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we discuss the broad capability of laser-induced breakdown spectroscopy (LIBS) for in situ elemental pro-
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filing and mapping of metals in biological materials such as plant, animal and human specimens. These
biological samples contain or accumulate metal species and metal-containing compounds that can be
detected, quantified, and imaged. LIBS enables performing microanalysis, mapping and depth profiling
of endogenous and exogenous elements contained in the tissues with a parts-per-million scale sensitivity
and microscopic resolution. In addition, this technology generally requires minimal sample preparation.
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(LIBS) Moreover, its tabletop instrumentation is compatible with optical microscopy and most elements from
Biological tissues the periodic table. Specifically, low- and high-atomic-number elements can be detected simultaneously.
Medical diagnostics Recent advances in space-resolved LIBS are reviewed with various examples from vegetable, animal and
Metal nanoparticles human specimens. Overall, the performance offered by this new technology along with its ease of oper-

ation suggest innumerable applications in biology, such as for the preclinical evaluation of metal-based
nanoparticles and in medicine, where it could broaden the horizons of medical diagnostics for all patholo-
gies involving metals.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Over the last two decades, laser-induced breakdown spec-
troscopy (LIBS) has become a recognized and valuable analytical
spectroscopic technique for analyzing the elemental nature of
any type of sample, such as a solid, liquid or gas [1,2]. Many addi-
tional advantages of LIBS are acknowledged, such as its simplicity
and ability to work at room temperature and under ambient pres-
sure conditions; its ability to detect almost every element on the
periodic table, including low- and high-Z elements [3]; its high
sensitivity reaching the parts-per-million scale for most of the ele-
ments; its high dynamic range of detection (from major to trace
amounts); and its standoff capabilities [4]. The accessible resolu-
tion is ultimately limited by the diffraction limit, which enables
reaching the micrometer scale. In addition, since vacuum condi-
tions are not required, there are no sample size or shape
restrictions.

LIBS reveals the elemental composition of materials from a
single-shot microanalysis (reviewed in [5]) to 2-D characterization
(spatial mapping). This technology also has a 3-D capability
(including depth profiling) [3]. These common characteristics,
together with its table-top instrumentation and fast operation,
render LIBS imaging a promising technology for elemental investi-
gations in the fields of biology and medicine. At first, LIBS analysis
was mainly developed to analyze the elemental composition of
hard materials, with clear industrial and geological applications
[4,6-8]. The capability of space-resolved LIBS for studying biologi-
cal materials was first demonstrated on mineralized or calcified
specimens such as gallstones [9], bones and teeth [10,11]. The pos-
sibility of imaging soft tissues via LIBS was demonstrated very
recently. This development was limited by both the softness and
the highly heterogeneous nature of biological tissues as well as
the difficulty of mastering laser ablation on such materials.

The capability of LIBS (not space resolved) for biomedical appli-
cations was first demonstrated after a matrix transformation (i.e.,
tissue mixing, drying, and pelleting), which was employed to
improve the laser-ablation efficiency and therefore the LIBS
signal-to-noise ratio [2]. Different LIBS instruments equipped with
nanosecond or femtosecond lasers may be employed, for single or
double pulse analysis [12]. In the related literature, LIBS was used
to discriminate between normal and malignant canine heman-
giosarcoma tumor cells [13] and to diagnose breast cancer [14],
colorectal cancer [15], and melanoma [16]. In the last study, the
authors measured the elements both in homogenized pellets and
tissues obtained from excised skin samples of melanoma-
implanted animals. Their results indicated that Mg and Ca were
appropriate biomarkers for discriminating melanoma from normal
skin, suggesting a potential direct clinical application of LIBS for
human tumor diagnosis [16]. Recently, an innovative approach
based on an elemental encoded particle assay coupled with
femtosecond-LIBS was developed to improve cancer blood biomar-
ker detectability [17]. In plant biology, LIBS was successfully used
to discriminate healthy tobacco leaves from Tobacco Mosaic Virus-
infected ones [18]. Finally, LIBS was tested to identify different tis-
sues in real time during laser-based surgery. Using ex vivo porcine
tissues, the authors successfully identified and classified different
target tissues (i.e., fat, nerve, muscle and skin) with high sensitivity
and specificity [19,20]. Similarly, in hepatic copper (Cu)-
accumulation-related disease, i.e., Wilson’s disease, LIBS correctly
identified diseased tissues based on the Cu/C content ratio, which
discriminated pathological liver biopsies from normal tissue [21].

