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    The 4th volume of “Recent Advances in Analytical Techniques” book series presents 6 comprehensive chapters on recent trends in the development of analytical techniques.




    In chapter 1, Lores-Padín et al. describe the principles, analytical performance, new instrumental developments and pros and cons of LA-ICP-MS and some selected representative applications described related to bulk and spatially–resolved analysis.




    Díaz-Cruz et al. present the versatility and development of voltammetric electronic tongues and their applications in the fields of food and environmental analysis in chapter 2.




    In the third chapter, Tavares et al. have reviewed recent technologies of recovery and purification of (bio)pharmaceuticals using (nano)materials. In this chapter an overview of solid-liquid separation/purification processes used to obtain high purity and high quality pharmaceuticals are described.




    In chapter 4, Petsas and Vagi present recent advances in applied analytical techniques for the identification and quantification of pesticides in food samples, focusing and emphasizing on the procedures of isolation, enrichment, elimination of matrix effects, separation and instrumental determination.




    Raptopoulou et al. have discussed different modern analytical methods, including LC and GC coupled to MS detectors and chemometric methods, used for the melissopalynological characterization, and determination of the hydroxymethylfurfural content, the diastase activity, the polyphenol content, and the sugars profile of honey samples in chapter 5.




    In chapter 6, Khan et al. present details of liquid-based coordination polymers derived from cashew nutshell and their application to analytical techniques. A brief description of petro-based as well as renewable resource based coordination polymers has been included. The analytical techniques that are used for the characterization of these cashew nutshell liquid-based coordination polymers in order to understand their composition, behavior and their potential applications in different fields have been discussed.




    We hope that the readers will greatly enjoy reading these excellent chapters from eminent scientists in their field. We would like to thanks all the authors that contributed to this book for their excellent contributions. Also, we would like to thank the Bentham staff including Ms. Mariam Mehdi (Assistant Manager Publications), and Mr. Mahmood Alam (Director Publications) at Bentham Science Publishers for their untiring efforts and efficient interactions with the authors in the publication process.
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      Abstract




      The increasing need to characterize solid samples from different fields of science (e.g., advanced materials, geology, cultural heritage, biological tissue sections) is forcing the development of analytical techniques for accurate direct solid analysis in a wide variety of matrices. Laser ablation (LA) coupled to inductively coupled plasma – mass spectrometry (ICP-MS) allows the chemical characterization of solids both in bulk and in spatially–resolved analysis. LA-ICP-MS offers a precise and relatively fast measurement of heteroatoms at the trace and ultra–trace concentration level, including isotope ratios, with none or minimal sample preparation. Furthermore, recent research highlights the analysis of biological molecules by LA-ICP-MS. This book chapter reviews and discusses the principles, analytical performance, new instrumental developments and pros and cons of LA-ICP-MS. Selected representative applications are described related to bulk and spatially–resolved analysis.


    




    

      Keywords: Depth profiling, Fractionation effects, Heteroatom–tag protein analysis, Imaging, Inductively coupled plasma – mass spectrometry, Isotopic analysis, Laser ablation, Matrix effects, Quantitative analysis, Spatially–resolved analysis.


    




    


    * Corresponding author Beatriz Fernández: Department of Physical and Analytical Chemistry, Faculty of Chemistry, University of Oviedo, Oviedo, Spain; Tel: +34.985.10.3524; E-mail: fernandezbeatriz@uniovi.es


    


  




  

    

      INTRODUCTION




      Since its introduction in 1985 by Gray [1] for the analysis of rock samples (pelleted with a binder into a disc form), the combination of laser ablation (LA) sampling and inductively coupled plasma – mass spectrometry (ICP-MS) represents a powerful tool for the direct determination of the elemental composition in solids, particularly in those fields where high spatial resolution and high analytical sensitivity are required. LA refers to the process in which an intense burst of energy delivered by a short laser pulse is used to ablate a small amount of material (in the order of pg-μg, depending on the experimental condi-




      tions). The use of LA for the direct analysis of solids provides some unique analytical advantages, including the absence of sample preparation procedures such as the dissolution/digestion stage, which is one of the most time–consuming steps prior to analysis and that can be associated with the risk of sample contamination or analyte loses. LA-ICP-MS allows for spatially–resolved analysis with a lateral resolution in the range of 1-20 μm (sub–cellular resolution can be achieved in some applications, depending on the laser beam diameter and the experimental set–up employed) while the depth resolution can be around 300 nm (using state–of–the–art femtosecond laser systems). Moreover, the use of mass analyzers to separate the analyte ions provides multi–elemental capabilities (most of the heteroatoms of the periodic table can be determined), isotopic information, and low limits of detection (LOD).




