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Abstract: 

Chemical elements play central roles for physiological homeostasis in human cells, and their dysregulation 

might lead to a certain number of pathologies. Novel imaging techniques that improve the work of 

pathologists for tissue analysis and diagnostics are continuously sought. We report the use of Laser-Induced 

Breakdown Spectroscopy (LIBS) to perform multi-elemental images of human paraffin-embedded skin 

samples on the entire biopsy scale in a complementary and compatible way with microscope 

histopathological examination. A specific instrumental configuration is proposed in order to detect most of 

the elements of medical interest (i.e. P, Al, Mg, Na, Zn, Si, Fe, and Cu). As an example of medical application, 

we selected and analysed skin biopsies, including healthy skin tissue, cutaneous metastasis of melanoma, 

Merkel-cell carcinoma and squamous cell carcinoma. Clear distinctions in the distribution of chemical 

elements are observed from the different samples investigated. This study demonstrates the high 

complementarity of LIBS elemental imaging with conventional histopathology, opening new opportunities for 

any medical application involving metals. 
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1. Introduction 

Great interest has recently aroused in the study of the dysregulation of chemical elements within tissues [1-

3]. The distribution of elements in biological tissues is an important source of information that can contribute 

to the diagnostic and therapeutic procedures [4,5] as for example, in case of skin cancer, the most common 

form of cancer in Europe and the United States [6,7].
  

For a better understanding of their role in biological 

mechanisms such as metal transport, storage, and distribution, the identification and quantification of the 

metals, directly in their native physiological environment in tissues is always sought [8]. In histology 

laboratories, the pathologist might opt for an approach named chromogenic detection that requires the use 

of stains and indicators. This procedure is usually applied in daily routine for the detection of metals in 

biological tissues. However, the chromogenic method suffer from several limitations (long preparation 

consuming, poor sensitivity, only one element detected at the same time, limited to certain metals) [9] and 

tends  to be replaced by more sensitive analytical methods such as transmission electron microscopy 

combined with energy dispersive X-ray analysis (TEM-EDX) [10,11],
 
synchrotron radiation microanalysis 

(SXRF) [12-14] or laser ablation inductively coupled plasma spectrometry mass spectrometry (LA-ICP-MS) [15-

18]. Although these techniques offer high performance in terms of sensitivity and/or spatial resolution, the 

complexity of the required equipment along with their relatively slow analysis, make their use rather 

restrictive and difficult for routine medical diagnosis. These approaches require in addition specific sample 

preparation that may hinder the analysis of paraffin-embedded specimens and so limit their 

complementarity with conventional histopathology procedures, which involve formalin fixation and paraffin 

embedding (FFPE) and preparation of hematoxylin and eosin stained (HES) sections for microscopic optical 

evaluation. Although different fixation procedure can be used, FFPE approach has emerged as the worldwide 

gold standard, in the sense that the large majority of human biopsies are stored in paraffin. For the first time, 

to the best of our knowledge, we evaluated the use of Laser Induced Breakdown Spectroscopy (LIBS) [19,20] 

to obtain elemental images of paraffin-embedded human biopsies of healthy and malignant skin tissues in a 

complementary manner with histopathology analysis. In LIBS imaging, laser-induced plasma are produced 

continuously while scanning the sample surface over the region of interest. Elemental images are obtained 

after extracting the intensity of the interesting species (i.e. atoms or ions) from each recorded spectrum 

[21,22]. This technology provides significant advantages over the other approaches, such as working at 

atmospheric pressure, speed of operation (up to 100 Hz), ease of use, and full compatibility with optical 
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microscopy, and therefore with conventional histopathology. Our previous works demonstrated state of the 

art results in the bioelemental imaging of exogenous metal in mice organ, with typical spatial resolution of 10 

µm and a sensitivity level at the ppm scale [11, 23-28]. In all these previous studies, biological organs were 

fixed in epoxy resin. This is a conventional protocol for electron microscopy experiments that allows to 

embed the tissue in a hard form to ensure the best ablation efficiency for LIBS.  In medicine, the analysis of 

paraffin-embedded samples is indispensable to be completely compatible with conventional pathological 

procedure and so to allow a direct comparison with HES sections. The direct analysis of human paraffin-

embedded tissues is however challenging from a technical point of view, since it involves mastering the laser 

ablation of soft material and the difficulty to obtain reliable elemental images of endogenous elements at 

low physiological concentration levels with micrometer spatial resolution over large biopsies surfaces (12 

cm²). 