The aim of this review is to present recent advances in space-
resolved LIBS, especially imaging, for biological soft materials. After
a short description of the importance of metals in biomedicine, a
brief review of standard imaging technologies will be presented

before focusing on the capabilities of the LIBS technology for plant,
animal and finally human specimens.

2. Metals in bio-medicine and conventional imaging strategies

In biology, metals are essential actors in most of the functions of
DNA, RNA and proteins and even help control epigenetic modifica-
tions [22]. In other words, metals govern most indispensable life
processes. The redox-inactive alkali and alkali earth metals, nota-
bly sodium (Na), potassium (K), magnesium (Mg) and calcium
(Ca), are dynamic entities that convey signals through fast and
orchestrated movements and exchange of metal ion pools.
Redox-active transition metals such as zinc (Zn), copper (Cu) and
iron (Fe) are known cofactors involved in the maintenance of struc-
tural or catalytic roles. Some of them, when dysregulated, can trig-
ger oxidative stress and damage [22,23]. Consequently, metals
have multiple biological functions, ranging from catalytic, regula-
tory, structural, or signaling roles.

Metal homeostasis must be maintained by coordinated uptake,
trafficking and efflux pathways that place the required amount of
the correct metal at the appropriate place and time in the cell
[24]. Analyzing chemical elements, especially metals, in situ in nor-
mal or diseased tissues is of considerable interest to determine
whether they exist at their expected normal concentrations. In
general, metal deficiency and excess strongly affect tissues and
may lead to severe, if not deadly, diseases.

Some metals are known to be toxic and harmful to living organ-
isms, whether plant or animal. Twenty-six elements from the peri-
odic table were recently reported to be essential for most forms of
life (Fig. 1). However, more than 20 additional non-essential chem-
ical elements are naturally detected in humans. Importantly, the
nature and concentrations of non-essential elements are highly
variable among individuals, mainly depending on the tissue of
interest and lifetime personal exposure [25].

Due to the fundamental importance of metals in biology, their
in situ visualization plays a major part in describing and under-
standing their biological role in depth. The spatial distribution of
specific metals and metal-based compounds is as important as
their chemical properties, because both their concentration and
localization change in biological systems, and their transport and
compartmentalization is critical for effective utilization. The deter-
mination of elemental distributions (imaging or mapping) in bio-
logical sample surfaces has been of interest for a long time, and
new technologies are now enabling such detection in the biological
sciences [26,27].

Most of the current imaging techniques rely on (i) methods that
employ metal-selective probes/chemical sensors; (ii) mass spec-
trometric detection; or (iii) “beam” methods that employ light/
lasers, electrons, X-rays or energetic particles to measure charac-
teristic radiation [28].

Several metal-selective probes or chemical sensors can be used
for imaging metal ions such as Cu?* [29,30], Fe** [30], Zn?" [31], Cs*
[32], A** [33] or heavy metal ions such as Ag* or Hg?" [34]. Mass
spectrometric imaging of metals flourished following the integra-
tion of solid sampling techniques with element-specific detection
techniques such as inductively coupled plasma-mass spectrometry
(ICP-MS). Although laser ablation (LA)-ICP-MS has currently
reached a technological barrier preventing practical sub-micron
imaging, other MS-based methods, such as nano-secondary ion
mass spectrometry (SIMS), are gradually providing the means to
image metals at the subcellular level [35].

Multiple abnormalities occur in the homeostasis of essential
endogenous brain bio-metals (namely, the late first-row transition
metals Fe, Cu and Zn) in age-related neurodegenerative disorders
such as Parkinson’s disease, Alzheimer’s disease, Huntington’s
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Fig. 1. Periodic table of the elements and LIBS analysis. Almost all elements, including metals, are detectable within biological tissues via LIBS. The essential chemical
elements for most living organisms are displayed as follows: bulk biological elements are in red and essential trace inorganic elements for plants or animals are in purple,
according to [25]. Endogenous and exogenous elements already detected in tissues via LIBS in previous biological studies are marked with a black dot. The theoretical LOD is
given in parts per million and is indicated by the number in italics under the chemical name of the element. R.E.E.: rare earth elements.

