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Calibration-free Laser-induced Breakdown Spectroscopy (CF-LIBS) has the significant advantage of
not requiring any sample preparation, making it an attractive technique for various applications. How-
ever, to prevent sample dehydration during measurements and facilitate handling, some degree of
preparation is often necessary, particularly for biological samples. The flexible structures and inherent
inhomogeneity of biological tissues make it difficult to achieve optimal focus and increase the risk of
elemental changes during measurement, which can adversely affect reproducibility. This study inves-
tigates the analysis of porcine skin, with the ultimate aim of applying CF-LIBS in medical contexts.
The effect of embedding porcine skin samples in phosphate-buffered saline (PBS) or deionised water
(dH20) was therefore evaluated in comparison to untreated tissue. The results showed no significant
differences between PBS and dH,O. However, distinct intensity deviations for magnesium and cal-
cium were observed in embedded samples compared to untreated samples. Although embedding im-
proves sample handling and reduces standard deviation, there may be an elemental exchange with the
solution. Therefore, a careful compromise must be made between practical sample handling and po-
tential elemental changes for any biological CF-LIBS application. This work provides valuable find-
ings to advance CF-LIBS in biological and clinical research.
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1. Introduction

A major advantage of Laser-induced Breakdown Spec-
troscopy (LIBS) is that it can perform elemental analysis
without the need for sample preparation, making it a fast,
flexible and cost-effective method [1]. This has made it very
popular in areas like metallurgy, archaeology, and more and
more in medicine [2—4]. In LIBS, a pulsed laser beam is fo-
cused on a solid, liquid or gaseous sample, generating a
plasma through the localised ablation of the material [1]. The
intense heat generated by the laser pulse rapidly vaporises
the target area, breaking molecular bonds and forming a
plasma containing atoms, ions and electrons originating
from the sample [2]. As the plasma cools, the excited ele-
ments recombine and emit light specific to each element [5].
These emissions are collected and analysed using a spec-
trometer to determine the elemental composition of the sam-
ple [6].

A significant advancement in this technique is calibra-
tion-free LIBS (CF-LIBS), which enables quantitative anal-
ysis without the need for external calibration curves [4]. By
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fulfilling three plasma criteria, the composition of the sam-
ple can be determined from the intensity of the elements [5].
These plasma criteria include local thermodynamic equilib-
rium, optical thin plasma, and stoichiometric ablation,
whereby the plasma composition represents that of the sam-
ple [4]. A detailed description of these criteria can be found
here [5]. Ensuring these conditions are met is essential to
guarantee accurate and reproducible quantification [6].
However, the quality and reproducibility of the spectra
depend strongly on the laser parameters and sample-specific
factors such as density, hardness, and elemental composition
[1, 6]. These matrix effects can significantly impact the re-
sults, particularly in biological samples [7]. To overcome
this issue, preparation methods such as drying, embedding,
or freezing are employed to reduce variability and improve
ablation consistency [8].
For biological tissues, which are structurally heterogeneous
and compositionally complex, the impact of preparation on
elemental composition remains uncertain. Since embedding
media contain elemental constituents, elemental exchange
with the sample is likely. This study examines how different
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preparation methods affect the LIBS signal, evaluating the
balance between improved handling and potential changes
to the elemental profile of the sample.

2. State of the art

Biological samples are much more difficult to handle than
metals due to their heterogeneity, irregular surface structure,
and poorly characterised elemental composition [4]. De-
pending on their physical composition, solid tissues (teeth,
bones, nails), soft tissues (organs, skin) or liquid tissues
(blood, mucus, urine), different preparation techniques are
used [9]. These techniques are explained below.

2.1 Solid tissue

For hard tissues, polishing the surface can improve the
interaction between the laser and the material, thereby en-
hancing LIBS performance [8]. To reduce matrix effects in
biological samples, it is beneficial to dry, pulverise and press
them into pellets, as this increases homogeneity and repro-
ducibility [10, 11]. Nevertheless, structural modifications at
the microscale may result in new spectral deviations [11].

Pulverisation aids consistent vaporisation and atomisa-
tion during plasma formation, particularly with fine powders
[8]. Janovszky et al. demonstrated this by pressing pig brain
tissue into pellets in order to differentiate between grey and
white matter [9]. Pelletisation is also common in plant stud-
ies, for example, Jull et al. examined the effect of sodium
(Na) on growth using this method [10].