      The main limitations of LA-ICP-MS, and basically of all laser–based analytical sampling methods, are the occurrence of non–stoichiometric processes in the transient signals (i.e., elemental and isotopic fractionation) and matrix effects that can hinder accurate and precise applications of LA-ICP-MS. Zhang et al. [2] have recently reported a review summarizing the already published research work involving elemental fractionation and matrix effects in laser sampling approaches. Furthermore, the lack of appropriate standard or certified reference materials, especially for biological matrices, restricts in some cases the determination of absolute concentrations for the heteroatoms of interest. Several normalization and calibration strategies have been proposed so far for quantification purposes by LA-ICP-MS, including the preparation of in–house calibration samples as doped pressed powders, gelatin, the fusion of powdered reference materials to form a glass, use of isotope dilution mass spectrometry (ID-MS), etc. Although the suitability of such methodologies is promising, there is a current need to establish more general or universal calibration methods for quantitative LA-ICP-MS analysis.




      Throughout the last decade, important developments have taken place both related to LA and ICP-MS instrumental components (e.g., low volume ablation chambers, fast aerosol introduction systems, advanced data treatment software) and LA-ICP-MS is being increasingly applied in fields, such as cultural heritage, geochemistry, environmental chemistry and biomedical analysis. In the next sections fundamental aspects and strategies currently applied for obtaining elemental absolute concentrations by LA-ICP-MS are tackled. Moreover, some interesting instrumental improvements of LA-ICP-MS as well as selected representative applications are summarized.


    




    

      FUNDAMENTAL ASPECTS AND LIMITATIONS




      Conceptually, laser ablation is a straightforward process. As depicted in Fig. (1), a short–pulsed high–power laser beam is focused on the sample surface. The sample is located inside the ablation chamber (at atmospheric pressure conditions) in an inert gas atmosphere (Ar or He are the typical carrier gases employed). The laser beam converts a finite volume of the sample into a vapor phase aerosol of its constituents. Next, the laser–generated aerosol is swept out by the carrier gas into the ICP ion source where it is vaporized, atomized, and ionized. Subsequently, the positively charged ions can be analyzed using an MS [3-5]. Quadrupole and magnetic sector field mass analyzers are the most commonly used ICP-MS instruments coupled to LA systems, but time–of–flight and multicollector mass analyzers are also employed for some application fields (e.g., geological samples and imaging applications) [6-8].
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Fig. (1))


      Scheme of the ablation process of a non–homogeneous sample by the laser beam and the introduction of the laser–generated aerosol into the ICP-MS. The main components of the LA-ICP-MS set–up are shown in the Figure: laser, ablation chamber and ICP-MS instrument.



      The analytical performance of LA-ICP-MS is mainly dependent of the amount and stoichiometry of the laser–generated aerosol, its transport from the ablation chamber to the ICP-MS, its degree of vaporization, atomization and ionization in the ICP, and the mass spectrometer used. Therefore, experimental conditions for an accurate analysis by LA-ICP-MS include different steps: the ablation process, the transport of the laser–generated aerosol and its atomization/ionization into the ICP. All these factors, together with the chemical and physical properties of the samples are important considerations to take into account for a proper analysis by LA-ICP-MS.




      Fig. (2) collects a schematic diagram containing an idealized model for solid sampling by LA-ICP-MS [9]. In the first stage, a pulsed laser beam focused on the sample surface ablates a certain amount of mass from the sample, forming a well–defined crater with sharp borders. Meanwhile, the sample matrix adjacent to the crater remains chemically and physically unchanged and the ablated material is not re–deposited onto the sample surface. The ablated mass is captured by the gas phase (i.e., the carrier gas) to form a fine aerosol whose particles have the same stoichiometric composition as the original sample. The particle size distribution of the laser–generated aerosol depends on the sample matrix as well as the laser characteristics and it can range in diameter from several hundred micrometers to the low nanometer range [10-13]. In the second stage, the formed particles are transported out of the ablation chamber, without any losses from the place of ablation, through the transport tubes and the injector of the ICP–torch into the plasma. To fulfill such requirements, the laser–generated aerosol must be constituted by small particles (in the low micrometer range) with a narrow particle–size distribution. In the last step, the particles are atomized and ionized completely in the ICP without affecting the plasma characteristics and the transmission of the ions through the vacuum interface and the ion optics of the MS is carried out without any losses. Unfortunately, the real performance of LA-ICP-MS analysis can be far from the ideal just mentioned, depending on the choice of experimental parameters (therefore, they have to be carefully optimized taking into account the laser system, the carrier gas, the ablation chamber, the transport tubing and the ICP-MS) and also on the complexity of the sample matrix.




      The experimental parameters, used for the analysis, determine the amount, composition, and particle–size distribution of the laser–generated aerosol released from the sample. Operational parameters have been investigated by different authors to better understand their effect on LA-ICP-MS analysis as well as to define the best conditions for ensuring an accurate and precise analysis of the samples [14-16]. Table 1 summarizes the most relevant parameters and their effects in LA-ICP-MS analysis, including the ablation process and the transport of the ablated material from the sample to the ICP; both are equally important for optimization and fundamental understanding of LA-ICP-MS. It should be highlighted that the correct selection of the instrumental parameters has also a direct influence on the spatial resolution obtained (for the analysis of non–homogeneous samples) as well as on the accuracy and the LOD finally achieved.
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Fig. (2))


      Idealized model for LA-ICP-MS analyses. Modified from ref [9].