disease and amyotrophic lateral sclerosis. Moreover, these
pathologies may be linked to the toxicological effects of heavy
metals (e.g., Cd, Pb, Hg), biologically important metals of lower
abundance (e.g, Mn), or non-biological metals (e.g., Al) [36].
Accordingly, there is strong interest in the bio-imaging of metals
for such neurodegenerative diseases to further understand the dis-
ease mechanisms and possibly to identify potential targets for
treatments. In this field, Prof. J. S. Becker’s group performed
pioneering work and published a variety of multi-elemental imag-
ing procedures for studying frozen brain tissues with LA-ICP-MS
[37]. Among other major findings, Prof. . S. Becker and colleagues
contributed to unraveling the role of metals in neurodegenerative
pathologies, developing advanced methodologies for LA-ICP-MS
bio-imaging of metals and quantitative metallomic investigations
on brain sections [38-40]. LA-ICP-MS was also employed to ana-
lyze the distribution of multiple metals in placental tissue from a
low-birth-weight pregnancy, which helped to identify the compo-
nents of metal mixtures that are colocalized with biological
response markers [41]. LA-ICP-MS was used on paraffin-
embedded breast tumors to show that the levels of Ca, Cu, Fe
and Zn were higher in the tumor areas [42]. To overcome the
intrinsic tissue inhomogeneity, the authors deposited a thin coat-
ing of metallic Au. Comparing elemental images and histology is
of major importance; thus, a method that allows spatially mapping
metals in tissue sections using a combination of mass spectrometry
and histology was published [43].

X-ray-based imaging technologies are also major tools for the
multi-elemental imaging of tissues. Notably, these approaches
include particle-induced X-ray emission (PIXE), X-ray fluorescence
microscopy (XFM), and energy dispersive X-ray spectroscopy
(EDX) [27,35,44]. While microprobe X-ray imaging methods based
on electron and proton beams have low sensitivity, synchrotron X-
ray fluorescence imaging (SXFR or microXRF) provides very high
sensitivity and resolution. Mainly used for Cu, Fe, and Zn imaging,
SXRF imaging provides information at the sub-cellular scale reach-
ing resolutions of 10 nm or less. In the neurological field, SXRF
enabled discriminating metals distributed along dendrites from
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Fig. 2. Diagram of the respective resolutions and levels of detection for the main
elemental imaging technologies (space-resolved). LIBS achieves resolution on the
micrometer scale with sensitivities in the parts-per-million range. Adapted from
[75] with permission. EPMA: electron probe micro-analysis, SEM: scanning electron
microscope, TEM: transmission electron microscope.

those localized within the spine [45]. SXRF and LA-ICP-MS tech-
niques both achieve strong sensitivities. Nevertheless, quantifica-
tion with SXRF remains challenging, and appropriate standards of
calibration should be obtained in an adequate matrix [24,46].
Recently, James et al. developed a new technology, named ¢-
XANES, wherein XFM was coupled with X-ray absorption near edge
structure (XANES). They applied this technique to study metal
coordination at the microscale level in the model organism
Caenorhabditis elegans [47]. Without any sample preparation, they
demonstrated the distribution of Fe redox status in nematodes,
with a resolution of 7 um [47].
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Fig. 3. (a) Schematic view of the LIBS instrument showing the major components: the microscope objective used to focus the laser pulse, the motorized platform supporting
the sample and the optical detection system connected to the spectrometer via an optical fiber. (b) Example of single-shot emission spectra covering the 315-345 nm spectral
range recorded in different regions of a mouse kidney with the characteristic emission lines of calcium (Ca), sodium (Na), and gadolinium (Gd). (c) Example of relative-
abundance images of Gd (green) and Ca (violet) represented with a false color scale. Reproduced with permission from [54].

The identification of elements classified as risk factors or possi-
ble causes of neurodegenerative diseases is an important active
area of investigation. Two different studies used transmission elec-
tron microscope (TEM)-EDX to detect Al in amyloid fibers in the
cores of senile plaques located in the hippocampus and temporal
lobe [48,49].

Among all these various techniques for elemental imaging, each
one has its own advantages and limitations, such as different spa-
tial resolutions and detection limits (Fig. 2), speed of analysis, ease
of data processing, level of automatization, accessibility and overall
cost of the experiment (instrument/infrastructure). The variety of
strategies for metal imaging comes along with a plethora of appli-
cations for toxicology, pharmacokinetic monitoring of metal
nanoparticles (NPs), neurodegenerative diseases, cancer diagnosis
and progression, and medicine in general [27].

The following paragraphs will be focused on recent develop-
ments in LIBS imaging for biological tissues, demonstrating that
LIBS elemental imaging can be a useful tool for investigating sim-
ilar scientific challenges.

