si I lines at 288.158 and 212.412 nm. No 

significant differences were measured between LIBS and ICP-OES Si data, which 

confirmed the LIBS analytical capability of determining simultaneously Si and macro 

and micronutrients in the routinary analysis of plant materials. 

A novel and promising micro sampling strategy was developed by Braga Bueno 

Guerra et al. [20] for the direct and rapid simultaneous determination of P, K, Ca, Mg, 

Fe, Cu, Mn, Zn, B and Si in dried sugarcane leaves by LIBS compared to energy-

dispersive (ED)XRF (Figure 1). The cross validation between the mass fractions of P, 

K, Ca, Fe, Mn and Si predicted by LIBS and EDXRF yielded a high linear correlation 

with r values up to 0.9778. Thus, the proposed micro sampling protocol provided an 

important tool for plant nutrition diagnosis and appeared promising for the in situ 

analysis of fresh leaves of sugarcane and other crops of economic importance. In the 

same year, Arantes de Carvalho et al. [16] analysed by LIBS the elements Ca, K, Mg, P, 

B and Mn in boldo leaves demonstrating that the particle size influenced markedly both 

emission line intensity and matrix effects. In general, when particles smaller than 100 

μm were analysed the measurement variation decreased to less than 10%. In particular, 

a considerable decrease of the matrix effects was achieved in analysing particles smaller 

than 75 μm at a laser fluence of 50 Jcm-2 and a spot size of 750 μm. Further, a 50% 

improvement of the LIBS signal intensities and a better precision were attained for 
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particles smaller than 20 μm. In a companion work, Arantes de Carvalho et al. [17] used 

for the first time a fs-LIBS system in a systematic study aiming to determine 

quantitatively the macronutrients Ca, Mg and P and the micronutrients Cu, Fe, Mn and 

Zn in pelletized leaves of 31 different crop plants of economic value covering a wide 

range of matrices. The fs pulses are of particular interest as their high power and low 

energy could reduce sample damages caused by ablation and decrease their interaction 

with the generated plasma so lowering the background continuum. The comparative 

evaluation of the predictive performance of calibration univariate and multivariate 

models when using fs-LIBS and ns-LIBS systems operating at different wavelengths 

showed that fs-LIBS was less dependent on the matrix composition and yielded a better 

accuracy (error below 20%) and lower uncertainty i.e. a better quantification of 

nutrients in plant materials. Further, only multivariate modeling yielded a satisfactory 

agreement between the values predicted by ns-LIBS and the reference mass fractions. 

Kim et al. [21] proposed the use of LIBS combined with PLS- discriminant 

analysis (DA) to quantify the nutrients Mg, Ca, Na and K and discriminate between 

non-contaminated and pesticide-contaminated spinach leaves. Standard reference 

materials were used to construct the calibration curves between the LIBS peak intensity 

and the concentration measured by ICP-OES for each element. The LODs for Mg, Ca, 

Na, and K were found to be 29.63, 102.65, 36.36, and 44.46 mg/Kg, respectively. These 

results were confirmed by the good agreement obtained between the LIBS 

concentrations of these elements determined using the calibration curves and those 

measured by ICP-OES in spinach samples collected from a local market. Further, a 

good performance was obtained by applying PLS-DA to LIBS data in order to 

discriminate between pesticide-free and pesticide-contaminated spinach samples 

prepared by adding 10 ppm of parathion. Misclassification rates of 0% and 2%, 
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respectively for non-contaminated and contaminated samples, were obtained, even if 

samples of both sets had a similar elemental composition. Han et al. [22] employed CF-

LIBS to investigate the trace elements Fe, Ca, Al, Cu, K, Li, Mg, Mn, Na, Sr, Ti, and Zn 

in cigarette tobacco leaves and ashes. The decreased metallic elements concentrations 

measured in the ashes, with respect to leaves, suggested their possible transfer to 

cigarette smoke with the corresponding harmful effect on human health.

More recently, Kunz et al. [23] were able to estimate rapidly the drought stress 

suffered by wheat plants over a period of 30 days by fs-LIBS monitoring the daily 

variation of Na, K, Ca and Fe concentrations in their leaves. The spectral and temporal 

responses obtained by these elemental markers allowed to distinguish between mild and 

severe drought stress in wheat, also indicating the existence of different mechanisms of 

drought resistance. Further, remote field-scale application of LIBS could be expected to 

estimate plant stress resistance in situ. In the same year, Nicolodelli et al. [24] provided 

a further advance in nutrient analysis of plants by applying to soybean leaves DP-LIBS 

at the wavelengths of 532 and 1064 nm in orthogonal beam geometry using a reheating 

configuration. With respect to SP-LIBS and under optimized conditions, i.e. low (4 mJ) 

ablation energy and interpulse delay of 10 μs, the intensities of C, Mg, Si, Ca lines were 

increased by a factor of 155, whereas the maximum signal enhancement was only up to 

3-fold when using a high (16 mJ) laser energy and lower (0.6 μs) interpulse delay. 

Further, the increase of the emission intensity of ionic lines was always higher than that 

of atomic lines. Bhatt et al. [25] used LIBS to identify and compare the content of major 

nutrient elements in tops and stems of organically and conventionally grown 

cauliflowers and broccolis. In particular, the comparison of intensities and intensity 

ratios of the elemental lines of Ca(I) at 422.67 nm, Ca(II) at 396.84 nm, Mg(I) at 285.21 

nm, Mg(II) at 279.55 nm, K(I) at 769.89 nm, Na(I) at 588.99 nm and Fe(I) at 438.35 nm 
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showed no significant difference between organic and conventional samples of both 

vegetables.

In a more recent study, Rehan et al. [26] applied a LIBS system optimized in 

terms of laser energy and lens distance from target surface to measure in air the 

concentrations of the elements Al, Ba, Ca, Cr, Cu, Fe, K, Mg, Mn, Na, P, S, Sr and Zn, 

in leaves of piper betel, a kind of black pepper. The comparison of a normalized 

calibration curve method, an integrated intensity ratio model and a CF-LIBS approach 

showed that the former method yielded the best agreement between LIBS and ICP-OES 

reference data, which was confirmed by cross-validation. The LOD values obtained for 

Cr, Cu and Zn were, respectively, 1, 4 and 6 μgg-1. Further, the concentrations of Ba, 

Cr, Cu and Zn were found to be above the permissible safe limits in all samples 

analysed. In the same year, Jull et al. [27] applied LIBS to quantify some nutrients in 

fresh and dried pelletized leaves of a mixture of ryegrass and clover pasture. The PLSR 

approach used to analyse the LIBS spectra acquired in air and under Ar provided the 

best results for K, Na and Mn which yielded, respectively, RMSE values of 0.20, 0.029 

and 0.0008%, r2 values of 0.92, 0.93 and 0.90, LODs of 0.99, 0.11 and 0.0027%, and 

precisions of 0.30, 0.042 and 0.0012%. Very recently, the same authors [28] have 

explored the performance of various chemometric methods in improving the 

quantitative LIBS analysis of micro and macronutrients in fresh and dried pelletized 

pasture samples under laboratory conditions by mitigating the main limiting analytical 

factor, i.e. the variation between shots on the same sample. Among the several 

algorithms explored, those that performed best were PLS with Gaussian process 

regression for K, Na and Mn with r2=0.93, 0.95 and 0.92, respectively; PCA with ANN 

for Fe, Ca and Mg with r2=0.94, 0.83 and 0.90, respectively; and PLS with ANN for B 

with r2=0.77. Further, the r2 values of the models were improved by 4-5% on average 
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when moisture was removed from pasture samples, whereas the spectra acquired in air 

showed a slightly better accuracy than those obtained in Ar.