      The laser, as the energy source, plays a vital role in the whole analytical process. Specifically, various laser parameters (e.g., laser wavelength, fluence, pulse length and frequency) can make a difference in elemental fractionation and matrix effects [3, 9]. Some research works can be found in the literature dealing with effects of the laser wavelength and the pulse length as significant parameters that play a key role in the properties of the laser–generated aerosol [2, 17]. The use of lower wavelengths (e.g., 193 nm vs. 1064 nm) has been implemented as a “golden rule” for a proper analysis of most types of matrices [18]. On the other hand, significant improvements of the processes responsible for fractionation effects have been observed with the use of ultra–short laser pulses (e.g., in the femtosecond, fs, regime) and the confinement of pulse energy which guarantees less thermal effects and better spatial resolution performance compared to nanosecond (ns) lasers [19]. There is a fundamental difference between the LA processes of ultra–short (<1 ps) and short (>1 ps) pulses, resulting in a different mechanism of energy dissipation in the illuminated sample. Pulse duration of fs laser pulse is shorter than electron–to–ion energy transfer time and heat conduction time in the sample lattice; this results in different LA and heat dissipation mechanisms as compared to ns–LA [19, 20]. In general, greater ablation efficiency (i.e., amount of mass removed per unit energy), reduced plasma shielding and reduced fractionation effects are achieved using short laser wavelengths and ultra–short laser pulse durations [21]. The main goal of using ultra–short laser pulses is to ablate the entire optical and heat–affected volume to ensure that elemental migration and fractionation effects are negligible. Furthermore, the ultra–short pulse regime may be less susceptible to the material’s properties, thereby providing matrix–independent sampling [22]. However, the application of ultra–short pulses has not yet been fully implemented: the high cost of fs-LA systems compared to ns lasers hinder its general use for LA-ICP-MS analysis. Most of the recent applications of fs-LA-ICP-MS can be found in geological science applications.




      

        Table 1 Summary of relevant parameters and their effects in LA-ICP-MS analysis. Modified from ref [9].
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      QUANTIFICATION PROCEDURES




      One of the major limitations in LA-ICP-MS analysis is to obtain reliable absolute quantification of elemental concentrations due to the high influence of the sample matrix on the analytical signals. The use of an internal standard (IS) has been found to be indispensable to improve the precision of the analysis, but serious limitations can be found in some cases for the selection of a proper IS. Ideally, an IS is an element that should be present in the sample with a known and constant concentration and that exhibits a similar behavior to the analyte during the ablation process (formation of the laser–generated aerosol), the transport from the ablation chamber to the ICP and in the atomization/ionization into the ICP source. Additionally, it should be homogeneously distributed within the sample, which is one of the crucial requirements to obtain accurate measurements. However, such prerequisite is sometimes difficult to fulfill, particularly for the analysis of non–homogeneous samples (e.g., coated materials and biological tissues).




      So far, different elements have been investigated as IS to account for matrix effects as well as for variations in the mass (ablated mass and transported mass) and ICP–related alterations in signal intensity (e.g., changes of plasma conditions) in qualitative elemental analysis by LA-ICP-MS [23, 24]. The element selected as IS can either occur naturally in the sample or can be added during the sample preparation process. Concerning biological samples, conventional approaches employed the 13C+ signal for internal normalization [25, 26]. However, Frick et al. [27] performed a detailed study of the ablation of carbon–containing matrices demonstrating the formation of two phases, a gaseous carbon–containing species and a phase containing carbon particles. Such fundamental findings line up with the hypothesis that carbon might not be a suitable IS even if a close matrix matching is performed. Alternative approaches have been proposed for internal normalization, such as the use of thin polymeric films spiked with Ru and Y [28], the deposition of a thin film of Au into the sample surface [29], or the use of a conventional compact disk–ink–jet printer to print with constant density a metal spiked ink onto the top of thin layer tissue sections [30].




      Apart from the selection of an appropriate IS, the choice of an adequate quantification strategy is also crucial. Several methods have been described in the literature which can be mainly classified into calibration with solid or with liquid standards, and the use of ID-MS (see Fig. 3 [31-33]).




      Most reliable quantitative studies are based on the use of matrix–matched standards using certified reference materials (CRMs). In this case, the matrices of the sample and the standards are similar and, therefore, they will have the same behavior during ablation, transport and ionization processes. Unfortunately, CRMs are not available for many solid samples and laboratory standards have to be synthetically prepared. Different strategies have been successfully investigated for such purpose, including the use of pressed pellets with powdered samples or standards [26], homogenized biological tissues spiked with increasing concentrations of the analyte [34], standards spotted onto nitrocellulose membranes [35], preparation of standards on a gelatin matrix [36, 37], and fused glass beads [38]. The use of non–matrix–matched solid standards has also been proposed for quantification by LA-ICP-MS. However, this procedure is not generally advisable for accurate results due to the huge variations that can be produced for samples and standards relative to the high matrix dependence (e.g., changes in the particles–size distribution of the laser–generated aerosol and mass load effect in the ICP).
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Fig. (3))


      General classification of calibration methods used in LA-ICP-MS analysis.