3. Principles of space-resolved LIBS

LIBS is an analytical method based on the atomic emission spec-
troscopy (AES) that was first described in the 1960s, shortly after
the advent of the laser [50]. High-power laser pulses are focused
onto the sample surface, therefore ablating small amounts of the
sample (from micrograms to a fraction of a nanogram, depending
on the experimental configuration) and creating a plasma. In LIBS,
the ablation, atomization and excitation steps occur simultane-
ously during a single laser pulse. The atoms and ions excited by
the high plasma temperature return to lower energy levels by
emitting radiation. The emitted light radiation represents a specific
elemental response that can be collected by external optical sys-
tems and further analyzed with one or more spectrometers

equipped with detectors, generally intensified charge-coupled
device (ICCD) cameras (see Fig. 3). The recorded spectrum consti-
tutes a signature that is unique to the sample. Each element has
various corresponding emission lines, and their intensities are
directly related to the amount of the corresponding element in
the sample. In the space-resolved configuration, laser-induced
plasmas are continuously generated while scanning the sample
surface over the region of interest. Then, elemental profiles, maps
or images are obtained after extracting the intensity of the species
of interest (i.e., atoms, ions or molecules) from each recorded spec-
trum (Fig. 3). LIBS-based imaging instrumentation recently experi-
enced several technological breakthroughs. For a complete
overview of these advances, see [14,51].

The ability of LIBS to obtain elemental signals from a single laser
pulse and a very small amount of material (fraction of a nanogram)
confers many advantages to this technology. We can cite its multi-
elemental capability, ease of use, and operation under atmospheric
pressure. In addition, this is the only all-optical technique that is
fully compatible with optical microscopy, providing space-
resolved elemental information with a parts-per-million-range
sensitivity (accessible for most metals) and a micrometer-scale
resolution [52]. Another asset of the technique lies in its acquisi-
tion speed. In LIBS, the acquisition rate can be very fast since it is
limited only by the detector speed and the laser frequency rate.
An acquisition rate of up to kilohertz has already been demon-
strated [53]. If required, the relative abundance maps (or profiles)
can be calibrated quantitatively using external references [52,54].
This quantification strategy is rather simple as long as the refer-
ences and the sample to be analyzed are composed of the same
matrices. These aspects make LIBS-based imaging highly promising
for application in a wide range of fields such as geology, industry
and biomedicine, which is the purpose of this review.

Due to the wide variety of elemental responses (emission spec-
tra), which are unique for each element, the detection limits in LIBS
can be very different from one element to another. The LODs that
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Table 1
Examples of space resolved LIBS studies for soft biological specimens.
Organism Elements Pre-treatment Single Pulse References
LIBS
Plant
Bermuda grass Mg, Ca, C, Al, Zn, N, Sr, and Si None Nanosecond [55]
(10 Hz)
Vegetables (potato, celery, carrot 27 elements (including Li, Na, Mg, Al, K, Ca, Ti, Cr,  None Nanosecond [56]
and eggplant) Mn, Fe, Cu, Sr, Ba) (10Hz)
Sunflower Ag, Cu None Nanosecond [57]
(10 Hz)
Pb, Mg and Cu None Nanosecond [58]
Pb, K and Mn None Nanosecond [59]
Ca None Nanosecond [60]
(20 Hz)
Femtosecond
(1 kHz)
Maize Fe None (dried) None (fresh) Femtosecond [61]
Cornus (10 Hz)
Maize K, Mg, Na, Ca, P, Si None N.A. [62]
Citrus and Rhododendron Ca, Fe, Na, K and Mo None/or heavy-metal particle (colloidal Nanosecond [63]
solution) deposition (100 Hz)
Apple P, Cl None (dried) 20 Hz [64]
Pear
Corn Ca None (dried) Nanosecond [65]
Animal
Mouse (kidney) Na, Ca, Cu, and Gd None (frozen) Nanosecond [69]
(10 Hz)
Gd, Si, Ca and Fe None (frozen) Nanosecond [70]
(10 Hz)
Fe, Na, Gd, Si, P, Mg, Cu, and Ca Epoxy resin embedding Nanosecond [52]
(10 Hz)
Na, Gd Epoxy resin embedding Nanosecond [71]
(10 Hz)
Ca, Na Epoxy resin embedding Nanosecond [72]
(10 Hz)
Gd, Na, Ca Epoxy resin embedding Nanosecond [54]
(10 Hz)
Mouse (tumor) Fe, Mg, Si, Gd Paraffin embedding Nanosecond [73]
(10 Hz)
Au, P Paraffin embedding Nanosecond [74]
(10 Hz)
Human
Healthy Skin P, Al, Mg, Na, Zn, Si, Fe, and Cu Paraffin embedding Nanosecond [76]
Skin tumors (10 Hz)
Tumor (lung) C H, 0, Na, K None (frozen) Nanosecond [75]
(10 Hz)
Skin biopsy Lymph node Na, P, Al, Ti, Cu, Cr and W Paraffin embedding Nanosecond [77]
(10 Hz)