2.2 Specific phytotoxic elements

A number of papers have appeared in the last decade on LIBS analysis of the 

specific phytotoxic elements Cr, Pb, Cd in plant leaves and vegetables. Barbafieri et al. 

[29] applied the same portable LIBS instrument used to analyse contaminated soils in 

the field for the rapid on site measurement of Pb accumulation in the leaves of mustard 

plants used for the phytoremediation and restoration of these polluted sites. A very high 

correlation (r2=0.97) was found between LIBS and AAS data when using the 

interference-free emission lines of Pb at 217 and 220 nm. In the same year, Galiová et 

al. [30] applied LIBS and laser ablation (LA)-ICP-MS to construct high-resolution, two-

dimensional maps of the accumulation and distribution of Pb in fresh and dried leaves 

of two-monthly grown pepper (Capsicum annuum L) plants grown for 7 days more in 

Pb (NO3)2 water solutions at various concentrations. The maps were based on the 

intensities of the Pb (I) line at 405.78 nm, which were found to be proportional to the Pb 

concentrations. The LOD of Pb in dried leaves was lower than that measured in fresh 

leaves. Although no calibration was attempted neither the linearity of response was 

demonstrated, the results obtained showed that Pb accumulated preferably in the leaf 

veins. 

More recently, Peng et al. [31] confirmed that the effects of moisture affected 

dramatically the intensity and stability of LIBS signals of heavy metals, especially Cr, 

in rice leaves. To reduce the effect of moisture, a simple and efficient approach was 

proposed based on a preliminary fast drying of samples followed by the application of 

an exponential model to correct the actual element concentration in the analyte and the 
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PLSR model to compensate the prediction deviations. By using this approach, the 

calibration performance was greatly improved yielding a correlation coefficient 

r2=0.9669 and a RMSE of 4.75 mgKg-1 for the prediction set. In the same year, Yao et 

al. [32] compared the Cd concentrations measured by LIBS associated to PLSR in 

artificially polluted fresh leaf vegetables to the reference concentrations obtained by 

AAS. The calibration model was based on the use of the LIBS emission lines of Cd(II) 

at 214.43 and 226.50 nm and Cd(I) at 228.80 nm as variables. The Cd content measured 

in polluted fresh samples ranged from 0.8 ± 0.2 mgKg-1 to 28.20 ± 0.04 mgKg-1, and the 

PLSR method was shown to enhance the robustness of quantitative analysis. 

Very recently, Zhao et al. [33] applied the advanced NE LIBS approach to 

improve the performance of traditional LIBS in measuring the Cd content in different 

parts of lettuce leaves grown in a solution of Cd(NO3)2 at various concentrations. By 

applying 80-nm Ag nanoparticles on lettuce leave samples, the intensity of the 

characteristic Cd II peak at 214.4 nm was enhanced markedly (Figure 2), yielding a 

LOD of 1.6 ngg-1 for Cd, which was two orders of magnitude lower than that achieved 

by standard LIBS. Further, the results showed that Cd was distributed unevenly in 

lettuce leaves, i.e. its concentration was higher in the veins, especially in the main veins, 

and in vein intersections than in the side veins and in the mesophyll. In conclusion, 

nanoparticles could effectively increase the intensity of Cd LIBS signals in lettuce, so to 

be detected at concentrations that could not be achieved by ordinary LIBS, thus 

improving the sensitivity of the technique and allowing to evaluate the vegetable quality 

and the possible exceeding the legal limits allowed for Cd.
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3. Tubers and roots

In an early study, Beldjilali et al. [34] have analysed quantitatively by LIBS 11 

minor metallic elements in the flesh and skin of fresh potatoes finding a good agreement 

with the corresponding concentrations measured by ICP-AES, ICP-MS and AAS 

techniques. Significant differences were measured in the composition of flesh and skin 

where the concentrations of Al, Mn, Ti, Li and Si ranged from 0.02% for Li up to 39% 

for Si in the skin, and values below their LODs in the flesh. Successively, Chen et al. 

[35] evaluated the feasibility of LIBS associated with various calibration methods for 

the quantitative analysis of Cr in potato samples contaminated in the laboratory with 

potassium dichromate solutions at various concentrations. The quaternary linear 

regression model performed the best when the intensity of emission lines of Cr I at 

425.43, 427.48 and 428.97 nm were used as input data. The r2 values between the Cr 

contents predicted by LIBS and AAS data was 0.987 and the relative error was below 

5.5 % for validation samples, which confirmed the good accuracy and quality of the 

prediction obtained by using the linear multivariate calibration method. More recently, 

Rehan et al. [36] identified by CF-LIBS in ambient air at atmospheric pressure the 

presence of 11 elements, i.e. C, Ca, Cl, Fe, H, K, Li, Mg, N, Na and O, in the flesh of 

red skin potato, whereas white skin potato contained the same elements except Li and 

Cl. The concentrations of the detected elements varied randomly when monitored as a 

function of the depth of potatoes, except for Fe that showed a concentration decreasing 

from the surface towards the central core.

In a very recent work, Eum et al. [37] combined NIRS and LIBS analyses with 

the aim of improving the accuracy in the identification of the geographical origin of 

milk vetch root samples. When NIRS and LIBS were employed separately to 

discriminate domestic samples from imported ones using the SVM method, the organic 
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composition of the samples obtained by NIRS full spectral ranges provided a 

discrimination accuracy (91.5%) better than that (73.1%) obtained by the LIBS 

intensities of 32 selected elemental peaks. However, the overall discrimination accuracy 

improved to 95.8% when both sets of spectral data were used by representing the whole 

NIR spectral features of the sample as a simple SVR coefficient, and then merging it 

with the discrete LIBS intensity data. Thus, the combination of NIRS organic 

composition data with LIBS elemental composition data appeared to be an effective 

strategy for improving the accuracy of the discrimination. Very recently, Jabbar et al. 