      Solid–liquid calibration procedures have also been investigated for quantitative analysis by LA-ICP-MS [39-42]. The dual sample/standard approach was proposed to produce quantitative information in the absence of solid calibration standards: laser–generated aerosol is mixed with the aerosol generated by nebulization of an aqueous calibration standard. Three different solution–based calibrations have been proposed so far: (i) The nebulizer gas flow coming from an ultrasonic nebulizer is used as the carrier gas flow for LA and during solution calibration the sample target is simultaneously ablated with the laser beam, (ii) A micronebulizer is inserted into the LA chamber and standard solutions with increasing concentration are nebulized during the ablation of the sample, and (iii) The dry aerosol produced by LA of the sample and the wet aerosol generated by pneumatic nebulization of standard solutions are carried by two separated flows of the carrier gas and simultaneously introduced in the injector tube of the ICP through two different apertures. It should be stated that the advantage of working with LA “dry plasma” conditions (reduced level of oxide interferences) is lost when liquid standards are employed. Furthermore, possible variations in ablation efficiency or alterations in transport efficiencies cannot be accounted for. Concerning direct liquid ablation, an attempt was proposed by Günther et al. [43] to overcome the problems of interferences due to oxide formation reported for solid–liquid calibrations and the heterogeneous trace element distribution in laboratory manufactured solid standards. Microliter quantities of aqueous solutions were ablated in such work. Nevertheless, the direct ablation of liquid solutions was not extensively studied for quantitative analysis by LA-ICP-MS.




      In the search for more accurate quantification strategies, an alternative approach has been proposed for LA-ICP-MS analysis based on ID-MS. ID-MS is a well–known analytical method based on the measurement of isotope ratios in a sample where the isotopic composition has been altered by the addition of a known amount of an isotopically–enriched element (denoted as tracer) [44]. Since only isotope ratios are necessary for quantification, no external calibration or internal standardization is needed. In ID-MS, an isotope (isotopically–enriched isotope) of the target element is used itself to correct for various types of disturbances before and during analysis. Taking into account that the different isotopes of an element are expected to behave similarly, the isotopically–enriched isotope can be considered as the perfect IS. Concerning ID-MS approaches used in combination with LA-ICP-MS, isotopically–enriched tracers in solution as well as in solid form have been proposed for quantification in different application fields [45-47]. For example, two on–line ID-MS strategies have been proposed for the analysis of glass samples by LA-ICP-MS. Peckhardt et al. [45] proposed the introduction of an aerosol of a nebulized isotopically–enriched tracer solution into the ablation chamber during the ablation of the sample. On the other hand, Fernández et al. [47] reported the mixing of the laser–generated aerosol with the isotopically–enriched tracer solution in the transport interface (i.e., along the transport tubing that connects the ablation chamber with the ICP-MS). Alternatively, solid–spiking has also been proposed for quantification in environmental and geological samples.


    




    

      INSTRUMENTAL DEVELOPMENTS




      The increasing demands to improve the characterization of complex solid samples (such as geological samples or biological specimens like organ tissues and cell cultures) by LA-ICP-MS are forcing the onward improvement of LA and ICP-MS instruments towards the achievement of enhanced analytical performance characteristics. As above mentioned, the latest developments in the laser field have been mainly driven in two directions: to employ lasers that deliver lower wavelengths and shorter pulses. Despite the excellent performance offered by fs-LA systems, its high cost currently hinders the general use of these state–of–the–art instruments. Concerning the laser wavelength, laser systems with lower wavelengths (193-213-266 nm vs. traditional 1064 nm) are currently used for various applications. For example, significant improvements minimizing isotopic fractionation and matrix effects were reported by reducing the laser wavelength from the infrared to the ultraviolet range (i.e., by making a blue shift) [17, 19, 48]. Different nonlinear crystals can be used to produce 4th and 5th harmonics (i.e., 266 nm and 213 nm, respectively) of the 1064 nm fundamental wavelength of Nd:YAG solid state lasers. Horn et al. [49] reported a detailed study showing the accessible wavelength range of solid-state lasers: a Nd:YAG laser operating at its fundamental wavelength of 1064 nm was employed to get four different operation wavelengths (532 nm, 266 nm, 213 nm, and 193 nm). Although there are commercial systems of the Nd:YAG laser at 266 nm and 213 nm, the authors graphically showed how it is possible to get the fourth and fifth harmonics working with the same laser system.




      Furthermore, the introduction of 193 nm excimer lasers has upgraded the ablation characteristics, extending the capabilities for “infrared–transparent” samples; this is of real interest for the analysis of glasses, fluid inclusions and many minerals. In any case, it should be stated that even for one selected laser wavelength the ablation process can significantly change depending on the sample matrix and, therefore, the experimental parameters should be carefully optimized for each sample of interest. For example, using the same experimental conditions (laser spot size, repetition rate, gas flow rate, etc.) the characteristics of the ablated material (e.g., the mass ablated volume and the particle size distribution of the laser-generated aerosol) from a biological tissue section will be different than those from the ablation of a NIST SRM glass standard.