are generally accessible in micro-LIBS and the single-shot configu-
ration are reported in Fig. 1 (expressed in parts per million). These
values were estimated by considering the strongest emission lines
of each element in the range covering 180-800 nm (generally easy
to access with standard spectroscopic devices). While the LODs of
nonmetals elements are generally high (>50-100 ppm), metals
and metalloids may be detected at the parts-per-million level, even
reaching sub-parts per million for specific elements (e.g., Li, Ca, Mg
or Sr). Considering the ablated mass (~0.1 ng in micro-LIBS config-
uration), absolute LODs in the range of hundreds of attograms are
accessible for most metals.

4. LIBS imaging of biological tissues
4.1. LIBS analysis of plants

LIBS was used for the in situ analysis of major to trace elements
that are present in different parts of Bermuda grass (Cynodon

dactylon) [55]. The authors demonstrated that in situ space-
resolved detection/analysis of the elements was possible in plants
without any sample preparation. The constitutive elements from
different parts (leaf blade, leaf sheath and stem) of a fresh C. dacty-
lon plant were analyzed, including Mg, Ca, C, Al, Zn, N, Sr, and Si
(Table 1). The concentration of Si was higher in leaf blades than
in leaf sheaths and stems. In addition, the LIBS results correlated
with the density of phytoliths deposited in different regions of
the plant [55].

LIBS analysis was used on fresh vegetables such as potatoes, cel-
ery, carrots and eggplants [56]. The authors detected trace and
ultra-trace elements and performed a qualitative analysis. The
use of UV nanosecond laser for ablation provided sensitive detec-
tion. A large number (27) of trace elements were identified
(Table 1), including organic elements (H, C, N, O) and inorganic ele-
ments, including metals (Li, Na, Mg, Al, K, Ca, Ti, Cr, Mn, Fe, Cu, Sr,
Ba) and nonmetals (F, Si, S, Cl). The observed metallic elements
were mostly oligoelements, but toxic elements, such as Al, were



B. Busser et al./ Coordination Chemistry Reviews 358 (2018) 70-79 75

also observed [56]. The authors performed a space-resolved analy-
sis and showed different elemental profiles in different locations in
the plants. For example, the highest concentrations of Al, Ca, Ti,
Mn, and Fe were found in the skin of the potato, but their concen-
trations decreased drastically inside the vegetable. The results
obtained in this work demonstrated the interest in LIBS analysis
for detection and analysis of trace elements in fresh vegetables
and more generally in food.

LIBS was employed to determine the spatial distribution of Ag
ions in tissues of treated plants (sunflowers) [57]. The single-shot
LIBS analysis was performed along the ~25 mm long Helianthus
annuus L. stem sections. This study demonstrated the capability
of LIBS to trace the uptake of Ag and Cu and to visualize the accu-
mulation trends of different elements in selected structures of the
sample, e.g., in the stem, roots or leaves. In this study, Ag was found
to accumulate mainly in the near-root part of the sample, unlike
Cu, which was more uniformly located in different areas of the
stem [57]. Another study evaluated the feasibility of using LIBS
to image the presence of Pb, Mg and Cu in leaves of Helianthus
annuus L. samples [58]. In this work, these common sunflower
plants were grown with Pb-doped water solutions a few days
before harvesting their leaves. The accumulation of the elements
of interest was measured with LIBS and further confirmed with
ICP-MS, atomic absorption spectrometry (AAS) and thin layer chro-
matography (TLC). The authors concluded that the competition
between Mg and Pb ions inhibits the magnesium chelatase activity,
which thus cannot incorporate Mg ions into newly synthesized
chlorophyll molecules. Using a similar strategy, another investiga-
tion using LIBS analysis on sunflowers demonstrated that elevated
levels of Pb influenced the concentration and distribution of K and
Mn within the plant [59]. The authors concluded that Pb competed
with K and Mn for binding and absorption sites in the plants.

The use of a femtosecond-LIBS system enabled the element-
specific in situ investigation of biological samples with high spatial
resolution [60]. The authors performed in situ measurements of
wall-associated calcium ion (Ca?") distributions within the periph-
eral cell wall of the sunflower seedling (Helianthus annuus L.) stem.
In this study, an axial resolution of approximately 100 nm was
achieved. The use of femtosecond laser pulses with LIBS also
helped to analyze the normal abundance of trace elements, such
as Fe, in different compartments of dried maize leaves or fresh
leaves of Cornus stolonifera, therefore reaching analytical concen-
tration sensitivities as low as 5 ppm [61].