[38] applied CF-LIBS to determine the elemental composition of rice roots, stems and 

seeds finding Ca, Fe and K as the major elements and C, Ti, Mg, Si, Li, Ba, Sr, Cr, Na 

and Al as minor elements. Further, the variation of the electron number density as a 

function of laser energy, laser wavelength and detector position was investigated, 

together with plasma temperatures and the holding of LTE condition.

4. Plant seedlings

The group of Tripathi et al. [39-42] investigated in situ and in vivo by LIBS the 

stress suffered by wheat seedlings under the effect of the phytotoxic elements Cr and 

Pb, and the possible alleviating action produced by Si. In a preliminary work, Tripathi et 

al. [39] used LIBS to estimate the spatial distribution of the elements Si, Mg, Fe, Al Na, 

K and Ca, Ti and, in particular, the deposition and distribution pattern of Si in different 

parts of adult wheat plants (Figure 3). The Si contents measured by LIBS were in good 

agreement with those obtained by phytolith analysis showing that Si accumulated 

preferentially in the leaves. Further, the PCA of LIBS data was able to discriminate two 

distinct clusters, the one including the vegetative parts and the other the fertile parts of 

the wheat plant. Finally, the possible use of wheat residues rich in Si was suggested in 
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ecofriendly biocement production that is a major area of research in recent years. 

Successively, Kumar et al. [40] investigated the distribution pattern and accumulation of 

Cr in various organs, i.e. roots, stems and leaves, of wheat seedlings grown in solutions 

in the presence and absence of Cr using the LIBS signal intensities of Cr at 357.8, 359.3 

and 360.5 nm. The Cr concentration in wheat plant organs was shown to decrease in the 

order: roots>leaves>stems. Further, the effect of Cr uptake on the distribution pattern of 

Ca, Mg, Na and K was investigated showing that Cr was very toxic and adversely 

affected the growth and physiological parameters of wheat plants. 

More recently, Tripathi et al. [41], using LIBS spectral data associated to ICP-

AES data as a fingerprint of the elemental composition, showed that the nutrient 

elements Ca, Mg, K and Na levels in wheat seedlings were reduced in the presence of 

Cr (VI). However, a reduction of Cr accumulation was ascertained when Si was added. 

In a successive work, Tripathi et al. [42] used LIBS and biochemical analysis to 

evaluate the effect of Si on Pb toxicity in roots and shoots of wheat seedlings by 

comparing the Pb content both in original samples treated with Si and in samples added 

with both Pb and Si. Besides detecting the macronutrients Mg and Ca, LIBS spectral 

analysis showed that the intensity of Pb peaks at 363.9 and 368.3 nm was reduced, i.e. a 

significantly lower uptake of Pb occurred in samples grown in the presence of Si. 

Further, an increase of Mg content was measured in the roots, and its transport from 

roots to shoots was highlighted. The results were verified by comparing the LIBS 

intensities of Si, Pb and Mg lines with the corresponding concentrations measured by 

AAS and ICP-AES. 
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5. Aromatic culinary herbs and powders

With the aim of discovering possible adulteration, Tiwari et al. [43] analysed by 

LIBS four tourmeric samples. The emission lines of the elements C, Na, K, Mg, Ca and 

Fe and the molecular line of CN were detected in all of them, whereas the lines of Cr 

and P were found only in one sample, which demonstrated its adulteration. PCA of 

LIBS spectral data yielded two distinct clusters clearly discriminating the adulterated 

sample from the others. In the same year, Krajcarova et al. [44] investigated 

successfully the transport and accumulation of Cu in slices of spruce annual terminal 

stems by applying a combination of DP-LIBS, ICP-MS and fluorescence microscopy 

imaging. The DP-LIBS was applied operating in an orthogonal reheating configuration 

using an ablation laser at 266 nm and a re-heating laser at 1064 nm with a 500 ns 

optimal inter-pulse delay. Further, the Cu (I) line at 324.754 nm was used to analyse the 

quantitative spatial distribution of Cu in stems treated with Cu2+ solutions of different 

concentrations.

More recently, Varliklioz Er et al. [45] evaluated the performance of three 

different spectroscopic techniques, i.e. attenuated total reflectance Fourier transform 

infrared (ATR-FTIR) spectroscopy, Raman spectroscopy and LIBS, in the detection and 

quantification of saffron adulteration with some vegetal adulterants. The PCA of LIBS 

data provided the best discrimination between saffron and adulterants, thus LIBS data 

were further analysed by PLS to evaluate the level of saffron adulteration. The PLS 

results showed a very good linearity (r2=0.999) between the actual and predicted 

adulterant concentrations with a LOD=1.86 and a LOQ=4.32. Thus, LIBS combined 

with PLS represented a promising tool for the determination of plant adulterants (below 

10%) in saffron, which are difficult to be detected by a standard UV-Vis spectroscopic 

method. Using a LIBS system based on a transversely excited atmospheric (TEA) 
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pressure CO2-laser, Zivkovic et al. [46] detected the emission lines of Fe, Mg, Cu, Ca, 

Al, Mn, Ba, P, K and Sr in peppermint tea samples. In particular, linear calibration 

curves with regression coefficients exceeding 0.95 were obtained in the quantitative 

analysis of Mn and Ba. Thus, the proposed LIBS setup appeared to be a suitable tool to 

simplify the overall analytical procedure for the rapid quantitative analysis of tea. Very 

recently, Ercioglu et al. [47] applied LIBS and NIRS to discriminate and classify several 

aromatic plants, including juniper, laurel, sweet basil, black pepper, thyme, lavender 

and ginger, on the basis of their chemical constituents. In particular, the PCA of LIBS 

data showed that 77.97% of the total variance could be explained by the first two 

principal components. The good performance of LIBS in discriminating rapidly culinary 

herbs is very relevant for the fast quality control of incoming raw materials in the 

aromatic plant industry.

6. Natural and processed grains and seeds and their food derivatives

In the last decade, LIBS has been explored in different applications for the 

analysis of various grains and seeds, including wheat, maize, rice and coffee grains, and 

some of their derivatives, including rice and wheat flours and processed coffee.

