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Abstract: This article reviews the advances made during the past two decades in the application
of Laser-Induced Breakdown Spectroscopy (LIBS) to biological samples, specifically soft tissues
(both animal and human). The first sections include a historical overview and a summary of the
biomedical relevance of analyzing metals in these tissues. Next, statistical methods employed in some
works are presented, along with a detailed description of the innovations developed in experimental
systems. The remainder of the review reports the approaches used in the experiments, focusing on
a description of the advances that have enabled the successful application of LIBS to soft tissues.
The results are evaluated, and the major challenges remaining for this type of sample are discussed.
The aim of this review is to provide useful information that encourages future research on LIBS for
biological samples.
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1. Introduction

Since the discovery of lasers in the 1960s, the interaction of laser light with matter has
been a field of intense research. Early works [1] characterized the laser-induced plasma
(LIP) created when a beam is focused onto a sample. In the following years, several
applications appeared and the spectroscopic study of the optical emission from plasma was
called LIBS (Laser-Induced Breakdown Spectroscopy). Its distinguishing features, such
as no sample preparation, high sensitivity, real-time analytical procedure, and standoff
capabilities, made it very popular. Since then, although LIBS analytical applications are
feasible for solids, liquids, and gases, it has been in solid materials where the technique
has mostly been employed, providing a large body of knowledge in many fields (some of
them can be observed in [2]). In the 2000s, the advances in instrumentation allowed for
the development of high-resolution spectrometers and intensified charge-coupled device
(CCD) detectors with temporal resolution and powerful laser sources. These technological
accomplishments made possible the determination of concentrations at the part-per-million
level and spatial resolution in rapid analysis (100 pm), which allowed the LIBS technique
to be successfully applied to biological samples [3]. Although other techniques have been
employed as tools for the multi-elemental analysis of samples, such as LA-ICP-OES, LA-
ICP-MS, and puXRE, the ability of LIBS to detect any type of sample without preparation
and to work remotely and in real-time means that this technique is more versatile and
more easily adaptable to the limitations of biomedical samples than others. These latter
experiments involved the laser ablation of soft tissues, which is challenging from a technical
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point of view. The identification and quantification of elements present in these samples
have an intrinsic complexity due to the difficulties in controlling ablation efficiency and
surface damage. Pioneering works dealt with animal tissues [4,5]. A few years later,
human samples were employed to obtain biomedical implications [6,7]. The heterogeneous
nature of these samples required spatially resolved analysis to obtain the distribution of
the particles of interest, as can be seen in [8]. Moreover, the specificity of histopathology
samples requires analytical techniques to become sufficiently versatile to be applied in
conventional procedures, and Moncayo et al. achieved this by LIBS in 2017 [9].

Improvements in spatial resolution were obtained by advances in optical configura-
tions and sample preparation. The accomplishment of 10 um of resolution (cellular level)
allowed the LIBS mapping of surfaces to enable multi-elemental imaging of biological
tissues. For pioneering works see [10], which paved the way for the development of LIBS
medical imaging techniques for medical purposes. This technical advance, together with
others, like an increase in the acquisition rate (kHz frequency) and continuous focusing
during mapping, allowed for 3D imaging of particles of interest in an entire organ or
its evolution in time [11], which has implications for diagnostic purposes. Particularly
important is the evolution of particles created for theranostic purposes, which improves
radiosensitization in tissues. Such LIBS experiments with Gd-based nanoparticles were
successfully performed by Gimenez et al. in 2016 [12].

The huge amount of data recorded in former experiments made necessary not only
the technological advances already cited but also new methods for data processing. The
complexity of the spectra in multi-elemental samples, where spectral intensities must be
analyzed to produce the LIBS imaging, requires computerized statistical methods and
advanced algorithms to be performed.

Despite the technological and methodological advances, some aspects of the LIBS
technique remain unclear. Theoretically, the formation and evolution of plasma in its early
stages have not been completely described. Experimentally, the matrix effects of some
samples and the self-absorption of plasma may produce systematic errors [13] if these
aspects are not taken into consideration.

It can be stated that during the past two decades, LIBS applied to biology has been
properly established, with this technique being utilized across various disciplines for
several applications. The outcomes have progressively improved, achieving consistency
in methodology. This has been documented in the reviews that have recently compiled
the achieved advancements. In 2012, Ref. [14] conducted a comprehensive review of LIBS
applications in biology, with a focus on trace elemental mapping in such samples. In [15,16],
progress in LIBS-based imaging was the focus. Moreover, in 2019, Ref. [17] provided an
overview of the results and methods that had been employed in disciplines related to
human and animal health. In 2021, Ref. [18] highlighted the issue of elemental mapping,
and Ref. [19] in 2023 focused on plants. We suggest these reviews for readers interested in
these topics.

In this work, our purpose was to review recent advances in LIBS applied to biological
samples (animal and human soft tissues) during the last 20 years, particularly related to
experimental details. Instead of the typical chronological compilation of results in most of
the published reviews, we tried to classify the advances by specialized areas and report
advances in methodologies, experimental arrangements, etc., along with works on these
areas to avoid confusion arising from attempts to generalize results and methods from
other areas.

The objective is to provide useful information to be used as a tool for the development
of future research in this field, where researchers from other disciplines (medicine, biology,
veterinary, etc.) are collaborating in the progress of this technique.

2. Metal Concentration in Soft Tissues

The investigation of the analytical composition of human soft tissues allows for the
identification of a high number of malignancies. Thus, various analytical techniques
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have been employed for diagnostic purposes, such as LA-ICP-MS, SEM, ELISA, etc. The
following provides a short overview of the importance of detecting specific elements in
medical diagnostics, with the objective of providing valuable insights for LIBS studies
involving biological samples.

In the context of cancer, it is well established that a fundamental characteristic of cancer
cells is their ability for sustained and chronic proliferation. The extensive documentation of
genome maintenance and repair defects in human tumors, coupled with the widespread
destabilization of gene copies and nucleotide sequences, results in the intrinsic genome
instability observed in most human cancer cells [20]. Consequently, liquid biopsy is a
laboratory test conducted on a sample of blood, urine, or other body fluid to detect cancer
cells originating from a tumor or small fragments of DNA, RNA, or other molecules released
by tumor cells into human body fluids. Given that phosphorus atoms and nucleotides are
stoichiometric in the nucleic acid skeleton, their concentration may be used as an abnormal
growth indicator for this type of test.

The Ca/Mg ratio increases or decreases corresponding to cell proliferation or apop-
tosis, respectively. Notably, among various metals, concentrations of calcium (Ca) and
magnesium (Mg) are markedly elevated in malignant prostate tumors compared to benign
prostate tumors. Moreover, intranuclear Ca levels have shown an increase with aging,
suggesting potential pathological significance in prostate growth disorders. It is notewor-
thy that a high dietary intake of calcium is positively correlated with an increased risk of
prostate cancer.