More recently, a LIBS system was developed for in-field deploy-
ment. This system directly measured the distribution of multiple
elements in living plants and in the soil. The proof-of-concept
was achieved through the effective mapping of trace elements
from a pesticide that was directly sprayed on maize leaves [62].

The monitoring of plant nutrients (Ca, Fe, Na, K and Mo) in fresh
leaves of Citrus unshiu and Rhododendron obtusum was performed
with low-energy LIBS [63]. The metal elements were successfully
analyzed with LIBS. However, applying metallic colloidal particles
to the surface of the leaves improved the sensitivities and detec-
tion limits. In fact, the metallic particles increased the emission
intensities via localized surface plasmon phenomenon (Table 1).

Recently, LIBS detected the presence of pesticide residues on the
surfaces of agricultural products (fruits) [64]. In addition, it rapidly
quantified Ca in different areas of a grain of corn, i.e., the endo-
sperm and embryo of the seed, without any pretreatment proce-
dure. Detection limits of ~1ppm were achieved for the Ca
concentration, which was consistent with atomic absorption fluo-
rescence measurements [65].

Numerous metals have already been analyzed by LIBS in plant
materials such as leaves, roots, vegetables or grains. These ele-
ments can be either major, minor or even trace elements, and they
have been studied in qualitative or semi-quantitative studies. For

an extensive review of all LIBS experiments and the associated ele-
ments analyzed in plants, see [66,67].

In summary, space-resolved LIBS is a valuable technique for
studying the uptake, transport and, more generally, the role of
metal elements in plants. LIBS helps to visualize metal accumula-
tion in specific areas of the plants (space-resolved analysis), which
may be of interest in the context of understanding the interactions
between plants and their environment. Trace element detection in
vegetables also represents an important issue for the assessment
and control of food quality and safety [68].

4.2. Preclinical applications

In 2012, our research group proposed a specific methodology
for the elemental imaging of metal-based nanoparticles in frozen
murine biological tissues [69,70]. One of the most promising appli-
cations of LIBS for preclinical studies may be the study of metal-
based drugs or NPs (Fig. 4). Therefore, the distribution of the
metal-based nanocompounds of interest can be imaged in 2-D at
the scale of an entire organ. Importantly, LIBS can directly detect
metal NPs, without requiring any chemical modification or labeling
with dyes. The screening of elimination organs (i.e., kidney or liver)
at different times after administration of metal NPs is a valuable
way to perform kinetics studies in animals.

In 2014, the spatial resolution of ~35 pwm enabled Gd-based NPs
to be assigned to the anatomic structures of murine kidney embed-
ded in epoxy resin [52]. Several elements were imaged (e.g., Fe, Na,
Gd, Si, P, Mg, Cu, and Ca, see Table 1) and Gd was predominantly
localized in the renal cortex at early time points before being pro-
gressively accumulated in the medulla. The effective renal clear-
ance of Gd-NPs was observed one week after the injection
(Fig. 4e). These kinetic studies provide information about accumu-
lation, residence time, specific localization within the organ [71]
and possibly in vivo chemical degradation/stability of the metal-
based NPs [52,70]. When endogenous metals are trapped by NPs,
changes in their biodistribution may also be demonstrated [72].

In addition to studies evaluating the behavior and elimination
of metal-based NPS, LIBS may be of interest for imaging NPs to
determine whether they can target tumors. The distribution and
tumor penetration of Gd/Si-based [73] and Au-based NPs [74] were
recently investigated in paraffin-embedded specimens. The metals
of interest (i.e., Gd, Si and Au) and biologically relevant endogenous
elements such as P, Fe, Na, Ca, and Mg were imaged (Fig. 4). The
penetration depth was measured in a tumor sampled 15 min after
the administration of Gd/Si NPs. At this time point, NPs displayed a
favorable tumor-to-muscle ratio. LIBS analysis clearly indicated the
presence of metal NPs both in the center and at the periphery of
tumors, which confirmed previous results obtained with magnetic
resonance imaging (MRI).