2.2 Soft tissue

The structural heterogeneity and surface fluids (such as
blood or mucus) of soft tissues can affect their optical prop-
erties, the depth of ablation and the accuracy of the results,
presenting challenges for LIBS [12]. Fluids may also intro-
duce spectral interference because the laser initially interacts
with the liquid. Methods such as grids or rotating samples
can improve measurement consistency [13].

In clinical settings, tissues are often embedded in paraf-
fin for long-term preservation [14]. While this is compatible
with histological staining, paraffin can cause shrinkage and
protein alteration, which affects LIBS signals [14].

Epoxy resin is a more stable alternative that is widely
used in the geosciences and life sciences [8, 15]. It enhances
ablation efficiency due to its higher mechanical strength [15,
16]. Motto-Ros et al. [17], for instance, analysed mouse kid-
ney tissue embedded in epoxy resin. Nevertheless, embed-
ding media such as paraffin and epoxy resin contain ele-
ments that may alter the composition of tissue through ele-
mental interaction.

Short-term fixation can also be achieved using a phos-
phate-buffered saline (PBS) solution [18]. PBS is the most
commonly used buffer in immunocytochemistry and con-
tains sodium chloride (NaCl), disodium hydrogen phosphate
(Na;HPOs,), potassium chloride (KCl), and potassium dihy-
drogen phosphate (KH,POs4) and H,O [19].

However, it should be noted that LIBS is an elemental
atomic spectroscopy method, and chemical equilibration be-
tween the elements occurs as soon as a sample is embedded
in a solution. Consequently, the spectrum of certain elements
exhibits lower or higher intensities. The presence of salts
from PBS could also introduce additional spectral lines,
complicating elemental analysis and quantification. In histo-
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logical practice, deionised water (dH>O) is frequently used
to prepare tissue sections, particularly when smoothing and
unfolding sections in a warm water bath prior to mounting
on slides [20, 21]. dH,O is often used as a diluent to reduce
self-absorption [8]. Self-absorption refers to the phenome-
non where emitted photons from a spectral line are reab-
sorbed by atoms of the same element within the plasma. This
results in a broadening and reduction of the line intensity,
ultimately leading to an underestimation of the element's
concentration in the sample [5].

Although dH,O is widely used in medical diagnostics,
no studies have investigated its effect on the LIBS spectrum
when used to embed biological samples. This research gap
presents opportunities for future studies, particularly with re-
gard to optimising sample preparation for LIBS analyses.

2.3 Fluid tissue

Pure liquids present a challenge for LIBS analysis due to
surface waves, splashing and a reduced plasma lifetime, all
of which degrade the quality of the measurements [21].
Freezing biological liquids such as blood or urine is an ef-
fective alternative [21]. Studies show that frozen samples
can yield detection limits for magnesium (Mg) that are up to
six times lower than those for liquid samples [22]. Although
freezing is fast and cost-efficient, it may alter the optical
properties and geometry of the sample, and this must be con-
sidered when interpreting the data.

Neverthless, none of these studies have assessed the ef-
fect of freezing on elemental composition.

2.4 No sample preparation

Although biological samples often require minimal
preparation, several influencing factors must be considered.
For example, elemental composition can vary based on pa-
tient-specific factors such as sex, age and lifestyle, as
demonstrated in nail analysis by Skalny et al. [10]. Similarly,
nutrition affects bone composition and postmortem shifts,
such as potassium (K) loss and calcium (Ca) accumulation,
occur rapidly within hours [22].

A central question is how sample preservation impacts
elemental composition and consequently affects LIBS re-
sults. Additionally, it is crucial to understand compositional
changes over time. This study addresses these issues by us-
ing porcine skin as a model due to its anatomical and dermal
similarity to human tissue [6]. The elemental profiles of un-
treated samples were compared over a three-day period us-
ing two preservation methods: storage PBS or dHO.