6.1 Wheat and maize

In an early study, Ferreira et al. [48] proposed the use of LIBS as an efficient 

tool for assessing the nutrient distribution in commercial breakfast cereals. First, the Ca 

content declared by the manufacturers in 16 cereals samples was verified by ICP-OES 

analysis. Then, a calibration curve was constructed between the intensity of the Ca II 

transition line at 393.366 nm detected in 7 samples and the corresponding ICP-OES 

data, which yielded a high (99%) correlation. Thus, although the LOD of Ca measured 
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by LIBS was much higher than that obtained by ICP-OES, the proposed LIBS method 

appeared able to verify the manufacturer information. To confirm LIBS performance, a 

corn bran standard reference material (SRM) was also analysed by LIBS, yielding a Ca 

content of 418±48 mgKg-1, which was in good agreement with the NIST certified value 

of 420±38 mgKg-1. In the same year, Martelli et al. [49] proposed the use of LIBS 

combined with chemometric analysis as an alternative tool to discriminate and classify 

wheat grain outer tissues based on the calculation in real time of the tissue ablation rate 

that is related to its cohesion. Two different setups were used, the one to identify the 

grain elemental composition and the other to interpret the data collected during the 

native grain ablation. In particular, the different outer tissues, i.e. pericarp, seed coat, 

nucellar epidermis, aleurone and endosperm, hand-isolated from the grains of two 

cultivars of common wheat (Triticum aestivum L.) were identified by evaluating the 

ablation rate of each one using moving-window two-dimensional (MW2D) analysis and 

PLS-DA of the whole LIBS spectra. Thus, the LIBS technique in conjunction with 

multivariate analysis represented a promising tool for the rapid structural analysis of 

wheat grains. Successively, Martelli et al. [50] used LIBS to estimate the tissue 

cohesion in wheat grains by measuring the ratio of the intensities of the Mg II line at 

279.55 nm to the Mg I line at 285.22 nm and that of the Ca II line at 396.85 to the Ca I 

line at 422.67 nm, and relating the ionization efficiency to the mechanical properties of 

isolated tissues, i.e. the aleurone layer and the intermediate layer. The results were then 

correlated to the total energy required to break the tissues, which showed that LIBS was 

an efficient tool to estimate tissue cohesion in grain seeds. Thus, the use of LIBS 

allowed to access the seed coating tissues, which it is not possible by hand dissection.

In a more recent study, Bilge et al. [51] have investigated the possible use of 

LIBS associated to PLS as a rapid tool to analyse the ash content in pelletized wheat 
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flour samples. The calibration plot of LIBS data versus the corresponding data obtained 

by the AAS reference method yielded an excellent linearity (r2=0.992). Further, the very 

low LOD values (0.026%) achieved by LIBS suggested this technique as a promising 

and reliable tool for the rapid routinary ash analysis in wheat flour samples. In a 

companion study, Bilge at al. [52] have applied LIBS associated to PLS analysis to 

minimize the matrix effects in order to discover the possible adulteration of wheat flour 

by CaCO3 addition (Figure 4). The calibration curves between the LIBS intensity of the 

Ca line and Ca/K line intensity ratio and the corresponding data obtained by AAS 

showed an excellent linearity (r2=0.999), with LODs of 25.9 mgKg-1 and 0.013 for Ca 

and Ca/K, respectively. Thus, LIBS performed as a reliable, simple and rapid tool for 

the quality control of wheat.

In a very recent study, Liu et al. [53] used LIBS in combination with 

chemometric methods to discriminate transgenic from non-transgenic maize. In order to 

explore the separability of genetically modified (GM) maize from non-GM maize, the 

LIBS spectra of 120 samples of each group were acquired, and 32 and 30 lines were 

selected using PCA loadings and weighted regression coefficients (BW) (Figure 5). 

Further, a number of classification models based on full spectra or specific emission 

lines were built by applying PLS- DA, soft independent modeling of class analogy 

(SIMCA) and extreme learning machine (ELM) method. All models achieved an 

excellent identification rate with the best performance achieved by the PCA-loaded 

ELM approach that yielded an accuracy of 100% in the identification of GM maize for 

both calibration and prediction sets. Thus, LIBS combined with chemometric methods 

provided a promising means for the discrimination of transgenic maize.
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6.2 Rice

In the same work mentioned above for spinach leaves (see subsection 2.1) Kim 

et al. [21] investigated standard samples of unpolished rice flour to find a relationship 

between the LIBS intensity of emission lines of the nutrients Mg, Ca, Na and K and 

their concentration measured by ICP-OES. A reasonable agreement was found between 

the two sets of data with LODs for Mg, Ca, Na and K of 7.54, 1.76, 4.19 and 6.70 

mgKg-1, respectively. The results were confirmed by the good agreement obtained 

between the concentrations of these elements determined by LIBS and those measured 

by ICP-OES in unpolished rice flour samples collected from a local market. Further, the 

use of internal standardization was shown to improve the relatively poor linear behavior 

of some calibration curves. Very recently, Liu et al. [54] evaluated quantitatively by 

LIBS the elemental nutrients content and the level of Cu contamination in 270 samples 

of three kinds of rice. The contents of the nutrient elements C, K and Mg in the various 

kinds of rice as resulting from PCA analysis of LIBS data showed the feasibility of 

LIBS for classifying rice types and evaluating their quality. Three pre-processing 

methods, i.e. internal standard method, background normalization and the SNV model, 

were applied in the univariate analysis of Cu LIBS data in the effort of reducing the 

variation of some experimental conditions, e.g. the fluctuation of pulse energy. Among 

these, the internal standard method based on the C line at 247.856 nm was found to 

perform the best, although any of the three methods produced only a little decrease of 

matrix effects. The univariate analysis yielded a strong linear relationship (r2>0.97) 

between the intensity of the Cu peak at 324.754 nm and the Cu reference concentration 

measured by AAS, with RSD lower than 15% and a LOD of Cu, i.e. 5 gg-1, lower than 

the tolerance limit of Cu in foods, but showed little improvement of matrix effects. 

Among the multivariate methods tested, PLS achieved good results for spectral data 
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modeling and prediction, with a sensitivity of 1.95 g-1 and a RSD lower than 12%, 

whereas the PCA-SVM regression method was able to reduce the matrix effects and 

performed better in analysing both calibration and prediction sets, with r2
c=0.9979 and 

r2
p=0.9879.

Also very recently, the group of Yang et al. [55-57] used LIBS to investigate the 

possible adulteration, the geographical origin and the presence of toxic elements in rice. 

With the aim of discovering possible adulteration and/or mislabeling in rice food 

industry, Yang at al. [55] acquired the LIBS spectra on 20 kinds of rice grains from 

different geographic areas in China and Thailand, and processed them by the 

chemometric methods PCA, PLS-DA, Linear Discriminant Analysis (LDA), Decision 

Tree (DT), Random Forest (RF) and SVM. All methods used showed a classification 

accuracy greater than 80%, with the highest accuracy, i.e. 99.20% but highest operation 

time (almost 10 min) achieved by SVM. The LDA showed to be the most efficient, 

rapid, real time and in situ applicable method featuring an operation time of 2.09 s (for 

89 input variables) and 0.36 s (for 30 input variables). In a companion work, using the 

same LIBS setup combined with PCA and SVM methods, Yang et al. [56] attempted to 

classify rice samples according to their geographic origin. Various sample pelletizing 

methods, including rice powder pellet added with boric acid (RPPBA), rice powder 

pellet (RPP) and rice grain pellet (RGP), were compared to non pelletized rice grain 

(RG). The classification accuracy of the powder methods (RPPBA and RPP) resulted 

lower than those of the grain methods (RGP and RG) (Figure 6). This was possibly 

ascribed to the loss of some information occurring during the milling process that 

reduced the reproducibility of LIBS spectra due to the early powder ejection in the laser 

ablation process. The best classification accuracy, i.e. 99.20%, and the shortest time 

spent for pellet preparation, i.e. 1 min, was achieved by the RG preparation method. In 
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their last work, Yang et al. [57] proposed a simple and low-cost sample pretreatment 

method named solid-liquid-solid transformation (SLST) to analyse by LIBS the toxic 

elements Cd and Pb in rice. The method consisted in the ultrasound-assisted extraction 

by HCl of rice samples, followed by deposition onto a glass slide and enrichment of Cd 

and Pb by drying. Compared to the conventional pellet method, the spectral intensity of 

Cd and Pb were enhanced significantly, so improving LIBS analytical sensitivity, with 

LODs of 2.8 and 43.7 gKg-1 and LOQs of 9.3 and 145.7 gKg-1, respectively for Cd 

and Pb.