Magnesium (Mg) plays a crucial role in numerous biological processes, for example, in
the synthesis of organic molecules, cell proliferation, glucose homeostasis, etc. Inadequate
magnesium intake or low serum magnesium concentrations have been related to various
diseases and health conditions, including diabetes mellitus, breast cancer, and colorectal
cancer. Furthermore, a higher ratio of serum calcium to magnesium has been associated
with aggressive clinicopathological characteristics in patients undergoing radical prosta-
tectomy [21] and seen in vitro [22]. It has been hypothesized that alterations in this ratio
could lead to the increased development of new and recurrent breast cancer [23].

Disruptions in zinc (Zn) and copper (Cu) homeostasis can be seen in several malignan-
cies and in head and neck cancer. For example, hepatic copper content exceeding 250 pg/g
of dry weight serves as clear evidence of Wilson’s disease. Imbalance in this homeostasis
is observed as an elevation or decrease in copper and zinc ions in serum or tissue levels,
but, in head and neck cancer, these deviations stand out from those of other malignancies.
Consequently, the concentrations of Zn and Cu ions become promising targets for further
research into the development and progression of head and neck cancer [24].

Additionally, deviations in the concentration distribution of copper, zinc, and iron (Fe)
resulting from brain metal homeostasis have been linked to neurodegenerative disorders,
including Parkinson’s, Alzheimer’s, and Huntington’s disease [25].

Regarding the tin (Sn) element, measurements of its concentration are important given
that organotin compounds (tin atoms attached to organic groups) have toxic effects even
in low doses and have been identified in human blood and liver samples [26]. These
components, found in plastics, antifoam in paints, wood preservatives, and pesticides, have
the potential to contaminate food.

Similarly, aluminum (Al) atoms are implicated in allergy-related adverse events and
toxicological effects, which are thought to be produced by contamination from Al salts
employed in vaccines [27].

In summary, deviations from normal metal concentrations in tissues may serve as
potential indicators of diseases in their early stages.

Thus, data about these abundances in human tissues are highly required. Some
valuable information has already been compiled. Copper is notably abundant in the liver,
brain, and bones, and to a lesser extent in the kidney, heart, and pancreas. The estimated
total copper content in the human body is approximately 12 mg for a newborn infant and
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from 50 to 120 mg for an adult. In Table 1, typical values for Cu, Zn, and Fe in various
tissues are provided [28].

Table 1. Comparison of trace element concentrations in several tissues.

Iron (ug/g) Copper (ug/g) Zinc (ug/g)
Type of Tissue !
Wet Dry Wet Dry Wet Dry
Secondary live tumour 68 413.3 2.0 17.0 1028.5 333.4
Normal controls 218 160 4.8 44.2 2281.5 302
Cancer controls 238 151 4.7 54.8 4364 338.1
Surrounding non-tumour tissue 268 --- 5.4 --- 3395.1 ---

1 Values for iron, copper, and zinc for some human tissues (figure reproduced from the original paper [28]).

Similarly, values of Cu and Fe content in patients with hepatitis C are also reported
in [29].

Metals have not only been employed as diagnostics but also as therapeutic agents,
with platinum (Pt) being a prominent example, given that Pt derivatives are widely em-
ployed as anticancer drugs. Although the mechanism of action of cisplatin is not fully
understood, it inhibits DNA synthesis by generating cross-links within and between DNA
strands. Protein and RNA synthesis are inhibited to a lesser extent. Cisplatin also exhibits
immunosuppressive, radiosensitizing, and antibacterial properties.

Similarly, metals have been employed to enhance radiosensitization, representing
an effective approach for increasing local tumor control while limiting the toxicity associ-
ated with radiotherapies. Nanoparticles containing high-Z elements (such as gadolinium,
hafnium, gold, and silver) are recognized as radiosensitizers due to their interaction with
X-rays through various mechanisms. These include the production of Photoelectric, Comp-
ton, and Auger electrons, thus generating additional secondary electrons. The localized
energy release in proximity to high-Z atoms leads to an intensified killing effect of X-rays
on cells. Such studies have been performed not only in vitro but also in vivo, as can be seen
in [30]. Therefore, obtaining LIBS-based imaging of the nanoparticles used together with
tagging techniques provides elements to be used as teragnostic agents [31,32].

However, to date, only a limited number of clinical studies have been performed,
mainly involving patients with glioblastoma multiforme and sarcoma [33-35].

3. Experimental Systems

Over the last 20 years, many technological advances have occurred. There has been
a huge improvement in laser and optoelectronic devices, which are fundamental in LIBS
experimental systems. Nonetheless, there is an intrinsic complexity when ablating soft mate-
rial, mainly due to the diverse consequences in both surface damage and ablation efficiency.

Advances in the experimental systems used to analyze animal and human soft tissues
will be reviewed in detail. For simplicity, the section has been divided into three sub-
sections: instrumental configurations, samples, and calibration issues.

3.1. Instrumental Configuration

The typical setup in any LIBS experiment consists of five elements (Figure 1): laser
source, focusing and light collection (lenses, mirrors, fiber optics), spectrometer, light
detection, and computer (data analysis).

Moreover, the inhomogeneity characteristics of the samples make it necessary to
average the measurements, typically a range of 10-20 individual measurements, and
change the location of the plasma in the sample. For this, LIBS systems usually move
the sample, instead of the laser beam, because a fixed plasma plume provides better
repeatability. Commercial X-Y-Z translators are usually employed and sometimes the
sample is rotated. Here, taking into consideration the perishable nature of some soft tissues,
the use of thermostable sample holders is recommended. Such holders are common in
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microscopy and are commercially available [18]. A few authors have used vacuum or inert
atmospheres to improve signal intensity or as lens protection. For example, Refs. [11,36]
employed Ar in a very simple setup and Ref. [6] made measurements in a vacuum.

Ly

1.LASER ——

s

5.Computer

>2.Focusing and

light collection

3.Spectrometer % @

Figure 1. Typical schematic setup in LIBS experiments.

The typical parameters that have been employed in the instrumental configurations
for soft tissues in LIBS experiments are introduced below; although, depending on the
originality of each experiment, several values might have been optimized before mea-
surements were performed. Recently, Ref. [37] dealt with this topic, adjusting several
experimental parameters, which were collectively correlated. This means that the opti-
mization of sample preparation, laser pulse energy, focusing, and detection delay needed
to be performed in each individual experiment. Fortunately, the authors found a robust
methodology by an iterative process that could be easily followed for the samples used in
histopathological analysis.

Next, the influence of the experimental parameters is shown individually for
several configurations.