The aim was to minimise sample preparation to simulate
realistic, practical conditions. The evaluation criteria in-
cluded changes in signal intensity, ease of measurement and
sample handling, providing insights into the suitability of
these preservation techniques for CF-LIBS analysis in bio-
logical research.
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3. Materials and Methods

This study used a flashlamp-pumped, frequency-doubled,
Q-switched Nd:YAG laser system (Q-Smart 450, Quantel
Laser, LUMIBIRD, France), operating at a wavelength of
532 nm. This system delivers a maximum pulse energy of
150 mJ at this wavelength, with a pulse duration of 5 ns and
a maximum repetition rate of 10 Hz. To adjust the laser en-
ergy more precisely, the beam path includes a polarising
plate, followed by a half-wave lambda plate and a second
polarising plate. After this modulation, the beam passes
through a beam splitter which diverts 3.5% of the energy to
an energy meter (PM100D, Thorlabs, USA) while guiding
the remaining laser beam onto the sample surface. Beam fo-
cusing is achieved via a series of mirrors and a microscope
objective (MY 10X-823, Thorlabs, USA), which allows for
the precise delivery of the laser pulse to the target. The re-
sulting emission is collected without the use of any interme-
diate lenses and directed to a spectrograph (Andor Mechelle
MES000 Echelle, Oxford Instruments, UK) via an optical fi-
bre positioned approximately 5 mm from the sample. The
spectrograph offers a broad spectral range of 230-850 nm
with a high spectral resolving power (MARX) of 6,000, equat-
ing to a resolution of 0.1 nm at 600 nm. All measurements
were conducted under ambient pressure and temperature
conditions.

The experimental setup is shown in figure 1. In this study, a
laser energy of 80 mJ, a delay time of 1600 ns and a gate
width of 12 pm were used, these parameters were verified in
a preliminary study for CF-LIBS in porcine samples [5].

Energy Meter

Laser

Spectrometer

31 mm

Objective, f

=

- .
H 1 Beamsplitter

2 Measuring head
3 & 5 Polarizer
4 Waveplate (A/2)

Fig. 1 LIBS setup. The laser energy is adjusted using a
measuring unit consisting of polariser and a half-wave lambda
plate. A beam splitter and an energy meter measure the laser
energy. The laser beam is directed at the sample surface via
mirrors. The high energy of the laser beam ablates material
from the surface of the sample and generates plasma. As the
plasma cools, it emits light which is captured by a fibre and
sent to a spectrometer. The spectrometer sends the data to a
PC and generates a spectrum.
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4. Biological samples

For this study, three porcine bellies were purchased from a
local butcher. The samples from three animals have been
used to reduce the effects of elemental differences due to the
animals' sex, age and diet. From each porcine belly 3 skin
samples per preparation method were cut by hand with a
scalpel. Figure 2 shows the procine skin.

Fig. 2 Porcine skin tissue.

In order to counteract any influencing factors in the ele-
mental reactions, an attempt was made to use approximately
the same sample sizes for each tissue. All samples were
weighed for this purpose. Table 1 provides an overview of
the mean weights and standard deviations of the samples.
After cutting the samples, they were stored separately in
tubes to avoid confusion and elemental interactions.

Table 1 Averaged weight of the samples with standard

deviation.
Weight [g]
Untreated 0.453 +0.13
PBS 0.552+0.12
dH>0 0.420+£0.10

The untreated samples were placed in the refrigerator at
4 °C. The remaining samples were placed in 20 ml of PBS
(PBS, pH 7.4, liquid, Sigma Aldrich, Germeny) or dH,O,
and then also refrigerated at 4° C. Three spots were exam-
ined for each sample. Each spot was cleaned with a laser shot
before measurement. The spot was then exposed to 10 laser
shots; these were accumulated to reduce the influence of
noise. After measurement, the samples were immediately
cooled again to counteract any influences. Measuring a sam-
ple only takes a few minutes. All samples were packed air-
tight.

5. Element determination

PBS consists of several elements, such as Na,HPO., KClI,
NaCl and H,O. These elements can lead to elemental equi-
librium between biological samples and liquid. For the eval-
uation of the spectra, it was decided to take the elements Mg
and Ca, as it is assumed that these are only found in the bio-
logical samples and therefore diffuse only into the liquid and
not from the liquid into the tissue. Na was also examined
because its spectral lines were clearly identifiable in the
spectrum [23]. Ca was chosen because it has well-recognisa-
ble intensities over a large wavelength range (350 nm to
650 nm) [23]. Mg was chosen because it has clear intensities
in the lower wavelength range, and these lines cannot be
confused with others [23]. Due to laser-material interaction,
intensities between individual LIBS measurements fluctuate
considerably, so intensity ratios were considered instead of
individual intensities. In this study, the Na:C, Mg:C and
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Ca:C ratios were considered. Carbon (C) was taken as a ref-
erence because it is assumed not to change within tissue
types or over time. Additionally, C does not occur in dH,O
or PBS. The Na:C ratio for untreated samples and those in
dH,O is used as a reference.