      Also related to the laser ablation step, the design of LA chambers has received a lot of attention during last decade due to its direct influence on the analytical performance. This is of interest for imaging studies where highly resolved 2D or 3D images are required. For such purposes, the laser–generated aerosol must be transported as fast as possible from the ablation chamber to the ICP source in order to avoid information mixing between laser pulses (i.e., the information coming from each individual laser shot should be independently detected in the ICP-MS). The undesirable mixing happens, inevitably, if the washout time of the ablation chamber exceeds the delay between two consecutive samplings. In this context, generation of small, ultra–fast ablation chambers have been designed, reducing the pulse response duration for a single laser shot to 10 ms or even lower (using the criterion of the full peak width of the ICP-MS signal at 1% of the height of the maximum signal intensity) [50]. Thus, the use of rapid response ablation chambers and low dispersion interfaces allow for time–resolved elemental and isotopic information with good spatial resolution to be achieved. For example, sub–micrometer resolution (0.3 μm) has been reported for multi–layer ceramic capacitors [51] and sub–cellular resolution was accomplished for the analysis of membranous receptor expression levels in breast cancer cell lines [52].




      In the same way as for laser systems, a constant evolution in ICP-MS instruments has taken place. Latest developments pursued improvement of analytical performance characteristics such as lower LODs and higher precision and accuracy, as well as tried to match advances in LA systems (e.g., ultra–fast ablation chambers require faster ICP-MS instruments). The quadrupole mass analyzer is one of the most popular mass spectrometers, but only one selected mass–to–charge (m/z) can be collected by the detector at a time. In this way, to measure several isotopes (e.g., several heteroatoms in a unique specimen), the mass analyzer has “to jump” from one selected m/z to another. This sequential nature of ion measurement is also shared with sector–field mass analyzers. ICP-MS instruments equipped with such types of mass analyzers transmit ions within a narrow m/z range at any given time to the detector, which makes them not ideally suited for the multi–heteroatom detection in the case of fast transient signals as generated by modern LA system (particularly important for depth profiling analysis and imaging applications where high resolution is demanded and laser spot sizes in the low micrometer range are employed). Thus, multi–heteroatom monitoring of homogeneous samples requires the use of the continuous scanning mode (i.e., firing the laser continuously at a high frequency while moving the sample to generate a constant mass flux and, therefore, signal response) when LA is coupled to quadrupole or sector field ICP-MS instruments. Moreover, data acquisition conditions have to be carefully selected to avoid unwanted artefacts (e.g., smear, blur, noise and aliasing in imaging applications) and effects induced by non–representative sampling of the transient signal [53].




      Alternatively to the sequential mass analyzers, there are currently two types of ICP-MS instruments that allow the simultaneous measurement of ions across the entire mass spectrum: the ICP Mattauch-Herzog mass spectrograph and the ICP-MS with a time–of–flight mass analyzer (ICP-ToFMS). A multicollector ICP-MS instrument based on a Mattauch-Herzog configuration has been presented in 2010, allowing for fully simultaneous measurement of the mass range from 6 to 238 m/z. Resano et al. [54] reported its use combined to LA sampling for the determination of platinum group metals and gold in NiS buttons obtained by fire assay of platiniferous ores. The combination of LA and ICP-ToFMS is also well–suited for spatially–resolved applications due to its simultaneous and fast multi-heteroatom monitoring (i.e., the entire mass spectrum is measured for each ion package extraction). Last generation ICP-ToFMS systems have proved to be versatile instruments and they have been successfully employed in different application fields [55-59]. Main limitations related to LA-ICP-ToFMS are related to the high cost of the instrumentation as well as its lower sensitivity, particularly for low atomic mass elements.


    




    

      APPLICATIONS




      Over the past few years LA-ICP-MS has undergone rapid development and has been increasingly applied in many different fields, such as cultural heritage, geochemistry, environmental chemistry, advance materials, provenance, forensics and life sciences (including biological and medical research). Numerous critical and tutorial reviews using LA-ICP-MS can be found in such areas, reporting the performance and limitations of the analysis as well as interesting applications within each field [7, 23, 31, 32, 60-62]. The present chapter focuses on some of the recent applications of LA-ICP-MS related to the analysis of challenging samples, both for bulk (i.e., homogeneous samples) and spatially–resolved analysis (i.e., non-homogeneous samples). The imaging of biological samples (e.g., tissues and cells) has come to the forefront as a key application of LA-ICP-MS and, therefore, several of the described applications are related to this field, both for the analysis of heteroatoms and biomolecules.