3.1.1. Laser Source

The majority of lasers employed in LIBS experiments, due to their excellent perfor-
mances in power and repeatability, are the Q-switched Nd:YAG systems with nanosecond
pulses at their fundamental wavelength of 1064 nm. In some experiments, frequency
doubler crystals have been employed to generate the second and third harmonic to use
532 nm or 266 nm wavelengths [4,11]. Also with Nd:YAG lasers, the use of femtosecond
pulses has increased considerably during the last ten years due to the higher frequencies
required in this type of application, although this implies lower sensitivity due to their
minor heating and ablated volume compared to nanosecond pulses [18].

In addition, sometimes, other laser systems have been successfully employed. For
example, Ref. [38] used a Ti-Sapphire fs-laser system (775 nm wavelength) and Ref. [39]
used the Ar-F excimer laser (193 nm wavelength). Here, it is worth highlighting that light
absorption coefficients for biological tissues have lower values in the near-infrared than in
the ultraviolet region. Therefore, better ablation efficiency is obtained with infrared lasers,
as can be appreciated in Figure 2.
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Figure 2. Crater produced by laser: (a) 266 nm radiation; (b) 1064 nm radiation. Figure reproduced
from the original paper [10].

In this kind of experiment, the energy per pulse is a critical parameter, not only regard-
ing the plasma emissivity but also the sample damage. Few laser systems have the ability
to modify the energy per pulse generated; therefore, this is usually changed by external
devices (a combination of a polarizer and a half-wave plate). Many authors reported good
performance in soft tissues for Nd-YAG systems, with energy/pulse in the range of 2-20 m]
(see, for example, [10]). On the other hand, Refs. [6,7,40,41] employed energies as high as
80-160 m]/pulse. In the case of other types of lasers, Ref. [39] employed a 38 mJ/pulse
with an excimer laser and Ref. [38] used a 1.6 mJ/pulse with a Ti-Sapphire laser. In the case
of imaging applications, lower energy is required to obtain good spatial resolution. For
example, values of 120 puJ/pulse and 500 puJ/pulse were reported by [12,42], respectively.

3.1.2. Focusing and Light Collection

A laser beam is usually guided by prisms focused by convex lenses to create plasma.
In general, the appropriate convergence of the ray is a paramount parameter for plasma
emissivity and spatial resolution. Here, it is important to recall that most analytical LIBS
measurements are focused slightly below the surface of the sample to improve the plasma
emission [43]. In the particular case of imaging applications, the focus is even more
important. Thus, in [42], an optical microscope was modified to achieve better focusing, as
can be seen in Figure 3.

To improve the spatial resolution, a higher numerical aperture has been used (for
example, 10 pm resolution in [11] with 15X objective magnification). However, sensitivity
was lower and the parameters for the best signal-to-noise ratio needed to be optimized
before performing the experiment. Moreover, this group employed triangular focusing
to keep a constant value of the distance lens to the sample, despite the irregularities of
the surface (Figure 4). This system consisted of a laser pointer and a monitoring camera
mapping the sample, which allowed for continuous autofocusing action. The light emitted
by the plasma was collected to be guided to the spectrometer. Sometimes, two convex lenses
in a 4f optical arrangement, that were known to have no magnification, were employed [8].
This is useful to know if partial regions or all the volume of the plasma was collected.
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Figure 3. The modified optical microscope used for both focusing the laser and taking optical images

of the sample simultaneously. Figure reproduced from the original paper [42].
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Figure 4. Triangular focusing and 4f optical arrangement. Figure reproduced from the original

paper [8].
3.1.3. Spectrometer

The collected light from the plasma is dispersed by spectrometers. This is a wide field
of research and, here, only applications to biological samples will be dealt with. For this,
Czerny-Turner and Echelle spectrometers have been widely employed. The former allows
higher sensitivity but less wavelength range than the latter. Here, the multi-elemental
nature of the biological samples should be considered because, depending on the spectral
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resolution, line interference may occur. The focal length and slit width of the spectrometer
and the number of lines/mm in the grating are key parameters to improve resolution.
Sometimes, even two or more spectrometers may be used simultaneously (Figure 5) to
observe a wider wavelength range, as in [9].

Spectrometer 1

Spectrometer 2
h.

Shemick 800 Shamrock 303
" Optical Optical ®
Fiber Fiber
Collection Collection

system system

Figure 5. Two spectrometers used simultaneously. Figure reproduced from the original paper [9].

For optimal spectral resolution, light should be imaged on the input slit with the appro-
priate numerical aperture to achieve complete filling of the diffraction grating. Moreover,
spherical and flat mirrors should be used, instead of lenses, due to their lack of aberrations.
Also, if a fiber optic were appropriately connected to the spectrometer, the light collection
system would be very suitable, due to its fixed aperture and repeatability.

3.1.4. Light Detection and Data Processing

Spectrometers are used together with light detectors to record the data of the spectra.
Typical detectors of photons are photomultipliers (best efficiency), diode-arrays, and In-
tensified Charged Coupled Device (ICCD) detectors. In the case of analysis by LIBS for
soft tissues during the last 20 years, ICCD cameras have been the most common devices
because of their unique characteristics that allow for the simultaneous recording of the
spectra, delay time, and integration time selection. These are key parameters because, as is
well known, at the early stages of the plasma evolution, an intense background continuum
is emitted that must be avoided.

Authors have reported that spectra taken in air had a good signal-to-noise ratio in
the range of 1-5 pus. The recording of data has been addressed by either commercial
software (Andor, Labview, Matlab, etc.) or homemade software. Typical tasks are the
fitting and measuring of line profiles, subtraction of background, averaging spectra, etc.
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Discrimination or classification of selected data is often required; thus, programming is
needed. In the case of LIBS imaging, spatial variables must be considered, and the huge
amount of data requires not only laser systems with higher frequencies (typically kHz) but
also processing and extracting information prior to image-making.

3.2. Samples

One of the advantages of the LIBS technique is its applicability to any type of sam-
ple, practically without any preparation. When a laser is focused, the particles of the
sample always leave the surface with high velocity and high emissivity. However, when
quantification of the elements in the sample is needed, some preparation procedures are
required. Until the year 2000, LIBS experiments were almost exclusively applied to solid
targets (metal alloy analysis, quality control in manufacturing, etc.), and some systematic
experimental errors appeared regarding sample handling. One of the most important was
the “matrix effects”, in which there were variations provoked between the intensities of the
plume plasma and the real concentrations in the sample. Several procedures were described
to avoid this effect. An extensive review dealing with sample preparation techniques can
be seen in [44].