6.3 Coffee, pistachio, cucurbits

In an early work, Ferreira et al. [58] applied two models to construct 

“ensembles” of decision tree algorithms to classify 41 commercial samples of certified 

roasted and ground coffee in Inferior, Traditional, Superior and Gourmet classes using 

LIBS data acquired in the spectral region around 680 nm. An “ensemble” is based on a 

set of accurate and diverse predictors which combines the individual predictions so 

providing a more accurate “ensemble” prediction. The good accuracy (84.33%) 

achieved by the two models when applied to a restricted LIBS spectral range, i.e. from 

670 to 690 nm, showed that in these spectral operating conditions the models used 

provided a promising tool for large-scale analysis of roasted and ground coffees by 

using relatively cheap acquisition devices, thus minimizing the costs for constructing a 

dedicated LIBS equipment.

More recently, Zhang et al. [59] have used LIBS combined with a number of 

chemometric methods to identify and classify four kinds of coffee varieties, i.e. Typic 

Arabica, Catimor Arabica, Fushan Robusta and Xinglong Robusta. The results obtained 

by the classification models PCA, PLS-DA, Radial Basis Function Neural Network 
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(RBFNN) and SVM applied to full LIBS data were compared to those obtained by the 

same models applied to selected wavelength variables, i.e. the peaks of C I, Mg I, Mg 

II, Al II, CN, H, Ca II, Fe I, K I, Na I, N I and O I, after a WT correction of spectral-

noise. Although the models applied to the selected wavelength variable set performed 

worse than using the full LIBS spectra, the classification accuracy achieved using the 

former set of data was over 80% using RBFNN and SVM and around 60% using PLS-

DA. The results indicated that LIBS associated to chemometric methods was a feasible 

tool for the identification of coffee varieties. In the same year, Varao Silva et al. [60] 

evaluated the potential of LIBS to discriminate the presence in unroasted and ground 

coffee blends of defective beans, i.e. black, green and sour (BGS) beans that have a 

negative impact on the quality of the beverage. The PCA of LIBS spectral data showed 

that the emission lines of some elements and diatomic molecules, i.e. C (I) at 193.0 nm, 

CN (0.0) at 388.5 nm, CN (1.1) at 387.0 nm, C2 (0.0) at 516.6 nm and the triplet of N (I) 

at 742.3, 744. 2 and 746.8 nm, were very appropriate to discriminate good beans from 

defective BGS beans (Figure 7). Further, the strong linear correlation (r>0.9) between 

the LIBS emission lines reported above and NIRS absorption bands corresponding to 

proteins, lipids, sugars and carboxylic acids suggested the high potential of LIBS used 

alone to estimate classes of organic compounds in coffee samples. Thus, LIBS appeared 

as a promising, simple, rapid and robust analytical tool for monitoring and controlling 

coffee grain quality directly in the production chain of coffee agro-industry.

Very recently, Khalil and Labib [61] used DP-LIBS to monitor the possible 

pollution by the microtoxic elements Al, Pb, Zn and Cr of commercial coffee samples 

of different brands. To achieve the best sensitivity in the detection of emission line 

intensities, some LIBS experimental parameters, such as delay time, distance between 

the focus position and sample surface, and intensity ratio of the two laser pulses, have 
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been optimized before the analyses. The use of either a standard calibration curve 

method or CF-LIBS yielded a good agreement between the contents of microtoxic 

elements measured by LIBS and the corresponding values measured by the reference 

ICP-OES technique. Also very recently, Sezer et al. [62] applied SP-LIBS combined 

with PCA and PLS to identify the possible adulteration of roasted ground Coffee 

arabica with wheat, corn and/or chickpea powders by analyzing separately each sample 

matrix. Significant differences were detected for the K, Ca, Mg, Na, P, Zn and Fe line 

intensities between pure Coffee arabica samples and the other potential adulterant 

matrices. Further, the PLS method allowed to determine the adulteration levels with r2 

values higher than 0.99 for all the matrices analysed. In a companion study, Sezer et al. 

[63] investigated pistachio adulteration with green pea and spinach powder by using 

LIBS combined with chemometric methods. The application of PCA to LIBS data for 

Fe, Mg, Ca, Na, K, P and Mg measured in pure pistachio, green pea, spinach and 

adulterated pistachio samples provided a successful discrimination among the samples. 

Thus, LIBS associated to chemometric analysis showed to be an efficient tool for the 

rapid, in situ identification and adulteration of pistachio.

With the aim of possibly utilizing cucurbit, e.g. melon, pumpkin, cucumber, etc., 

seeds as snacks or as ingredients of different foods, rather being discarded as waste, 

Singh et al. [64] analysed by LIBS some mineral nutrient elements in defatted seed 

kernels of various cucurbit species. In particular, the calibration curves showed a good 

agreement (r>0.95) between LIBS and AAS data for the elements Mg, Ca, Na and K. 

Further, PCA of LIBS data allowed a rapid classification of seeds belonging to the same 

species, although samples had similar nutrient elements.
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7. Fruits

In this decade, LIBS performance in the analysis of macro and micro nutrients, 

pesticide residues, impurities and adulteration for quality control of various fruits, 

sugarcane derivatives, wine and vegetable oils has been explored successfully by 

various researchers. In an early work, Zhang et al. [65] analysed by LIBS the statistical 

distribution of Ca, Mn, Na and K in various parts of layered apple fruits. First, based on 

the analysis of the K I line at 766.489 nm, the best values to be used for the delay time, 

i.e. 1.4 µs, and the laser energy, i.e. 120 mJ, were determined. Results showed that the 

concentration of the studied elements in the top half of the fruit was higher in the 

outermost part, especially nearby the kernel, whereas the opposite occurred in the below 

half part. 