This paper demonstrates for the first time the applicability of LIBS imaging for analysing paraffin-embedded 

human skin biopsies, including healthy skin tissue, cutaneous metastasis of melanoma, Merkel-cell carcinoma 

and squamous cell carcinoma. A dedicated instrumental configuration is proposed, allowing to detect the 

most meaningful metal and non-metal elements in medical applications (P, Cu, Zn, Fe, Al, Mg, Na, Si). 

Differences in the content and the spatial distribution of the chemical elemental within tumours were found 

and may offer a new strategy for the study, diagnosis and staging of skin cancer. More generally, this work 

represent the first step towards the implementation of LIBS imaging technique in clinical diagnosis 

laboratories for multiple medical applications.  

2. Experimental methods 

The human biopsies all came from formalin-fixed, paraffin-embedded (FFPE) archived material stored in the 

pathology department from Grenoble University Hospital. All the patients signed informed consent, and the 

clinical procedure was approved by a local ethics committee (Prof J. Charles, CPP Sud-Est). For this work, 

healthy skin tissue came from a female patient who underwent reduction mammoplasty. We also selected 3 

biopsies from patients suffering from metastatic melanoma, Merkel-cell carcinoma (MCC) and squamous cell 

carcinoma (SCC). Metastatic melanoma is not a common cancer. However, it is incurable because of its quick 

metastasis to other parts of the body [29]. MCC is an unusual but highly aggressive skin cancer mainly 

developed in elderly people, whose diagnosis is generally not well established and could be mistaken with 
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other malignant pathologies [30]. Finally, SCC is the second most common form of skin cancer; once these 

tumours have recurred or metastasized, disease control is often difficult and survival rates are poor [31].
 
For 

each paraffin block sample, a 5 µm-thick slice was stained with Haematoxylin-Eosin-Saffron (HES), and the 

adjacent paraffin block was further analysed by LIBS allowing its direct comparison. 

A schematic representation of the LIBS instrumentation is shown in Fig. 1a.  Briefly, we used a Nd:YAG laser 

emitting 5 ns pulses at the fundamental wavelength (1064 nm) with a 10 Hz repetition rate. Laser pulses 

were vertically focused onto the sample surface by a 15x magnification reflective objective (LMM-15X-P01, 

Thorlabs), and the plasma emission was collected by two lens-fibre systems coupled to two independent 

Czerny-Turner spectrometers used to cover the spectral ranges required for the simultaneous detection of all 

the elements of interest. For the detection of Fe, Mg, Na, Ca, Al, Cu, and Si, a Shamrock 500 (Andor 

technology) equipped with a grating of 600 l/mm, an ICCD camera of 2048x512 pixels, and a 25 mm 

intensifier covering a spectral range of approximately 80 nm (270-340 nm) was used, and secondly, a 

Shamrock 303 (Andor technology) with a grating of 1200 l/mm and an ICCD camera dedicated to the UV 

range covering a spectral range of approximately 40 nm (190-230 nm), was used for the detection P and Zn. 

The spectral resolution was approximately 0.15 nm for both spectrometers. Both ICCD cameras were 

synchronized to the Q-switch of the laser, and acquisitions were performed with the typical delay and gate of 

1000 ns and 5 µs, respectively. An argon flow (1.5 l/min) blowing through the plasma was used both to 

prevent surface contamination by ablated material deposition of the previous laser shots
 
and to obtain a 

better sensitivity due to a better plasma confinement [32] that compensated the low ablation efficiency of 

such soft tissue.  

with conventional clinical tools. An example of HES image, obtained with a high-resolution scanner, is shown 

in Fig. 1b. This image represents two sections of the same biopsied tissue both fixed in the same bloc of 

paraffin. After, LIBS analysis was conducted directly on the bloc of paraffin, on a tissue section adjacent to 

the HES slice. As an example, five LIBS single shot spectra of skin biopsy tissue from different physiological 

areas are shown in Fig. 1c; the position of each spectrum is related to the HES image by a number from 1 to 

5. Considering the actual laser repetition rate (10 Hz) and the step size (i.e. 50µm), the typical time to 

conduct the biopsy analysis ( 3 cm²) was approximately 3 hours per sample. To reduce the tissue damage 
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resulting from ablation, the laser pulse energy and its focalization onto the sample were strictly controlled 

[33], the energy for laser ablation was set and kept during the entire experiment at 2 mJ. To create images of 

the elements of interest, a previously developed spectral data treatment
 
[23] was applied to extract the 

signal intensity. The algorithm detected given peaks and defined a polynomial function as the baseline. 