However, as hardly any experiments were performed with soft tissues until the year
2000, the application of LIBS to them has been challenging with respect to sample prepara-
tion. First, to avoid contamination, a number of laser pulses were always used for cleaning,
prior to recording the data. In earlier experiments, where only qualitative knowledge was
required, there was hardly any preparation of samples. For example, in [39,41], pig tissues
were taken by using a scalpel and stored until the recording of data. Kanawade reported
that spectra of muscle tissue showed poor reproducibility in comparison to fat, nerve, and
skin tissue due to its softer nature. In [5], a scalpel was similarly used to obtain chicken tis-
sues that were stored at —20 °C until the experiment. Then, the samples were placed inside
a cooling unit mounted on an X-Y translator. The unit was built from a circulation bath
with a hole drilled in the top to allow entry of the laser beam. Likewise, Ref. [6] collected
human samples from mastectomy or colostomy specimens and stored them at —80 °C,
performing the measurements under a vacuum with the samples cooled to —196 °C by
using liquid nitrogen. It is worth highlighting that in these cases, the authors reported the
best signal /noise ratio for solidified samples. In [4], samples were employed that had been
embedded in paraffin wax after being taken from a dog (hemangiosarcoma and normal
liver). Glass slides were selected as substrates, reporting that they were advantageous
with respect to aluminum and Teflon because glass transmitted the laser light and also
because interferences were present in the case of aluminum and Teflon. Prior to recording
the spectra, chicken blood samples, easily available, were used as targets to improve the
parameters of the experimental setup. In [42], very simple samples were employed to detect
nucleic acids. The solution with these was manually deposited (deposits of approximately
2 mm in diameter) on a 75 um thick polyimide support (Atlantec Tech.). This type of
support did not contain phosphorus and allowed for strong adsorption in a drying oven
(50 °C). In 2013, Ref. [45] used samples that were lyophilized, grounded with agate mortar,
and compressed into a pellet (10 ton/cm?) to ensure homogeneity. In 2015, Ref. [36] studied
the spectra of pelletized samples together with real tissues from excised skin samples of
melanoma-implanted mice. The skin samples were fixed, embedded, sliced, and stained
with hematoxylin and eosin (H&E). For pelletization, excised melanomas and dermis were
dried and pelletized in a mold under 1 ton of pressure for 1 min. The authors reported that
only for the pellet sample, an increasing trend in the signal intensity with the number of
laser shots was detected, which was explained by the geometry of the crater produced on
the surface. In [7], samples from slices of human liver were fixed in formalin with a concen-
tration of 4%, processed in paraffin, mounted on glass slides, and, finally, deparaffinized in
xylene. The authors reported that the glass slides had diverse elemental compositions, showing
spectra from Ca, Na, K, Sr, Al, Si, Ti, and Ba and, therefore, interference with the sample was
problematic. In Figure 6, craters are shown after laser ablation in this type of sample.



Atoms 2024, 12,21

10 of 27

3HV:10 kV MAG:35x SE WD:39

(a)

Figure 6. Photographs of slices of human silver liver in paraffin with magnification 35 (a) and
150 (b) made by scanning electron microscope. Figure reproduced from the original paper [7].

In 2012-2013, the work of Motto-Ros et al. [8,10] used samples prepared for scanning
an organ with good resolution. To obtain them, mouse kidneys (previously injected with a
solution containing Gd nanoparticles) were frozen at —20 °C and then sliced to a thickness
of 150 um. To ensure the best contrast between tissue and substrate, slices were deposited on
a pure polyethylene substrate. Finally, the samples were stored at —80 °C until recording of
the spectra. The authors reported that these samples allowed for the mapping of a biological
organ with a spatial resolution of 100 pm. In Figure 7, a slice used in the experiment is
shown. The same group [11] in 2014 used epoxy-embedded samples (typical protocol for
electron microscopy experiments) and improved the spatial resolution to 10 pm in mouse
kidneys. These samples were obtained by slicing the organ that previously had been frozen
to —80 °C. The thickness of the slides was 100 um and they were placed on a Petri dish and
frozen at —80 °C. These samples were hard enough to produce a tiny crater, as can be seen
in the figure, where the surface of the sample after scanning by LIBS is shown.

(@) (b)

Figure 7. (a) Slice of a mouse kidney used for the experiment. Figure reproduced from the original
paper [8]. (b) Image of craters taken by SEM in the epoxy-embedded sample, reproduced from the
original paper [11].
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In 2017, Moncayo [9] employed samples used with microscope histopathological
examination, which involved standard pathological sample preparation procedures for
human biopsies. The procedure was formalin fixation and paraffin embedding (FFPE)
and the preparation of hematoxylin and eosin-stained (HES) sections for microscopic
optical evaluation. After mapping the surface with LIBS spectra, they reported complete
compatibility of LIBS and histopathological images. In the same year, Ref. [40] leveraged
samples used for histopathology were kept in 10% neutral buffered formalin immediately
after surgery (or biopsy) and cut into slices with dimensions of 5 x 5 x 2 mm?>. The samples
came from breast, colon, larynx, and tongue cancers from 120 patients.

Liquid samples were employed in 2015 [38]. The authors used the surface of a filter
(Milipore) impregnated with blood to analyze the presence of the ovarian cancer biomarker
CA125 by LIBS. Previously, homogeneous distribution in the filter was achieved and some
procedures were performed to dry the particles.

3.3. Calibration Procedures

The measurement of absolute concentrations using the LIBS technique has encountered
challenges since its beginnings, primarily due to the potential presence of matrix effects in
the sample and self-absorption in some spectral lines. Historically, these challenges have
been overcome by employing methods that obtain the concentration of an element based
on other known data. Briefly, once the plasma has been characterized, comparisons of
intensities from different elements have been performed, with one of them having a known
concentration. Calibration curves (intensity versus concentration) have also been plotted,
using reference samples with different concentrations of one or more elements (curve of
growth and Csigma curves [13,46], respectively). Calibration-free methods have also been
used, where Boltzmann plots have been generated for all of the elements in the sample,
imposing the unitary value to the sum of concentrations [47].

However, to date, none of these methods has been applied to soft tissue samples
because new difficulties arise with this type of material. Specifically, the sample contains
elements in a number and concentration range much higher than in typical samples,
and may even present higher heterogeneity. This is why quantitative aspects in soft
tissues remain challenging. Therefore, particular strategies have been employed in several
experiments. Sometimes, even in the same experiment, several calibrations have been
applied. For example, Ref. [40] used the CN bond emissive line at 418.10 nm for breast
tissues and the N I emissive line at 746.83 nm for other tissues. Alternatively, Ref. [5] used
the spectral line of Ca I at 422.6 nm because it was strong for all the spectra taken. In [6],
the spectral line of C I at 247.8 nm was employed due to the acceptance that carbon was
not relevant for the malignancy of the tissues, which was the most common procedure
to calibrate spectra. In [8], a calibration procedure was presented to quantify the Gd
concentration, which was based on using a set of samples prepared from solutions with
increasing concentrations of Gd deposited on the substrate. In [48], standard samples were
prepared for calibrating measurements of lithium concentration in tissues. To obtain this,
they immersed thyroids from untreated subjects into lithium solutions with 0, 0.28, 0.37,
0.55, and 1.10 ppm. In [49], a multivariate calibration strategy was employed by using a
model tissue. This was prepared with a set of samples containing Fe, Mg, Zn, Cu, and Mn,
with concentrations in the range in which they occur in human body tissues. In any case,
these procedures were aimed at particular experiments; thus, new approaches are required
for obtaining systematic calibrations in this type of sample.