Later, Ma and Dong [66] explored the potential of LIBS for the fast, real-time, 

on site measurement of P, S and Cl spectral lines of the pesticide chlorpyrifos residues 

on apple surfaces. The results of PCA highlighted significant spectral differences 

between untreated apples and apples sprayed with chlorpyrifos at various 

concentrations. In a successive study, Du et al. [67] explored further the LIBS 

performance in analyzing the pesticide chlorpyrifos and omethoate residues on apple 

and pear surfaces by using the emission peaks of P at 213.62, 214.91, 253.56 and 

255.333 nm and that of Cl at 837.59 nm. The intensity of P peaks for the apple were 

stronger than that for pear, which was possibly attributed to the different physical 

properties of the peel and flesh of the two fruits. Further, the peaks of P were stronger 

for apples treated with chlorpyrifos than for those treated with omethoate. The intensity 

linear correlation found between P and Cl peaks and chlorpyrifos concentration was 

enhanced when the measurements were conducted in an Ar atmosphere, thus attaining 

lower LODs. Thus, LIBS appeared to perform as a promising technique for the fast 
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detection of pesticide residues on fruit surfaces. Based on the high LODs obtained in 

their previous work [67], which were considered inappropriate for the quantitative 

analysis of trace chemicals, Zhao et al. [33] attempted to improve LIBS performance by 

applying the recently introduced NE LIBS system, which they used also to Cd analysis 

in lettuce (see previous section 2.2), to determine chlorpyrifos residues on apple and 

chive fruit surfaces. The NE LIBS and standard LIBS spectra were acquired on samples 

cut into pieces, dropped with chlorpyrifos solution at various concentrations, then 

covered with a solution of 80-nm Ag nanoparticles, and finally dried. The P signals 

acquired by NE LIBS were more intense than those obtained by standard LIBS, and 

more enhanced for apple than for chive samples (Figure 8). However, the P signals on 

chive were almost twice more intense than those on apple surfaces, which indicated that 

chlorpyrifos could be detected easier on chives than on apples. Further, the Cl peak at 

837.59 nm was detected in the NE LIBS spectra of chives but not in those of apples. 

The calibration curves constructed by plotting the intensity of the characteristic peaks of 

P at 213.62, 214.91, 253.56 and 255.33 nm versus the chlorpyrifos concentration 

showed a good positive relationship with the best correlation achieved when using the 

more stable P line at 214.91 nm. The chlorpyrifos LODs obtained by NE LIBS using the 

four P lines were, respectively, 0.019, 0.015, 0.009 and 0.029 mgKg-1, which resulted 

two orders of magnitude lower than those obtained by standard LIBS.

Hu et al. [68] evaluated the potential of LIBS in determining the Cu content in 

the peel of navel orange samples pretreated with CuSO4 solutions at Cu concentrations 

ranging from 50 to 500 gmL-1. The calibration models constructed between the Cu 

concentrations measured by AAS and those predicted by LIBS using the Cu I emission 

lines at 324.7 and 327.4 nm yielded a correlation value of r=0.95 and a RE<6.5%. 
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Further, the Cu I line at 324.7 nm showed a smaller RE than that of the Cu I line at 

327.4 nm. 

8. Sugarcane leachates and spirit, wine and vegetable oils

Pasquini and Farias Filho [69] applied the so-called “ring-oven pre-

concentration” method to upgrade the LIBS performance in the measurement of Cu in 

fermented sugarcane juice, i.e. the Brazilian spirit called cachaça, which may be 

polluted by Cu originated from the vessels employed for its distillation. The method 

consisted in the transfer of the liquid sample to a solid substrate of almost invariant 

matrix, i.e. a filter paper, by employing a mechanical device to avoid the operator 

dependence and reduce the measurement time of the analyte pre-concentrated in the ring 

on the filter paper. Further, the internal standard Li was used to correct for most 

variables, such as sample matrix effects and ring making, both affecting the precision 

and repeatability of the measurement. A better LOD for Cu was achieved using this 

method and the whole performance of LIBS was considered satisfactory to analyse and 

assess the quality of cachaça. Thus, the rings produced on filter paper could be stored 

and transferred to a distant laboratory for LIBS analysis, and the method showed 

promising for being adapted to the analysis of other contaminants such as Pb.  

Very recently, Andrade et al. [70] measured by LIBS the levels of chemical 

element impurities in raw sugarcane water leachates immobilized in a polyvinyl alcohol 

(PVA) polymer by using 12 different standardization and normalization strategies to 

process all LIBS spectral data available. A better analysis of the elemental contents was 

obtained by applying a standardization with the atomic lines of C, and the PCA 

evaluation of the dataset provided by the full spectra showed that Ca and Mg were 

highly correlated. Thus, the conversion of the analytical matrix from a liquid to a solid 
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state appeared to be very efficient to evaluate impurities in raw sugarcane by LIBS. In a 

companion study, Guedes and Pereira [71] used LIBS combined with a novel classifier 

algorithm named “sum fusion across a tuning parameter window” to measure the 

elements Mg, Ca, K, C, Na, H, N and O in raw sugarcane leachates immobilized in a 

PVA polymer and classify the samples according to the measured amount of impurities. 

As a result, leachate samples were classified into two groups containing the undesired 

material from 0 to 5% and from 8 to 10%. The accuracy obtained was 97% for both 

groups, and the specifity was 94% and 100% and the sensitivity 100% and 94%, 

respectively for the two groups. Thus, LIBS showed a promising potential for the 

control of sample impurities in sugarcane refineries.

Recently, the performance of LIBS has been explored for the rapid and efficient 

analysis of the content of metal elements in wines and their quality control and 

classification according to their geographical areas of production. In particular, 

Moncayo et al. [72] used LIBS combined with ANN to analyse 38 red wine samples 

with protected designation of origin (PDO) in order to upgrade their quality and 

authenticity control and discover possibly mislabeled wines so avoiding illegal 

competition in the market. To overcome the limitations and difficulties of working with 

aqueous samples, collagen pellets were used. As a result, LIBS-ANN appeared to be an 

efficient tool for quality control in the alcoholic beverages industry. More recently, Tian 

et al. [73] applied LIBS to classify French wines according to their areas of production 

using a surface-assisted (or surface-enhanced) sample preparation method. Twenty two 

metals and nonmetals were identified and measured at sub-µg/g LOD values. A 

supervised RF classification model with optimized parameters was developed which, in 

addition to a nonlinear algorithm, yielded a very satisfactory classification accuracy 

(100%) for the tested samples (Figure 9). In the same year, Bocková et al. [74] 
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developed a method for the efficient LIBS elemental analysis of a number of wines 

purchased from local supermarkets and originated from different production areas in 

France. In particular, after dropping a thin layer of wine on a metallic target surface and 

evaporating the liquid by applying an appropriated heating procedure, the elements Na, 

Mg, K, Ca, Li, B, Si, P, Ti, Mn, Fe, Cu, Zn, Rb, Sr, Ba and Pb were measured in the 

organic wine residues. The successful results obtained suggested that the proposed 

method could be extended also to the analysis of other beverages, e.g. juices, or any 

other liquid yielding an organic residue after being concentrated by evaporation.