      

        Bulk Analysis




        Nowadays, LA-ICP-MS is mainly devoted to the elemental imaging of non–homogeneous samples but, of course, it can be also applied for the analysis of homogeneous specimens: quality control, provenance and forensic studies (e.g., the chemical analysis of debris found at crime scenes and on the clothes of suspects) are examples of this type of analysis. The main application field of LA-ICP-MS for bulk studies is related to the analysis of glasses [63, 64]. Furthermore, the use of SRM NIST glass series (610-616) allows achieving not only the qualitative analysis of glass samples but also the absolute quantitative measurement of major, minor and trace elements for forensic and other purposes. Recently, Corzo et al. [64] reported a complete study that compares the interpretation of forensic glass evidence collected by using LA-ICP-MS. Once the glass is analyzed by LA-ICP-MS, an important step is the evaluation of the evidence. Typically, a match criterion (e.g., t–test, range overlap, n–sigma) is used to compare the known sample to the questioned sample. In the study, two LA-ICP-MS glass databases were used, based on the analysis of the following 18 ion signals in the glass samples: 7Li+, 23Na+, 25Mg+, 27Al+, 39K+, 42Ca+, 49Ti+, 55Mn+, 57Fe+, 85Rb+, 88Sr+, 90Zr+, 137Ba+, 139La+, 140Ce+, 146Nd+, 178Hf+ and 208Pb+. LA-ICP-MS has been shown to be an excellent tool for the discrimination of glass originating from different sources and for the association of glass originating from the same source.




        On the other hand, LA-ICP-MS was also successfully employed for bulk analysis of geological and biological samples [23, 65]. Particularly interesting are the determination of isotope ratios and the analysis of challenging samples such as fluid inclusions. LA-ICP-MS offers unique possibilities for direct isotope ratio analysis of solids with high spatial resolution. Measurement of natural isotopic abundances and isotope ratio variations in hard tissues (e.g., bones, tooth and otoliths) either from radiogenic or/and stable isotopes provide important information about human evolution, provenance, and paleoenvironmental reconstructions. Furthermore, the addition of stable isotopically–enriched isotopes to vegetables, animals, or even humans, has demonstrated a huge potential to design studies to track, understand or improve biological systems [66]. A complementary technique that employs LA sampling for isotopic analysis, the laser ablation molecular isotopic spectrometry (LAMIS), should be mentioned. LAMIS is based on the measurement of optical spectra of transient molecules produced in ablation plumes in air or buffer gases for rapid isotopic analysis of the samples. Optical analysis of H, B, C, N, O, Cl, Sr and Zn isotopes has been successfully reported by LAMIS. Compared to LA systems coupled to low–resolution MS, LAMIS can be especially advantageous for measuring isobaric masses (e.g.,87Sr vs.87Rb). Additionally, recent studies on fs-LAMIS and fs filament–induced LAMIS (F2-LAMIS) have shown improved accuracy and sensitivity as well as the ability to ablate the sample remotely from a long distance, respectively [67].




        Concerning the analysis of challenging samples in the geological field, several studies have been reported in the literature tackling the analysis of fluid inclusions. Natural fluid inclusions are droplets of fluids (with volumes between pL–nL) trapped in cavities (of micrometer dimensions) during the crystallization of minerals. Fluid inclusions are characterized by a wide variety of chemical elements (ranging from Li to U) and their direct analyses provide information about the composition of fluids from which minerals have precipitated, representing an invaluable tool for the reconstruction of the geological fluids [68].


      




      

        Spatially–Resolved Analysis




        LA-ICP-MS allows direct solid analysis with spatial resolution capabilities: lateral resolution in the low micrometer range (which is advantageous for obtaining 2D images) and depth resolution that typically ranges in the hundreds of nanometers. Spatial resolution mainly depends on the sample nature, the laser system and the ablation chamber employed and, thus, better lateral and depth resolution can be found for some specific applications with the employment of state–of–the–art instrumentation.




        Concerning depth profiling analysis, although there are alternative mass spectrometric techniques, such as glow discharge (GD) and secondary ion MS (SIMS), which provide much better depth resolution for the analysis of coated samples (1 nm or even lower depth resolution), several interesting applications can be found in the literature using LA-ICP-MS. For example, the depth profile analysis of zircons [69], titanium nitride coatings [70], ancient glasses [71], CdTe photovoltaic devices [72] and fish otoliths [73] were tackled by LA-ICP-MS. Konz et al. [74] reported the analysis of elemental traces (P, S and Cl) in local defects of coated glasses (with metallic and oxide films in the low nanometer range) by LA-ICP-MS. The main goal of such work was to identify the composition of the impurities that promote the local defects (with a diameter of 200–800 μm) which appeared during the temperate treatments of glasses (used to increase their strength). Fig. (4) collects two images corresponding to the coated glass and the local defect located at the glass surface. In addition, the depth profile obtained by LA-ICP-MS after the ablation of the sample is shown in the Figure. As can be observed, 31P+, 32S+ and 35Cl+ ion signals were clearly identified in the two first laser pulses, where the signals coming from the glass substrate were negligible (i.e.,24Mg+ and 44Ca+). Therefore, it was concluded that the impurities were located at the coating of the samples and not in the homogeneous glass substrate. Additionally, 31P+, 32S+ and 35Cl+ always exhibited the highest signals at the first laser pulse, indicating that the impurities were located at the thin metallic and oxide coatings and not in the coating/substrate interface. In this way it was possible to identify the contamination sources, an aspect of critical importance in the glass manufacturing process.