4. Statistical Methods

Nowadays, the development of higher-frequency lasers and faster detection systems
has increased the amount of data to be processed in LIBS experiments. Moreover, the
inhomogeneous nature of samples and the employment of LIBS-based imaging result in a
huge volume of data to be processed when handling biological samples. Then, statistical
methods are required for appropriate data processing and several strategies have been
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used. A comprehensive review of these methods may be found in [50,51]. However, in
this work, only some examples of the most used methods when dealing with soft tissues
will be provided. These are summarized in Table 2, where statistical tools are divided
into supervised and unsupervised, based on classification with a dependent variable or
not, respectively.

Table 2. Summary of selected experiments that employed statistical methods.

Statistical Methods ! o
Year Author 5 : Objective
Unsupervised Supervised
2008 Meur et al. [42] MLR Detection of DNA by measurements of P spectral line.
PCA PLSDA Differentiation between normal tissues from different
2009  Yuehetal. [5] CA organs by analyzing intensities of spectral lines from
NNA
HCA 16 elements.
Detection of cancer in breast and colorectal tissue samples
2010  El-Hussein et al. [6] ANOVA by the measurement of the intensity of the Ca and Mg
spectral lines.
2013 Grolmusova et al. [7]. ANOVA De.tectlon of Wllson.s. disease by comparison of Cu/C
ratios for the intensities of spectral lines.
2013 Kanawade et al. [39] PCA LDA Differentiation of tissues by analysis of C, H, Cl, Na, K,
and N spectra.
2015  Moon et al. [36] PCA LDA Detectlon' of melanoma by measurements of Mg and Ca
spectral lines.
2016 Mehari et al. [41] PCA LDA D1fferent1aiclon of soft tlssue.:s (f:at, mu.s.cle, nerve, and skin)
by comparison of spectral line intensities.
2018  Prochazca etal. [52] SOM Classification of ba.cterlal strains by studying their
complete spectral fingerprint.
2021  Linetal. [53] PCA Differentiation of lung tumor and boundary tissues.

1 A list of acronyms is shown in Table 3.

Table 3. List of acronyms for the statistical methods employed in Table 2.

Acronym ! Definition
ANOVA Analysis of Variance
CA Cluster Analysis
HCA Hierarchical Cluster Analysis
LDA Linear Discriminant Analysis
MLR Multivariate Linear Regression
NNA Neural Network Analysis
PCA Principal Components Analysis
PLSDA Partial Least Square Discriminant Analysis
SOM Self Organizing Maps

IIn alphabetical order.

Common methods used for classification are based on descriptive statistics (ANOVA,
CA, HCA, PCA, SOM, etc.), whilst quantitative relationships are obtained by methods of
regression (MLR, LDA, PLSDA, etc.) and prediction methods (NNA).

4.1. Classification

Classification is basically developed by PCA methods. A Principal Component Model
is a set of orthogonal axes determined as maximum variance directions (see Figure 8). All
objects in a data sample can be represented as a sum of Principal Components multiplied by
the corresponding load. The number of these new dimensions is determined to maximize
the variance by several criteria.
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In Cluster Analysis, data are classified into clusters based on their similarities. Some-
times, both methods are used together in Hierarchical Cluster Analysis (HCA), where
groups are obtained according to the value of the variances between the members. This is
represented by the dendrogram shown in Figure 9.

Figure 8. Plot with spectral data in PC1, PC2, and PC3 axis. Figure reproduced from the original

paper [53].
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Figure 9. Dendogram outlining the groups of the experiment for the classification of tissues. Figure

reproduced from the original paper [5].

Analysis of Variance (ANOVA) is used to determine if there are statistically significant
differences between groups. For example, Ref. [6] employed this method to differentiate

malignant and non-neoplastic tissues.
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Self-Organizing Maps (SOM) is an unsupervised learning method for clustering aimed
at reducing the number of variables and depicting them with maps to visualize the data
analysis. This method was introduced by Kohonen in 1982 [54] and, since then, very few
works have exploited its capabilities for the analysis of LIBS spectra of biological tissues
(an example can be seen in [52]). Figure 10 is shown only to emphasize the performance
of the method for imaging applications, where LIBS measurements of ancient potsherds
were analyzed.

POFN1 POFN2 POFN3 POFN4 POFN5

Figure 10. LIBS spectra images of 6 samples, made from the 4 segments obtained with SOM,
before (up) and after (down) recombination in the color space. Figure reproduced from the original
paper [55].

4.2. Quantification

In general, the concentration of samples is predicted after a calibration model is
constructed based on previously known data that are related to each other by regression
methods. There are many of these procedures, but the most common are Multivariate
Linear Regression (MLR), Linear Discriminant Analysis (LDA), and Partial Least Square
Discriminant Analysis (PLSDA). Prediction is obtained by the estimation of Y-values for
new X-values based on previously known data. For example, Ref. [5] employed PLSDA to
identify several tissues.

Neural Network Analysis (NNA) is part of the Machine Learning Algorithms that
are built with different layers, like biological neural networks. The model is trained with
some data and, after, the algorithm allows prediction with new data. In the end, some
parameters check the quality of the prediction (Figure 11). Sometimes this is employed
together with SOM.
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Figure 11. Prediction results using NNA (error bars represent standard deviation of 10 spectra).
Figure reproduced from the original paper [5].

In [49], the authors trained the ANN with a set of samples prepared as a human tissue
model, together with a NIST standard reference sample. As a consequence, concentrations
of Cu, Fe, Mn, Mg, and Zn were successfully predicted in human cancer tissue samples.

5. Results

In this section, we review the advances developed in the most relevant applications
of LIBS in (animal or human) soft tissues during the last 20 years. During this time, the
improvement in technological capabilities and methodologies has allowed LIBS to increase
the fields of application. These have been classified into seven fields to simplify the search
for new developments. However, several cited works contain advances in more than one
of the fields simultaneously, which have been classified with the most original research.
Although the area of knowledge is broad, the main emphasis is on research relevant to
human tissues.

5.1. Tissue Differentiation

Biological tissues were distinguished by studying LIBS spectra in 2009 [5] by studying
samples from chicken brain, lung, spleen, liver, and kidney that were taken in blocks of
approximately 5-10 mm? that were frozen. Afterwards, the spectra of the most intense
spectral lines (Table 4) for 16 important elements in the biological samples were recorded.
The analysis of the data consisted of using simultaneously three techniques (CA, PLSDA,
and NNA) for classifying a large amount of data in each LIBS spectrum for the 200-780 nm
spectral range.
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Table 4. Spectral lines studied in biological samples.