Mbesse Kongbonga et al. [75] analysed by LIBS in the liquid phase in ambient 

air a number of vegetable oils, including virgin olive, refined sunflower, corn and crude 

and refined palm oils, all containing 98% of saturated and unsaturated fatty acids. A 

strong relationship was found between the intensity of the C2 (O-O) LIBS emission line 

at 516.6 nm and the concentration of saturated fatty acids in the oil. Thus, a single LIBS 

parameter, i.e. the C2 emission line intensity, could be used for the classification of 

vegetable oils as a function of their saturated fatty acid content.

9. Plant disease diagnosis

In the last decade, LIBS has contributed successfully to achieve an early 

diagnosis of plant diseases, especially for citrus, soybean and tobacco. In an early study, 

Pereira et al. [76] applied LIBS associated to SIMCA to the direct measurement without 

any pretreatment of the organic and inorganic signal profiles of citrus plant leaves either 

healthy or inoculated with the bacterium Candidatus Liberibacter asiaticus (CLas). As 

a result, citrus samples in the first month of inoculation could be classified with 97% of 

correct predictions. Some years later, Sankaran et al. [77] applied LIBS to citrus leaves 

for the rapid and real-time detection of various anomalies, including diseases, such as 
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the Huanglongbing (HLB) bacterial destructive disease and citrus cancer, and nutrient 

deficiencies from Fe, Mn, Mg and Zn. After pre-processing LIBS spectra by baseline 

correction, WT multivariate denoising and normalization methods, the spectral features 

were extracted by PCA and samples were distinguished in healthy and infected ones 

using quadratic discriminant analysis and SVM. A high average classification accuracy 

(97.5%) was obtained by the SVM treatment of LIBS data with a specific accuracy of 

96.5% for cancer affected samples.

More recently, Ranulfi et al. [78] applied LIBS to citrus leaves as an alternative 

to conventional methods to discover the possible presence of the HLB disease by 

identifying the nutritional elemental composition profile related to the citrus health 

state. First, leaves collected from adult citrus trees were separated by visual inspection 

into healthy, HLB-symptomatic and HLB-asymptomatic ones. The statistical analysis of 

LIBS spectra showed that the largest variations among the three classes were measured 

for Ca, Mg and K, which were thus considered the most relevant elements for HLB 

diagnosis, although other elements such as Ti, Al and Si also changed. Then, a classifier 

based on PLSR analysis was constructed, which yielded an accuracy of 73% in 

distinguishing the three classes of leaves and 75% in the cross validation performed on 

more than 1000 leaves. Thus, LIBS analyses of fresh citrus leaves confirmed the visual 

symptomology and appeared to be a fast and reproducible tool for the early diagnosis of 

HLB in citrus. Further, its extension to other parts of the plant appeared promising for 

the diagnosis of other diseases and nutritional disorders. 

Very recently, Rao et al. [79] proposed a full optical diagnostic method based on 

LIBS analysis to distinguish between healthy and HLB-infected navel oranges 

originated from China. The LIBS spectra acquired in the wavelength range from 200 to 

1050 nm directly on the epidermis of the fruit were pretreated by smoothing and 
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multiple scattering correction. The RF model based on the continuous (C)WT and PCA 

was able to identify and discriminate HLB-infected samples from healthy ones with an 

average accuracy higher than 96% for both the training set and the validation set. With 

the aim of obtaining an elemental composition fingerprinting able to discriminate 

rapidly and efficiently between healthy and HLB-infected citrus plants, Ponce et al. [80] 

analysed by LIBS associated to PCA 6 citrus varieties, i.e. Macrophylla, Valencia 

orange, Sugar Belle, Ray Ruby grapefruit, Meyer lemon and honey Murcott. In 

particular, a multi-pulse laser apparatus coupled with a microscope was used to acquire 

the LIBS spectra of the plant phloem, which revealed the lines typical of the elements 

Ca, Na, N, H and Fe and the molecules CN and C2. The results of PCA of LIBS data 

allowed to discriminate healthy from HLB-infected samples with a high level of 

accuracy and about 90% of success. Thus, LIBS combined with chemometric analysis 

was confirmed to be a rapid, low-cost and efficient alternative tool allowing to 

discriminate between healthy and HLB-infected citrus plants. 

Peng et al. [81] proposed a novel approach based on LIBS analysis to 

discriminate tobacco leaves infected by the mosaic virus (TMV) from healthy leaves. 

The application of the PLS-DA model to LIBS spectral data acquired on both fresh and 

dried pelletized leaves provided a good classification only in the case of dried leaves. 

Apparently, the moisture content in fresh leaves worsened the stability of analysis 

resulting in a detrimental effect on classification. However, when the SVM approach 

was used, the negative effect of moisture was eliminated and the classification results 

were improved. 

Very recently, Ranulfi et al. [82] attempted to evaluate by LIBS the elemental 

compositional factors related to the green stem and foliar retention (GSFR) syndrome, 

commonly known as “soya louca II” (mad soy II) caused by the nematode 
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Aphelenchoides besseyi in soybean plants. Although only in Brazil since the 2005/2006 

crop season this disease has caused a soybean yield loss of up to 60%, no analytical 

methods for early diagnosis, except visual inspection of plants, and no appropriate 

treatments, besides the prior dessication of seedlings and weed control after emergence, 

are yet available to discover and possibly prevent the insurgence of the disease. As the 

appearance of GSFR symptoms are possibly ascribed to the unbalance of the 

macronutrients Ca, K and Mg, the content of these elements was measured by LIBS and 

AAS as the reference technique in leaves collected from healthy and disease-affected 

soybean plants of two varieties (Figure 10). A correlation of about 0.80 between LIBS 

and AAS data was obtained for the three elements analysed in the two sets of samples. 

The Student-t-test and PCA of broadband LIBS spectra highlighted significant 

differences in the Ca, K and Mg contents between healthy and GSFR–infected soybean 

leaves. In particular, higher Ca and Mg contents were measured in the leaves of healthy 

plants, whereas higher K content could be ascribed to the development of the disease. 

Further, LIBS data analysis by CVR and PLSR cross validation methods yielded 

success rates higher than 80% in class differentiation. Thus, the good performance of 

LIBS confirmed this technique to be a promising early diagnostic tool to detect the 

GSFR disease affecting soybean and contribute in finding sustainable solutions to 

control the disease and enable the development of disinfestation methods.