The lateral resolution achieved is strongly impacted by the nat-
ure of the sample. LIBS provided a resolution of 40-100 pm for fro-
zen sections [70,75], whereas a resolution of ~10 um was achieved
for hard epoxy-embedded samples (Fig. 4a) [71]. Although these
scanning experiments with LIBS typically result in 2-D projections
of the elemental distributions within the sample, they do not pro-
vide depth information. To overcome this limitation, we developed
a 3-D extension of the 2-D LIBS method. As a proof-of-concept
study, we studied the renal kinetics of metal NPs to investigate
two different strategies to collect the distribution of elements in
3-D [54]. LIBS was used at the organ scale to image Gd, Ca and
Na in a series of adjacent coronal kidney sections. The consecutive
images were pooled to reconstruct the organ in 3-D (Fig. 4b). The
second approach exploited the ability of LIBS to perform depth pro-
filing via successive shot-to-shot surface ablation. A smaller region
of interest was mapped several times with high resolution (10 pm)
to obtain the complete 3-D profile. The 3-D profile of metals
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NP Biodistribution Tumor targeting Kinetics

Fig. 4. Localization and quantification of metal-based NPs in kidneys and in tumors. (a) 2-D high resolution elemental map of merged Gd (green) and Ca (purple) in a murine
kidney. Adapted with permission from [71]. (b) 3-D distribution of Gd (green) Ca (purple) and Na (red) in a murine kidney. Adapted with permission from [54]. (c and d)
Visualization of the effective targeting of Au-NPs in tumors. Au (yellow) and P (blue) elemental images are shown for the Au-NP-treated (c) or untreated (d) tumors. Reprinted
with permission from [74] Copyright 2015 American Chemistry Society. (e) Elemental images of Gd (green) and Na (red) in murine kidneys at different time points after the

Gd-based NPs administration. Adapted with permission from [52].
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Fig. 5. Tumor analysis via LIBS. (a) Elemental images of C, H, K and Na in a human malignant pleural mesothelioma sample. Modified from [75] with permission. (b) Elemental
images for P, Ca, Mg and Zn for a squamous cell carcinoma of the skin (upper row) and Merkel’s cell carcinoma (lower row). Modified from [76] with permission.
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provided valuable information about the distribution of metal NPs,
either at the organ level or within a small restricted area.

4.3. Medical applications

The simultaneous imaging of metal elements in tissues with
medical interest has very diverse applications, ranging from the
visualization of heterogeneous patterns of endogenous elements
to the in situ detection of exogenous heavy metals in tissues fol-
lowing occupational or environmental exposure.

Recently, we reported the use of LIBS to record multi-elemental
images of human paraffin-embedded skin samples on the entire
biopsy scale in a complementary and compatible way with micro-
scope histopathological examination [76]. As described in Table 1,
a specific instrumental configuration was proposed to detect most
of the endogenous elements of interest (i.e., P, Al, Mg, Na, Zn, Si, Fe,
and Cu). In this work, we selected and analyzed different skin biop-
sies, including healthy skin tissue, cutaneous metastasis of mela-
noma, Merkel-cell carcinoma and squamous cell carcinoma
(Fig. 5b). The elemental images recorded from skin tissues enabled
the visualization and identification of the three different physio-
logical layers of the skin, matching perfectly with the expected
architecture and organization of the tissue via direct comparison
with microscope pathological examination after HES staining.

In the case of metastatic melanoma, the elemental images of the
tumor revealed a gradient of concentrations for Ca, P, and Mg,
which contrasted with the apparent homogeneous pattern of the
tumor cells after histological analysis. The wide dynamic ranges
of concentrations for elements, such as Ca, Na, Mg and Fe, with dis-
tinct areas presenting low to high concentrations demonstrated
the high complementarity of LIBS elemental imaging with conven-
tional histopathology. Importantly, this study was performed on
formalin-fixed, paraffin-embedded (FFPE) tissues, which is one of
the most frequently archived forms of human material in pathol-
ogy laboratories, thereby opening new avenues and applications
for LIBS metal imaging of samples with medical interest. The sim-
plicity of both the system and procedures justifies the current
active development of medical LIBS analysis for diagnostic pur-
poses, especially for metal-related diseases.

We further used LIBS imaging to characterize the presence of
exogenous metals in human biopsies embedded in paraffin [77].
In this study, we selected relevant medical situations for which
the associated pathology reports were limited to the presence of
lymphohistiocytic and inflammatory cells containing granules
(one granuloma and one pseudolymphoma) or to lymph nodes or
skin tissues containing pigments or foreign substances. Several for-
eign metal elements such as Al, Ti, Cu, Cr and W were identified
and localized within the tissues (Table 1). This work demonstrated
that when combined with routine histopathological analysis, LIBS
is a versatile technology that might help pathologists establish
and/or confirm diagnoses for a wide range of medical applications,
particularly when the nature of external agents present in tissues
needs to be investigated.