        In order to get a good depth resolution, Pisonero et al. [75] evaluated the potential of fs-LA-ICP-MS for the analysis of thin metallic coatings (500 nm Cr layer on a Ni substrate). The use of low laser fluences, low repetition rates and a fast ablation chamber was found to provide very low laser ablation rates (<6 nm/pulse), which corresponded to only 60 atomic layers per shot. The depth resolution achieved in the qualitative depth profile of the coated sample was below 300 nm.




        Additionally, LA-ICP-MS exhibits excellent analytical performance for imaging studies with an adequate spatial resolution to reach a deeper understanding of the role of heteroatoms in biological systems (e.g., to investigate the accumulation of metals in the regions of interest as well as to compare the differences of the element distribution between non–pathogenic and pathogenic tissues) [23, 42, 62]. Since its introduction, the application of LA-ICP-MS for the study of elemental distributions in hard tissues (e.g., bones and teeth) and soft matrices (e.g., biological tissues and cell cultures) is continuously growing. For example, the potential of elemental imaging by LA-ICP-MS was demonstrated for the identification of metastatic melanoma within single lymph nodes of human tissues according to relative trace element concentrations [76]. Construction of 2D images presented as single elements or ratios of elements (31P+/34S+ and 31P+/66Zn+) showed representative images of the melanoma and of the adjacent non–tumorous tissues. Furthermore, an excellent correlation was found between decreased relative P concentration and the presence of the tumor, which was confirmed by comparison with standard histopathology.
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Fig. (4))


        Analysis of local defects in coated glasses by LA-ICP-MS. The Figure collects two images corresponding to the coated glass and the local defect located at the glass surface. The profile obtained by LA-ICP-MS after the ablation of the sample is also shown in the Figure. Experimental conditions employed for the analysis: single point ablation mode, 5.6 mJ laser energy, 0.033 Hz frequency (1 shot and 30 s delay time) and 200 μm spot size (diameter).



        In the last years, LA-ICP-MS has been increasingly employed for imaging of heteroatoms in brain tissue sections [77]. Metal accumulation in the brain appears to be directly linked to neurodegenerative pathologies (e.g., Alzheimer's or Parkinson's diseases). Thus, imaging of metals in thin sections of brain is a challenging topic in analytical chemistry and can be established as a new emerging field in brain research, providing information on the pathophysiology, pharmacology and toxicology of elements of interest. Matusch et al. [78] reported the capabilities of LA-ICP-MS to produce large series of quantitative images of Cu, Zn, Fe and Mn in native brain sections of mice sub-chronically intoxicated with neurotoxin MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridin) as a model of Parkinson's disease. A defined sample area of a brain tissue was ablated line by line with focused laser pulses. The distribution profiles of the metals were quantified using matrix–matched synthetic laboratory standards prepared from brain homogenates of analogous control mice doped with trace elements of defined concentrations. Experimental results allowed identifying some substructures of interest in the brain tissues (e.g., periventricular zone and interpeduncular nucleus) and also revealed that some structures dissected in previous studies (e.g., striatum and mesencephalon) were chosen inappropriately. Thus, LA-ICP-MS imaging proved to be a valuable tool in preclinical research, yielding consistent and statistically significant results.




        In addition, the combination of ICP-MS with the LA sampling is nowadays gaining attention as a powerful tool for a better understanding of biomolecules distribution along micrometer structures in biological tissue sections as well as in cell cultures. For such purpose, a prior sample preparation step has to be performed with the sample. For example, in the case of bioimaging specific proteins, an immunohistochemistry (IHC) procedure based on the specific recognition of antigens by their corresponding antibodies (Ab) should be carried out. Therefore, imaging of proteins in tissue and cell cultures can be achieved by LA-ICP-MS using heteroatom–labelled immunoprobes. High multiplexing and absolute quantification capabilities are main advantages brought about by the combination of IHC and LA-ICP-MS analyses [79].




        Different types of labels have been proposed during the last few years for the analysis of biomolecules by LA-ICP-MS, such as single metal chelates coordinated with lanthanides (e.g., using DOTA or DTPA chelating reagents), commercial polymeric tags containing several metal chelates (e.g., MAXPARTM) and nanoparticles (NPs) [79, 80]. In the case of polymeric tags, signal amplification compared to single metal chelates is achieved by using a polymer containing several lanthanide atoms. Nevertheless, stoichiometry of these labels is not yet fully well–known and it has been reported that these relatively large polymeric labels can easily produce non–specific interactions within the tissue sections (increasing the signal background and, thus, limiting the sensitivity). A good example of this type of analysis is the increasing application of what is called “imaging mass cytometry” (IMC). IMC uses state–of–the–art instrumentation and has been reported as an ideal technology for interrogation of scarce samples, permitting concurrent analysis of more than 30 biomolecules on a single sample [81]. In IMC, isotopes of rare earth metals are used as labels (typically MAXPARTM polymeric tags) on Ab and the analysis of metal-isotope abundances using the mass cytometer (a ToFMS instrument) allows bioimaging of proteins at subcellular resolution. The main limitations reported for IMC, which hinder its application in routine laboratories, are related to the high cost of this unique instrumentation as well as certain limitations to get accurate absolute quantitative information (several research works can be found in the literature collecting semi–quantitative analysis but only normalization approaches were used).