Afterward the emission signal was stored in a matrix where each cell contained the emission intensity at each 

sampling position for a given element. This matrix could then be displayed as an image by using a false colour 

scale. An example of elemental images is shown in Fig. 1d for Na, P, Mg, Fe, and Ca. 

Fig. 1. Overview of LIBS imaging technology. (a) Schematic representation of the main components of the LIBS imaging 

instrument: a microscope objective to focus the laser pulse, a motorized sample stage and two optical detection systems 

coupled with two Czerny-Turner spectrometers. (b) High-resolution HES histological images of a healthy skin sample before 

LIBS analysis, (c) Typical single shot tissue spectrum covering the 270-340 nm for detecting Mg, Si, Fe, Cu, Al and Na, and 

the 190-230 nm detecting P and Zn on different areas of the tissue biopsy. (d) Na, P, Mg, Fe, and Ca LIBS images for a 

paraffin-embedded skin tissue. 

3. Results and discussion 

3.1 Healthy skin tissue 
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The results of the LIBS imaging on healthy tissue are shown in Fig. 2. The three layers forming the skin ( i.e., 

epidermis, dermis and hypodermis) can be easily identified after conventional HES staining. The epidermis is 

the most superficial layer of the skin and is responsible for protecting the body from harmful influences from 

the environment. It is visible as the darkest external layer on the HES image. The dermis is shown as a thicker 

pale pink layer. It is responsible for thermoregulation and for providing vital nutrients to the epidermis. 

Finally, the hypodermis is the deepest layer of the skin and is mainly composed of adipose tissue that is 

colourless after HES staining. This layer also helps in the regulation of body temperature and serves as an 

energetic reservoir. The associated LIBS elemental images are displayed with a cold-to-warm colour scale. 

They represent 140 800 (320 x 440) individual spectra that were recorded in approximately 3 hours. A strong 

heterogeneity of the elements in the skin is observed, and a comprehensive analysis of the elemental 

distributions allowed proper identification and discrimination of the three different physiological skin layers. 

The compatibility of LIBS and histopathological analysis allows identification of all of the physiological skin 

structures by a simple superimposition of the elemental image with those described by the pathologists after 

microscopy analysis of the HES-stained samples. In the hair follicle, we noticed a strong signal of most of the 

elements compared with that of the skin tissue; this result is in accordance with a study that reported the 

presence of tens of ppm of Mg, Ca, K, and Na in hairs [34].
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Fig. 2. Elemental imaging of healthy tissue. Left panel: HES staining image of a healthy skin sample with annotated skin 

physiological layers; epidermis, dermis and hypodermis are indicated by 1, 2 and 3, respectively. A hair follicle is also visible 

in both the HES and elemental images and is indicated by the number 4. Right panel: elemental images of P, Mg, Na,  Ca, Zn 

and Fe (320 x 440 pixels, step size of 50 µm). The colour intensity scale of the different elemental images is expressed in 

arbitrary units.  

3.2 Tumour tissues 

The images of LIBS elemental analysis of three biopsies affected by three different skin cancer pathologies 

are shown in Fig. 3. With the aim of finding differences in the elemental distribution related to skin diseases, 

we investigated samples of human skin containing either a subcutaneous melanoma metastasis, MCC or SCC. 

Since the experimental parameters remained constant during all of the measurements and are displayed 

with the same intensity scales, all the elemental images are strictly comparable. Clear differences were found 

in the elemental distribution among the different types of tumour samples. As found for healthy skin, Ca, P, 

Na, and Mg are also present in skin cancers (Fig. 3). High levels of P, elemental indicator of cell nucleus, were 
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observed in all of the tumour areas. This fact is in accordance with the literature, since tumours are generally 

described as high cellular density areas after HES staining, because of the fast and uncontrolled growth of 

cancer cells [35].  