Element Spectral Line ! (nm)
Ca 422.673, 396.847, 431.865
Al 309.270, 396.152
Fe 371.993, 404.581
Cu 324.754, 327.390
Na 330.237, 588.995, 589.592
Zn 330.294, 307.206, 307.590
Cr 357.869
Mg 279.553, 285.213
K 404.414, 404.721, 766.491, 769.898

P 255.328, 253.565
C 247.857

Li 670.796

Ni 341.476, 352.454
Mo 317.035

Sn 603.770

Sc 498.345

! Table reproduced from the original paper [5].

In the case of [39], four tissue types were classified (fat, muscle, nerve, and skin)
of six ex-vivo pig heads. Tissue samples were taken by using a scalpel, and emission
lines of C, H, O, Cl, Na, K, and N were recorded by focusing the laser pulse on them.
Statistical analysis methods were required to achieve a successful differentiation of the
tissues, although they reported that spectra of muscle tissue showed poorer reproducibility
due to its very soft nature.

Even though fat and nerve tissues have very similar compositions, Ref. [41] achieved
a spectral differentiation for samples of pigs, as shown in Figure 12. The spectra were
recorded within a time frame of 6 h post-mortem. Statistical analysis of ratio values was
exploited to differentiate the tissues. Namely, 18 peaks were selected as the most prominent
lines, which provided 153 intensity ratio values. For classification, the number of variables
was reduced by PCA and LDA statistical methods. It was found that the best performance
was obtained with lines of C, O, and K.
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Figure 12. Differentiation of spectral lines in nerve and fat tissues of pigs: (A) nerve tissue; (B) fat
tissue. Figure reproduced from the original paper [41].

In [56], the authors were able to distinguish between microdrops of plasma from
Alzheimer’s disease and those of healthy control samples. To improve classification and
diagnose Alzheimer’s disease, advanced statistical methods were tested, and Quadratic
Discriminant Analysis was finally selected, obtaining a classification accuracy of 80%.
Other cases of tissues with very similar compositions were glioma and the infiltrating
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tissues obtained in brain tumor surgery. In [57], this kind of sample was studied, with half
embedded in paraffin for pathological examination and half prepared on glass slides for
LIBS measurements. They consisted of 1200 spectra that were statistically analyzed. In the
work, predictive data clustering was applied together with supervised learning methods in
order to improve the diagnosis accuracy. Recently, in [58], Janovszky employed a model
that allowed for the differentiation of six types of tissues taken from swine (porcine).
Nevertheless, they highlighted the strong matrix effect caused by organic tissues. Therefore,
to convert LIBS intensity maps to concentration maps, matrix-matched external calibration
was required. As a result of this approach, the lung, heart, brain, kidney, liver, and muscle
tissues were predicted with an accuracy better than 95%. In [59], an advanced prototype
for the differentiation of tissues by LIBS in laser osteotomy was constructed. Namely,
they designed a custom-made Echelle spectrometer in connection to a common fiber optic
for both beam delivery and light collection that was fitted inside the narrow channel of
an endoscope. This LIBS setup, together with multivariate data analysis, accomplished
successful differentiation between tissues (muscle, fat, and bone marrow from porcine
specimens), with cross-validated sensitivity and specificity of 90.2% and 96.7, respectively.

5.2. Targetting Tumors

Cancer diagnosis is extremely complicated and often relies on the interpretation of
biopsy samples. Moreover, cancer survival rates show a great dependence on the time
elapsed before detection. Therefore, diagnostic procedures to identify cancerous tumors
in the early stages are crucial for successful treatment. In order to target tumors, contrast
agents are employed, which are molecules that accumulate in tumors and are detectable by
different techniques (for example, magnetic resonance, particle-induced X-ray emission,
transmission electron microscopy, etc.). LIBS detects the elements of the contrast agent and
has some advantages compared to other techniques. The advantages have increased during
the last few years because contrast agents have been improved by including nanoparticles
that may act as contrast agents and radiation dose enhancement, being detected by LIBS
without the interference of labeling, which is needed in other techniques.

The first time that normal and malignant cells were distinguished from histological
sections with LIBS was in 2004, when [4] compared line intensity ratios of some elements.
Namely, they analyzed tissue from canine hemangiosarcoma and found that intensity
ratios of Ca/K, Cu/K, and Na/K were clearly different in normal and malignant samples.
The lines employed were 393.4, 396.9, 610.3, and 612.2 nm for Ca, 394.4 and 396.2 for
Al, 589.0 and 589.6 nm for Na, 324.8 and 327.4 for Cu, and 766.5 nm for K. In Figure 13,
one example is shown for the spectra recorded with a 1 pus delay, 10 pus gate width, and
an average of 10 spectra for the sample on a glass substrate rotating during the recording
of data.
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Figure 13. Spectra for malignant and normal tissues of the liver of a dog. Figure reproduced from the
original paper [4].

For human samples, in 2010, it was reported [6] that the Ca and Mg spectral lines
recorded by LIBS from breast and colorectal tissues clearly had more intensity in tumors
than in non-neoplastic samples (see Figure 14), using lines at 373.6 nm and 422.6 nm for
calcium and at 280.2 nm and 285.2 nm for magnesium.
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Figure 14. Intensity of Ca spectral lines: (a) breast tissue; (b) colorectal tissue. Figure reproduced
from the original paper [6].

In 2015, Ref. [36] studied the spectra of elements with biological interest in homoge-
nized pellets and real tissues from excised skin samples of melanoma-implanted mice. Data
were recorded with a delay of 0.2 ps and a gate width of 1.05 ms in an argon atmosphere for
the elements Mg, Ca, Na, H, Na, K, O, and Cl in the range 200-900 nm. It was concluded
that intensity was higher for Mg and Ca in melanomas than in the dermis. Two years later,
tissues were examined by LIBS in [40] from a variety of human carcinomas including breast,
tongue, larynx, and colon samples. In total, 60 samples (30 normal + 30 cancerous) were
examined. As can be seen in Figure 15, Ca lines had higher intensity for the cancerous
tissues. The effect was even stronger for the intensity ratios of CaIl/K 1, Ca /K, and Na
I/K I. These authors studied the parameters of the whole plasma and found that plasma
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temperature and electron density were also higher for cancerous tissues. In 2022, Ref. [49]
successfully differentiated malign and benign liver tissues by detecting trace amounts of
biometals by LIBS on a single shot. Previously, a model of calibration was developed by
using samples prepared with concentrations selected in the ranges in which they occur in
the human soft body tissues. These, together with certified reference material, were used to
train an ANN model that finally predicted the malignity of the tissues.
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Figure 15. Spectra for cancerous and normal tissues. Figure adapted from the original paper [40],
where wavelength identification of lines is reported. In the original paper, tongue, larynx, and colon
tissues are also included (not here for better image resolution), showing similar behavior. Average
from 2000 spectra, (a) 260-450 nm range and (b) 450-700 nm range.