        In order to select an optimum label for an IHC procedure it is important to stress the importance of the label size: small labels should be used to prevent size impediments, since big labels have a higher risk of blocking active sites of the Ab or make the labelled immunoprobe too big to penetrate the tissue section properly [79]. However, to get good signal amplification (i.e., high sensitivity for protein detection) a high number of atoms of the heteroatom per label are required. Thus, the optimum labels will be those having a high ratio of “number of atoms of the element used as tag per label size”. In this vein, the small size (below 3 nm) together with the higher number of heteroatoms (several hundreds) per label of metallic nanoclusters (NCs) turn them into promising labels for imaging of proteins in tissue sections.




        The use of gold nanoclusters (AuNCs) with fluorescent properties as elemental labels for specific and absolute quantitative imaging of proteins in human ocular and brain tissue sections have been recently studied by LA-ICP-MS [36, 82]. These metal NCs offer possibilities for multimodal imaging in the same tissue section (through fluorescence and MS analyses). Absolute quantitative images of specific proteins (e.g., metallothioneins 1/2, metallothionein 3 and ferroportin) were obtained using AuNCs labels along the retina region in human ocular tissues and in the CA1 region of hippocampus in brain tissue sections. Fig. (5) depicts a schematic diagram with the steps required to obtain 2D images of a given protein within the retina region of ocular tissues by LA-ICP-MS using AuNCs as the metal label. The required steps for the analysis of thin retina sections (typically in the range of 3-10 μm thick) obtained from the human eyes from post–mortem donors were the following: (i) Labelling of the proper Ab (selected depending on the protein of interest in the tissue) with the chosen label (e.g., AuNCs), (ii) IHC protocol (after tissue deparaffinization, AuNCs is added to the tissue and incubated overnight at 4 °C), (iii) Analysis by LA-ICP-MS in scanning mode using a laser beam of small diameter (1-10 μm), and (iv) Data treatment to obtain qualitative images of the heteroatom of interest (i.e.,197Au+ intensity signal in counts per second) along the micrometer structures of the tissue. In addition, after a proper calibration using reference or laboratory standards, the Au qualitative images can be transformed into protein quantitative images expressed as ng of the sought protein per g of tissue. It is also important to highlight that, taking into account the multi–element capability of ICP-MS, it is possible to quantify not only the Au signal coming from AuNCs but also other metals naturally present in the tissues, such as Fe, Cu or Zn.
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Fig. (5))


        Schematic diagram illustrating the analysis of a specific protein along the retina region of a human ocular tissue section by LA-ICP-MS after the adequate immunoassay using AuNCs as the heteroatom label of the proper Ab.



        Finally, related to the analysis by LA-ICP-MS of cultured cells in vitro, different studies can be found in the literature, both for the bioimaging of heteroatoms (e.g., distribution of metals along cells structures or study of NPs incorporation into the cells) as well as for the bioimaging of biomolecules within single cells, which can be crucial to the study of intracellular and intercellular processes as well as their function in a cell system (e.g., tissue or organ) [35, 52, 83, 84]. For example, Pisonero et al. [85] has investigated the cellular uptake of AuNPs and Cd–based quantum dots in two cell lines. The elemental distribution of Au and Cd in single cells was obtained with a resolution of 2.5 μm, being such lateral resolution adequate to distinguish between the cell cytosol and the cell nucleus. Experimental results showed that AuNPs and Cd–based quantum dots were taken up by cells by endocytosis. Additionally, Au and Cd signal intensities observed in LA-ICP-MS profiles suggest that they aggregate in the perinuclear region in the course of endosomal maturation and multivesicular fusion, but not inside the cell nucleus.


      


    




    

      CONCLUSIONS AND TRENDS




      LA-ICP-MS offers unique possibilities for direct analyses of solid samples with lateral resolution in the low micrometer range. Advances related to the implementation of updated laser technology (lower wavelengths and shorter pulses) and the improvements achieved in the design of ablation chambers with fast washout, are allowing for reliable, fast and highly–resolved spatial information. In any case, it has to be kept in mind that proper handling of transient data for the analysis of heterogeneous samples is also a critical step and, in this context, efforts for the development of robust data–treatment programs have been started in the last few years.




      On the other hand, although quantification approaches mentioned above have been applied in different research fields, their successful application to any kind of sample is not guaranteed. Therefore, we believe that new methodologies for quantitative LA-ICP-MS analysis must still be developed in order to find universal calibration methods.




      Finally, among the applications of LA-ICP-MS where special research work is required we would like to highlight two: (i) The achievement of more accurate and precise isotopic ratio measurements for applications in provenance studies and also in biological tracing, and (ii) The development of absolute quantification procedures for the imaging of biomolecules, a field where LA-ICP-MS can be considered to be still on its infancy.
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