10. Conclusions and perspectives

An overview is provided of the most recent (2010 to 2019) applications of the 

LIBS technique to the investigation of agricultural products, including crop plant parts, 

i.e. leaves, stems, tubers and roots, vegetables, seedlings, and plant derivatives, i.e. 

grains, seeds and fruits. As well, recent advances of LIBS applications to processed 
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agricultural products, such as commercial coffee, flours, wines, oils and aromatic and 

culinary herbs and powders, are reviewed. A significant increase of publications on the 

use of LIBS in agricultural sciences and applications has occurred in the last decade, 

and especially in the last 2 years, which indicates a strong upward trend for the 

incoming years, with expansion to a variety of plant products and food derivatives. In 

particular, most of the works published on LIBS investigation of plants originate from 

Brazil followed by China, whereas a greater diversification of research group countries 

can be noticed, with predominance of China and Brazil, in LIBS application to plant 

products and food derivatives, which are, however, still little explored. 

In the recent years, the attention of plant and food researchers was focused 

mostly on improving some factors affecting the performance of the LIBS technique. 

With this respect, some significant advances have been achieved in LOD improvements 

of various elements, reduction of matrix effects, optimization of the S/N ratio with 

increase of signal intensity and application of modern powerful chemometric methods, 

whereas other aspects, such as on-line and in situ LIBS approaches, still remain 

challenging. 

Currently, a strong tendency exists in LIBS applications to the analysis of 

processed agricultural products such as flours, coffee, wine and others. However, a 

limited upgrade of the technique has been achieved in such analyses, thus future studies 

should be oriented to explore the possible application of advanced micro-LIBS and 

nanoparticle-enhanced LIBS methods and 3D elemental imaging, and expand the 

number of plant species and cultivars and their products and derivatives not yet 

investigated by LIBS. 

Further, especially important appears the development of remote LIBS systems 

for in situ analysis of plant products and on-line analysis of processed foods. The great 
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progress achieved in LIBS instrumentation and data processing in other sectors is 

reasonably expected to be extended to the study of agricultural products and derivatives 

and promote the development of new approaches able to solve and overcome the 

various drawbacks, problems and limitations still existing in the efficient application of 

LIBS to the agriculture and food sectors.
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Figure captions

Fig. 1. LIBS selected spectral regions obtained from the analysis of a dried sugar cane 
leaf fragment (RB 86-7515 variety) under recommended experimental conditions. The 
LIBS spectrum was obtained using the rastering microsampling strategy. Reprinted 
from J. Anal. At. Spectr., 30, M. Braga Bueno Guerra et al. [20], Direct analysis of plant 
leaves by EDXRF and LIBS: microsampling strategies and cross-validation, pp 1646-
1654. Copyright 2015, with permission from Royal Society of Chemistry. 

Fig. 2. LIBS spectra (black line) and NELIBS spectra (red line) of lettuce leaves 
showing Cd peaks. Reprinted from Scientific Reports, 9, X. Zhao et al. [33], Detecting 
and Mapping Harmful Chemicals in Fruit and Vegetables Using Nanoparticle-Enhanced 
Laser-Induced Breakdown Spectroscopy, 906. Copyright 2019, with permission from 
Nature Research.

Fig. 3. LIBS spectra showing the difference in concentration of Mg and Si in various 
parts of the wheat plant. Reprinted from Plant. Agric. Res., 1, D.K. Tripathi et al. [39], 
Laser-Induced Breakdown Spectroscopy and Phytolith Analysis: An Approach to Study 
the Deposition and Distribution Pattern of Silicon in Different Parts of Wheat (Triticum 
aestivum L.) pp 352–361. Copyright 2012, with permission from Springer.

Fig. 4. LIBS spectra of wheat flour and CaCO3-added wheat flours. Reprinted from Eur 
Food Res Technol, 242, G. Bilge et al. [52], Determination of Ca addition to the wheat 
flour by using laser‑induced breakdown spectroscopy (LIBS), pp 1685–1692. 
Copyright 2016, with permission from Springer.

Fig. 5. Average LIBS spectra of GM and non-GM samples in the range 235–850 nm 
(top). Score plot of the first three PCs (a) and loading plots of first PC (b) from LIBS 
derived spectral data of GM and non-GM maize samples (bottom). Reprinted from Food 
and Bioprocess Technology, 12, X. Liu et al. [53], Rapid Identification of Genetically 
Modified Maize Using Laser-Induced Breakdown Spectroscopy, pp 347–357. 
Copyright 2019, with permission from Springer.

Fig. 6. PCA score plots of PC2 against PC1 from LIBS derived spectral data of rice 
samples prepared by different methods: (a) RPPBA, (b) RPP, (c) RGP, (d) RG. 
Reprinted from J. Cereal Sci., 80, P. Yang et al. [56], Evaluation of sample preparation 
methods for rice geographic origin classification using laser-induced breakdown 
spectroscopy, pp 111–118. Copyright 2018, with permission from Elsevier.

Fig. 7. PCA (PC1xPC2) from LIBS derived spectral data of good and defective coffee 
beans: a) scores plot, b) species contributions for discrimination among classes. 
Reprinted from Spectrochimica Acta Part B, 135, T. Varão Silva et al. [60] Potential of 
Laser Induced Breakdown Spectroscopy for analyzing the quality of unroasted and 
ground coffee, pp 29-33. Copyright 2017, with permission from Elsevier.

Fig. 8. Enhancement of the P peaks in apple and chive samples. LIBS spectra of apple 
(a) and chives (c), in the wavelength range 210–220 nm with the P peaks at 213.62 nm 
and 214.91 nm; LIBS spectra of apple (b) and chives (d) in the wavelength range 250–
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258 nm with the P peaks at 253.56 nm and 255.33 nm. LIBS spectra of samples with 
chlorpyrifos (blue lines), samples with chlorpyrifos and 80 nm silver particles (red 
lines), clean samples without anything (pink lines), and samples with 80 nm silver 
particles (black lines). Reprinted from Scientific Reports, 9, X. Zhao et al. [33], 
Detecting and Mapping Harmful Chemicals in Fruit and Vegetables Using 
Nanoparticle-Enhanced Laser-Induced Breakdown Spectroscopy, 906. Copyright 2019, 
with permission from Nature Research.

Fig. 9. PCA score plot from LIBS derived spectral data of the red and white wines 
obtained at a plasma temperature of about 8000 K (top). PCA score plot from LIBS 
derived spectral data of red wines from five regions (bottom). Reprinted from 
Spectrochimica Acta Part B: Atomic Spectroscopy, 135, Y. Tian et al. [73], 
Classification of wines according to their production regions with the contained trace 
elements using laser-induced breakdown spectroscopy, pp 91-101. Copyright 2017, 
with permission from Elsevier.

Fig. 10. Typical averaged broadband LIBS spectra of healthy and sick soybean leaves. 
Reprinted from Microchemical Journal, 141, A.C. Ranulfi, et al. [81], Nutritional 
characterization of healthy and Aphelenchoides besseyi infected soybean leaves by 
laser-induced breakdown spectroscopy (LIBS), pp 118-126. Copyright 2018, with 
permission from Elsevier.
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