5.3. Multi-Elemental Soft Tissue Imaging

The use of LIBS to perform spatially resolved analysis, providing the compositional
mapping of a sample with um resolution, was well established for hard materials some
years ago (see [60]). In 2012, the work of Motto-Ros et al. [8] demonstrated for the first time
the effectiveness of LIBS for the elemental mapping of soft tissues. Here, thin sections of
mouse kidneys deposited onto plastic slides were analyzed by LIBS. Na, Ca, Cu, and Gd,
naturally contained in the organ or artificially injected in the form of Gd-based nanoparti-
cles, were detected with a resolution of 100 um, obtaining the multi-elemental mapping
shown in Figure 16.

In 2013, the same group [10] used an optical microscope (x40 magnification) to focus
a laser pulse, being fully compatible with optical microscopy of the sample surface. The
samples were injected with gadolinium-based nanoparticles.

Information of the renal distribution of the nanoparticles without any labeling 24 h
later and a detection limit for Gd of 30 ppm for data from a single laser shot were found.
The mapping was performed in the range of 285-315 nm for a total number of 15 lines of Gd
II, Fe II, Ca II, and Si I. One year later, works in [11,61] obtained a spatial resolution for the
mapping of 10 um, which was a breakthrough in technological advancement (cellular-level
degree of information).

This was possible by using a lower numerical aperture for the objective than in earlier
works and also because of the better ablation control reported when using epoxy-embedded
samples compared with previous samples. The multi-elemental imaging was constructed
with lines of Gd, Si, Na, and Fe in the spectral range of 315-350 nm, recorded hours after
intravenous administration of AGulX gadolinium-based particles. The whole experiment
is summarized in Figure 17.
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Figure 16. Multielemental image produced by LIBS. Colors are shown in scale with the intensity
of lines at 318.13, 324.75, 330.49, and 342.25 nm of Ca II, Ca I, Na I, and Gd II, respectively. In the
upper part, a natural light photograph of the kidney is shown. Figure reproduced from the original
paper [8].
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Figure 17. Steps in LIBS imaging for soft tissues: (a) sample preparation; (b) setup of LIBS; (c) spectra
recorded by single shot in three regions of the kidney; (d) mapping in arbitrary color for Gd and Na;
(e) calibration curve; (f) SEM image of the sample after the experiment. Figure reproduced from the
original paper [11].

Although AgulX had successfully been used for theranostic purposes in cancer radio-
therapy, their mechanism of elimination remained unclear. To solve this, the work in [62]
performed the first LIBS imaging at the entire organ scale.

Finally, Ref. [12] obtained LIBS imaging of soft tissues in 3D, as can be seen in Figure 18.
This was performed by two procedures: slicing the epoxy-embedded kidney in consecutive
sections (200 um thickness) and repeating the 2D LIBS scan of the same renal region,
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performing seven scans. The study recorded spectra of Gd, Ca, and Na of the nanoparticles
AgulX previously injected in mice.

4 1Tmm

Figure 18. 3D LIBS imaging of the kidney, showing the distribution of Gd (a), Ca (b), and Na (c) in
light intensity for green, violet, and red colors, respectively. Figure adapted from the original
paper [12].

5.4. Detection of Biomarkers

One of the key approaches used to diagnose cancers is to detect protein biomarkers.
To improve the current techniques for detection, Ref. [38] applied a new method called Tag-
LIBS. This consists of tagging nanoparticles to antibodies that bind to specific biomarkers
and analyzing the spectra of the nanoparticles by LIBS. This procedure was tested for
detecting the cancer biomarker Cancer Antigen 125 (CA 125). Titanium dioxide particles
and iron oxide particles were tagged to the antibodies that were mixed in a suspension that
was used for the analysis of human blood plasma spiked with Ca 125. Afterwards, LIBS
spectra were recorded and Ti (334.94 nm) and Fe (261.19 and 404.58 nm) spectral lines were
analyzed. In Figure 19, the average spectra of 100 laser pulses show the clear detection of
the biomarkers. The sensitivity of the tag-LIBS assay was with a limit of detection that was
two orders of magnitude smaller than that with the current techniques (ELISA).

The authors of [63] employed LIBS for the specific determination of the HER2 biomarker
on the surface of breast cancer cell lines. This biomarker was employed with photon-
upconversion nanoparticles (UCNP), which were detected by LIBS applied to the Y II
emission line at 437.49 nm. In relation to this field, it is worth mentioning that the re-
view [17] included this type of study as a new research trend called LIBS-based liquid
biopsy. This work reports some interesting works in this innovatory field.
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Figure 19. LIBS spectra of the sample containing the tagged particles with several CA 125 concentra-
tions: green: 1 U/mL; brown: 0.1 U/mL; blue: 0.01 U/mL, and cyan: 0 U/mL. Figure reproduced
from the original paper [38].

5.5. Histopathological Analysis

During the last twenty years, the identification and quantification of metals in soft
tissues has been a field of research because it has emerged as an important source of infor-
mation for medical diagnostics. Current procedures are performed in histology laboratories
where formalin fixation, paraffin embedding (FFPE), and the preparation of hematoxylin-
eosin-stained (HES) sections for microscopic optical evaluation are involved. Although
this has emerged as the worldwide gold standard for histopathological analysis, the use of
stains suffers from limitations such as long preparation times and poor sensitivity.

Moncayo et al. leveraged advances in LIBS imaging to propose in 2017 the proof of con-
cept for the complementarity of LIBS-based imaging with conventional histopathology [9].
They analyzed endogenous elements in paraffin-embedded skin biopsies, including healthy
skin tissue, cutaneous metastasis of melanoma, Merkel-cell carcinoma, and squamous cell
carcinoma. A dedicated instrumental configuration was proposed, where histopathology
samples and optical microscopy were included in the LIBS setup (Figure 20). Spectra were
recorded studying spectral lines of biological interest (P, Cu, Zn, Fe, Al, Mg, Na, Si). The
images obtained by LIBS and in histopathological procedures can be compared in the
following figure (see b) and d) subfigures) for healthy skin.

Using this procedure, the authors achieved visualization of the three layers of the
skin in perfect agreement with microscopic pathological examination after HES staining.
Moreover, lesions in tumors were characterized, observing the clear distinctions in the
distribution of elements by LIBS. The authors concluded that LIBS may help patholo-
gists establish diagnoses in a complementary and compatible way for a wide range of
medical applications.