A combination of different techniques may be necessary to
obtain complementary information. With this aim, simultaneous
LIBS and LA-ICP-MS measurements and image construction have
been used for the elemental mapping of trace and bulk elements
in frozen human malignant pleural mesothelioma samples [75].
After thoroughly optimizing the method, this tandem LA-ICP-MS/
LIBS combination provided elemental distribution images that
were interpretable and in good correlation with the histological
features of the tumor tissue, thereby demonstrating the applicabil-
ity of this technique. LIBS was found to be optimal for mapping
major elements that are not accessible via ICP-MS (e.g., C, O, H)
and minor elements that are affected by high background signals

or polyatomic interferences when measured via ICP-MS (e.g., Na,
K, Mg, Ca) in biological tissues (Fig. 5a) [75].

Although described with non-biological samples, the first
simultaneous 3-D elemental imaging combining LIBS and
LA-ICP-MS enabled the spatially resolved mapping of major and
trace elements and isotopes in a geological sample [78]. These
results suggested that 3-D elemental imaging through simultane-
ously acquired LIBS and LA-ICP-MS measurements was possible
[78]; this finding may bring new applications for 3-D metal analy-
sis of biomedical samples.

The differences between elemental imaging modalities do not
mean that all studies should be performed in isolation; on the con-
trary, the greatest wealth of knowledge may be obtained synergis-
tically via multiple imaging strategies. All these recent
breakthroughs provide new perspectives for imaging elements at
the entire-organ scale. LIBS and complementary techniques will
be required for accurate pre-clinical investigations in the field of
metal-based NPs and nanomedicine in general. Regulatory agen-
cies may be interested in the fast, accurate results obtained using
LIBS, especially for pre-clinical pharmacokinetic and toxicity stud-
ies with metal-based nanoproducts.

5. Conclusions and perspectives

LIBS is an elemental analysis method with potentially wide-
ranging applications. Its unique capabilities enable analyzing
major/minor/trace metal elements in various biological materials.
The information collected is analyzed to qualitatively and quanti-
tatively measure materials by monitoring their positions and
intensities, thus enabling the observation of enriched or depleted
metal distributions according to the location in the organism or
to its exposure. Elemental analysis via LIBS is simple and fast. LIBS
is complementary to other existing methods for multi-elemental
imaging, each one achieving different resolution or sensitivity.
Although minimally destructive to the sample [3], LIBS analysis
is accessible in standard laboratory settings for any type of sample.
To conduct reproducible LIBS imaging analysis, it is first critical to
avoid any surface contamination when preparing the sample. In
addition, instrumental parameters (such as laser energy and posi-
tioning of the sample surface with regard to the laser focus), must
be controlled and kept constant during the entire experiment. LIBS
imaging requires high levels of instrumentation controls, including
at least systems for stabilizing both the laser energy and the laser
focusing. It is also important to mention that the quantitative cal-
ibration is not always possible depending on the availability of
standards. However, researches are currently conducted in differ-
ent laboratories to make LIBS technology more reliable in the
quantitative point of view.

In addition, LIBS imaging can be combined with other imaging
modalities such as Raman spectroscopy [79,80] or laser-induced
fluorescence [81,82]. These multi-modal approaches are very
promising since they can collect complementary information
about the nature of the samples. A combination of LA-ICP-MS
and LIBS was used for laterally resolved elemental analysis of bio-
logical samples [75]. LA-ICP-MS and LIBS are both based on laser
ablation. LA-ICP-MS enables the identification of isotopes in certain
conditions and may be more sensitive. LIBS is all-optical and has no
restriction on the analysis of low atomic number elements. LIBS
can also screen clinical paraffin-embedded specimens within a
few minutes [76,77].

Importantly, the global understanding of metal element
distributions requires a direct comparison between optical micro-
scopy images of the tissue with elemental images. This helps
properly visualize the area of interest with anatomical and patho-
logical information. Images obtained from histology and different
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elemental imaging technologies can be merged [76,77,83]. This
important step will undeniably contribute to the widespread use
of LIBS for investigating the presence or role of metals in biological
and medical samples.

LIBS elemental imaging may be entering a new era in which lab-
oratories interested in the role of metals will increasingly use it as
a versatile tool to image, monitor, and understand unexpected pat-
terns or heterogeneous spatial distributions in 2-D or in 3-D. The
future availability of commercial LIBS systems will undeniably
broaden its use for research or medical purposes, and the innumer-
able applications of LIBS imaging will eventually outshine the
selected biological, pre-clinical and medical aspects described in
this review.
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