Several wavelengths were selected from each spectrum
acording to the National Institute of Standards and Technol-
ogie (NIST) for the four elements as shown in table 2 [23].
The mean values and standard deviations of the intensities
were calculated for each element at each wavelength for
each generated spectrum. The intensity ratio was then calcu-
lated based on the total mean value for each element.

Table 2 Wavelengths 4 of the elements used to calculate the
intensity ratios from NIST. With the respective upper E; and
lower energy E; levels and transition probabilities g-4, based
on [23].

A (nm) Ei(eV) Ex(eV) gA T
C 290.326 8.848 13.117 3.9-10°
C 290.495 8.851 13.117 6.6: 108
C 474.257 7.946 10.560 3.0-10°
C 481.216 7.480 10.056 1.2-10°
C 530.085 8.640 10.979 5.7-10°
C 580.580 8.848 10.983 4.0-10°
Ca 428.301 1.886 4.780 2.1-108
Ca 442.544 1.900 4.680 1.4-108
Ca 518.885 2.933 5.321 2.0-108
Ca 526.224 2.521 4.877 6.0 108
Ca 558.876 2.526 4.744 3.4-108
Ca 612.200 1.886 3.910 8.6+ 107
Ca 616.217 1.899 3.910 1.4-108
Ca 649.378 2.521 4.430 22108
Mg 273.350 2.712 7.246 4.6-107
Mg 281.111 5.946 10.355 9.8-108
Mg 284.672 2.709 7.063 3.9-107
Mg 291.545 5.753 10.005 2.0-10°
Mg 309.689 2.717 6.719 3.4-108
Mg 332.992 2.709 6.431 9.2-10°
Mg 383.230 2.712 5.946 6.0- 108
Na 342.730 32.700 36.317 1.7 -108
Na 350.250 32.700 36.239 3.5-108
Na 351.100 32.700 36.231 3.2-108
Na 391.790 33.100 36.259 5.3-108
Na 439.003 2.102 4.926 3.9-10°
Na 466.856 2.104 4.760 1.4-107
Na 449.766 2.104 4.860 8.7-10°
Na 818.326 2.102 3.617 1.7-10%
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6. Results and Discussion

The results of the LIBS measurements are discussed be-
low, comparing the intensity ratios of the untreated samples
with the samples embeded in PBS and dH,O.

6.1 Spectra

Due to the strong fluctuations in the individual LIBS
spectra during the measurements, all spectra were visually
inspected for noise and baseline shifts.

Each sample was measured three times, with three sam-
ples used for each preparation method and animal. This cor-
responds to three animals - three tissues - three spots = 27
spectra. This was done for one day and one preparation
method. Table 3 shows how many of these spectra were ul-
timately used for analysis. In total, 27 - 9 = 243 spectra were
generated. Where 9 stands for three days of untreated tissue,
three days of PBS and three days of dH,O. Each spectrum
consists of 10 accumulated laser pulses to reduce the influ-
ence of noise.

Good spectra were identified using a combination of vis-
ual inspection and an automated Python script for spectral
quality control. Initially, the script filtered out spectra with
insufficient intensity, defined as the absence of peaks ex-
ceeding 1000 a.u.. This threshold was established through
preliminary investigations to distinguish signal from noise.
Spectra containing only a few significant spectral lines or
exhibiting flat baselines, often due to misalignment or poor
laser—material interaction, were excluded. Spectra with
complete baseline shifts were also discarded. Following au-
tomated screening, any remaining spectra were visually re-
viewed to identify and exclude those with missing intensities
in relevant wavelength ranges.

As shown in table 3, spectra from skin embedded in PBS
produced the poorest quality results, followed by those from
skin embedded in dH,O. In contrast, untreated samples con-
sistently produced the most reliable and informative spectral
profiles. Despite the fact that the embedded samples ab-
sorbed liquid over the three days, there was no clear ten-
dency for the number of good spectra to decrease. In fact, it
even increased with dH>O.

The observed increase in the number of good spectra
over the three-day period may be explained by the samples
gradually becoming more homogeneous due to elemental
diffusion. This process probably led to more uniform surface
conditions, improving the consistency of the LIBS measure-
ments. Consequently, fluctuations between individual meas-
urements decreased and the interaction between the laser and
the sample surface became more stable and predictable.