Consequently, in [27], the same group studied foreign materials that are present in
tissues after surgery. The current approach is to perform histochemical staining of the tissue
with chelators of the metal of interest, which has limitations of poor sensitivity and one
element being detected per dye. On the contrary, LIBS analysis allowed for the detection of
the elements present in the sample with one single spectrum. Therefore, the pathologists
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selected some biopsies in which exogenous material was identified, and LIBS analysis
was performed. This was completely successful as the identification of Al in a cutaneous
granuloma, or Ti, W, and Cu in lymph nodes and the skin, allowed the pathologist to make
some assumptions about the presence of these foreign metals (tattoo pigments, melanoma
metastasis, components of the instruments in surgery, etc.).
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Figure 20. LIBS experiment with skin biopsies: (a) schematic LIBS setup for analysis of FFPE samples;
(b) high-resolution HES histological images of a healthy skin sample; (c) single shot tissue spectrum
covering 270-340 nm for detecting Mg, Si, Fe, Cu, Al, and Na; (d) Na, P, Mg, Fe, and Ca LIBS images
for the sample. Figure reproduced from the original paper [9].

5.6. Detection and Quantification of Nucleic Acids

Modern biology and industry require the accurate quantification of nucleic acids in
many areas. The methods employed to measure this in 2008 were based on fluorescence
labeling, which has some important limitations. This same year, the works in [42] accom-
plished the accurate quantification of nucleic acids by LIBS, without preliminary labeling.
The method was based on the same stoichiometry for Phosphorus atoms and the nucleic
acid skeleton. Therefore, the known accurate quantification of atoms achieved by the LIBS
technique allows for accurate measurements of nucleic acid concentrations to be obtained.

In Figure 21, the phosphorus emission from the nucleic acid is clearly detected; the
253.563 nm spectral line was selected for the data analysis due to the lack of spectral
interferences with other atoms. To perform the measurements, deposits of oligonucleotides
were mapped by LIBS using a microscope to focus the laser pulse and an X-Y-Z motorized
translator to move the sample. In the experiment, a huge amount of data were recorded,
and statistical data analysis was required. The final result allowed a limit of detection of
10° nucleotides/ um?.

The work in [64] was focused on the experimental importance of the changes in the
spectra produced after plasma formation. The authors performed measurements on pellets
of guanine (Merck > 98%) and adenine (Fluka > 99%) and obtained the evolution of electron
density, temperature, and intensities of different atomic/ionic and molecular spectra.
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Figure 21. Spectrum of nucleic acid in aminosilane gel. Figure reproduced from the original paper [42].
5.7. Detection of Wilson’s Disease
Wilson’s disease is a congenital neurological disorder with a prevalence (in 2013) of
1-4 affected per 100,000 people, resulting in hepatic accumulation. A content higher than
250 pg Cu per gram of dried human liver tissue confirms Wilson’s disease diagnosis, while
a content of 50 ng/g is considered to denote a healthy liver. In this year, the gold standard
for diagnosis was determination by biopsy, which is not a fast procedure. In [7], the authors
were able to measure, very quickly, the concentration of Cu by LIBS in both the diseased
liver and the biopsy samples. Spectra were taken from healthy and diseased samples and
the differences are obvious in Figure 22. After the data analysis, a limit of detection of
20 ug/g was obtained.
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Figure 22. Spectra of several samples, where differences in Cu line intensities are clear. Figure
reproduced from the original paper [7].
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6. Future Trends

In this work, the articles on Laser-Induced Breakdown Spectroscopy (LIBS) applied to
(animal or human) soft tissues over the past 20 years were reviewed. During this period,
multi-element imaging of biological samples has been achieved, and diseases have been
detected, for the first time, with this technique. These are pioneering works that lay the
foundations for the further development of a robust body of work in the field.

The main challenges of LIBS have remained and, in some cases, been magnified, by
the special characteristics of the samples. Thus, plasma self-absorption and matrix effects
continue to be the primary sources of systematic errors when attempting to make precise
measurements. On the other hand, although LIBS is characterized by not requiring prior
sample treatment, biological tissues are obtained by several methods that add complexity
to the process. In fact, advances in the speed of measurement processing and the emergence
of statistical and computational methods in data treatment have enabled authors to deal
with the massive amount of information obtained from these samples.

It is evident that, being pioneering works that establish the basic foundations of the
technique, some challenges remain to be addressed to allow for wider application. For
example, in many of the articles, experiments relied on the most persistent lines, because
one very important difficulty was the low sensitivity of the technique. However, this type
of line is likely to be self-absorbed. To obtain precise measurements, additional effort is
required and a prior selection of the lines to be used must be performed. In this regard,
precise knowledge of their atomic parameters (transition probabilities, energy levels, etc.)
will allow for the obtaining of values such as plasma temperature and electron density,
enabling the study of thermodynamic equilibrium and optically thin conditions required for
precise measurements of emitted line intensities. In addition, to overcome the difficulties of
quantification for complex samples, the improvement of the existing calibration procedures
is required.

Were measurement accuracies to be improved, an exciting field of research would
be opened. The results reported during these past 20 years show that the automated
identification of malignant tissues and diseases, as well as the evolution of particle dis-
tribution in organs, are possible. Therefore, promising applications of this technique can
be implemented. Developing this for a wide range of biomedical areas is a challenging
task. Furthermore, the path has just been opened for real-time diagnosis in either standard
samples or during laser surgery procedures. For example, Ref. [59] has paved the way
for the development of smart-endoscopic laser scalpels. To achieve this, it is necessary to
accurately measure many spectral lines to feed databases for establishing protocols to be
used in such applications. Additionally, there are some elements in tissues of great interest,
for which sample sensitivity needs to be improved.

The emphasis of this work was to present the experimental details of the latest ad-
vances in the hope that this may encourage future research in this field.
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Acronyms

List of acronyms used in this review. Tn alphabetical order.

Acronym ! Definition
Ar-F Argon Fluoride
CCD Charge-Coupled Device
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DNA Deoxyribonucleic Acid
ELISA Enzyme-Linked Immunoassay
FFPE Formalin Fixation and Paraffin Embedding
fs-laser Femtosecond Laser
HES Hematoxylin and Eosin-Stained
ICCD Intensified Charge-Coupled Device
LA-ICP-MS Laser Ablation Inductively Coupled Plasma Mass Spectrometry
LA-ICP-OES Laser Ablation Inductively Coupled Plasma Optical Emission Spectroscopy
LIBS Laser-Induced Breakdown Spectroscopy
LIP Laser-Induced Plasma
uXRF Synchrotron and Laboratory X-ray Fluorescence
Nd:YAG Neodymium-doped Yttrium Aluminum Garnet
RNA Ribonucleic Acid
SEM Scanning Electron Microscopy
UCNP UpConversion NanoParticles
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