In the case of the metastatic melanoma, the elemental images of the tumour revealed a concentration 

gradient for Ca, P, and Mg. This finding is in contrast with the apparent homogeneous pattern of the tumour 

cells after HES analysis. Similarly, in the MCC, we noticed higher concentrations of Ca and Zn in the region 

closest to the tumour; the concentration decreased with distance away from the tumour. Finally, in the SCC, 

the signals of Na, P, Mg, and Zn were stronger in the left area of the tumour and were lower in the right 

nodular part. These observations are in contrast with the Ca signal that appeared stronger in the right area. 

The external skin region was composed of most of the elements, i.e. Na, Mg, Ca, P, and Zn. The presence of 

blood (or large vessels) was evidenced with high levels of Fe, such as in the bottom areas of the SCC or MCC. 

In addition, very high concentrations of Fe, Cu, Ca, and Zn are visible in the lateral periphery of some tissues. 

This observation is related with the routine use of coloured inks in the process of skin biopsy samples in the 

pathology department. The ink staining reveals the proper orientation of the sample for the pathologist. As 

an example, green ink contained high amounts of Cu, whereas blue ink contained high levels of Zn and Fe. 

The ink residual signal does not represent a source of contamination and/or interference since it is always 

located in the border of the tissue, far from the regions of interest. The physiological parts of the skin, i.e., 

epidermis, dermis, and hypodermis were clearly identifiable in the tumour skin biopsies after analysis of 

several elemental images. These results show a different distribution and concentration of several elements 

between the tumours and the surrounding non-tumour tissue. The LIBS elemental images also allowed to 

visualize strong heterogeneities in the elemental distribution inside the tumour tissue, even within areas 

considered homogenous in histopathology analysis. We also noticed the presence of large dynamic 

concentration ranges for elements such as Ca, Na, Mg and Fe, with distinct areas presenting from low to high 

concentrations of these given elements.  
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Fig. 3. Elemental imaging of different skin cancer types. Left panels: histological picture of the three studied skin cancer 

types after HES staining (melanoma metastasis, Merkel-cell carcinoma (MCC) and squamous cell carcinoma (SCC)). The 

different skin layers, i.e., epidermis, dermis, and hypodermis are indicated and the dashed line indicates the tumour 

region. Right panels: elemental distributions of Ca, P, Na, Mg, Zn, and Fe are shown in a cold-to-warm colour scale (a.u. 

arbitrary units). 

4. Conclusion 

We developed and evaluated a novel methodology for elemental imaging of FFPE samples of human origin 

based on LIBS. In the proposed configuration, LIBS technology is completely compatible with the 

conventional pathological sample preparation procedures and allows the bio-distribution of elements of 

interest to be obtained in their native physiological environment. The elemental images performed on skin 

tissues allowed visualization and identification of the three physiological layers of the skin matching perfectly 

with the expected architecture and organization of the tissue by direct comparison with microscope 

pathological examination after HES staining. The elemental images of different tumours allowed 

characterization of the lesions, observing heterogeneous distributions of elements within areas that looked 

homogeneous after the pathological examination. Importantly, although we managed to perform the 

analysis of the elemental distribution of large-sized samples in about 3 hours of analysis per sample, the 

current upgrade of our instrument to 100 Hz laser repetition rate will help to reduce the analytical time by 

10x (i.e. 18 min for similar large-sized samples).  

 The direct comparison between elemental and histopathological images of any tissue/sample of medical 

interest also allows the relation of the presence/absence of certain elements, in particular physiological 
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regions that could be associated with certain pathologies, bringing information beyond the visual 

histopathology. Altogether, this study demonstrated the great potential of LIBS imaging for contributing to a 

better understanding of the biology of the diseases and helping pathologists in their daily medical routine to 

improve medical diagnoses. In addition, future studies with an increased number of samples, are being 

carried out to provide new clues of the role of chemical elements during skin carcinogenesis and to enhance 

the statistical support toward to a greatest impact on clinical practice.  
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Highligths: 

 A specific LIBS configuration for imaging human paraffin-embedded samples is 

proposed. 

 High complementarity between LIBS imaging and conventional histopathology is found. 

 The most meaningful metal and non-metal elements in medical applications are 

detected. 

 Fast analysis of large healthy and skin tumor biopsies (> 140,000 pixels) is obtain. 

 Elemental images of biopsies allow the characterization of tumor lesions. 
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