Table 3 Spectra used from 27 spectra generated per
preparation method, divided into days 1, 2 and 3. The
percentage of spectra ultimately used is shown on the left and
below.

Type Skin [%]
Days 1 2 3

Untreated 15 24 19 71.60
PBS 20 12 21 65.43
dH20 16 18 23 70.34
[%] 63.00 67.00 77.00
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Figure 3 shows the spectra of porcine skin compared to
the sample preparation methods on day 1. The y-axis shows
the intensity and the x-axis the wavelength in nm. The un-
treated samples are shown in red and those placed in PBS in
gray, followed by the dH,O samples in yellow. In the graph,
it is clearly visible that the spectral line for Na and hydrogen
(H) is highest in the PBS sample. Ca is highest in the dH,O
sample. In the untreated sample, only K is highest.

However for the dH,O samples the decline is relatively
small. This suggests that Na initially present in the tissue
may diffuse into the embedding medium due to concentra-
tion gradients. Standard deviation remains stable in un-
treated samples, but decreases significantly in PBS samples.
In dH,0 samples, it initially drops from day 1 to day 2 before
rising again on day 3.

Comparison of skin untreated,in dH-O and in PBS

60000 Na
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50000 A dH20
— PBS
= 40000
8 Ca H
£ 30000 -
E K,
= 20000 - i
Mg .| Ca F Na
10000 A | ::' | ! g
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400 500 600
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Fig. 3 LIBS spectrum of porcine skin untreated and embedded in dH>20O and PBS on day 1. For each tissue
type, specific intensity peaks of certain elements are labelled. N = 27.

6.2 Ratio Na/C

Figure 4 shows the intensity ratio of Na to C. There is a
clear trend where the mean intensity of untreated samples
increases over three days, while the intensity of PBS samples
decreases. dH>O samples also show a slight increase over
time. On days 1 and 2, the mean intensity of untreated and
PBS samples is almost identical. However, by day 3, un-
treated samples clearly diverge, exhibiting higher values.
Across all days, dH,O samples consistently show the lowest
mean intensities. Na levels in untreated tissue increase
within the range of the standard deviation, while a decline is
noted in both PBS and dH,O embeded samples.

Intensity ratio — Na/C

5 16 A

&

2 12 1 @ pBS

S 87 E dH.0
%‘ 4 _IE H X} W Untreated
]

g 0 '

Day 1 Day 2 Day 3

Fig. 4 Na/C ratio with standard deviation. On the x-axis
are the tissue types over a period of three days. The
specimens embeded into PBS are grey, those embeded
into dH20 are orange and the untreated specimens are
red.

N =243.
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6.3 Ratio Ca/C
The Ca/C ratio reveals more significant differences, see
figure 5. Untreated samples exhibit substantially higher
mean intensities and greater standard deviations than em-
bedded samples.

Over the three-day period, both values steadily decline
in untreated tissue, whereas Ca levels in PBS and dH,O re-
main unchanged. Initially, PBS samples show slightly higher
values than dH>O samples, but this relationship reverses by
day 3. In both embedding conditions, a decrease in standard
deviation is observed, indicating a stabilising effect over
time. The consistent values suggest that the amount of Ca
present in the samples and in the fluids is the same, while its
concentration in untreated tissue decreases within the range
of the standard deviation.

Direct comparisons are difficult due to the limited liter-
ature currently available on the elemental distribution of Ca
and related elements in different tissue types. Nevertheless,
it is generally assumed that Ca is naturally present in rela-
tively high concentrations in skin tissue. As neither dH,O
nor PBS contains Ca, immersion in these media is likely to
promote diffusion-driven elemental exchange. Consequently,
Ca may diffuse from the tissue into the surrounding solution
during treatment, resulting in a lower Ca concentration in the
embedded samples than in untreated tissue.
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Fig. 5 Ratio of Ca to C intensities with standard deviation.
Tissue samples over a period of three days are shown on the
x-axis. The samples placed in PBS are shown in grey, the
samples placed in dH2O are shown in orange and the
untreated samples are shown in red. The intensity ratio is
plotted on the y-axis. N = 243.

6.4 Ratio Mg/C

The difference between untreated and embedded sam-
ples is particularly notable in the Mg/C ratio as shown in Fig.
6. Untreated samples exhibit a notably higher mean intensity,
approximately 5 a.u. higher, than embedded porcine skin
samples. The Mg intensity in untreated samples decreases by
day 2, rising slightly by day 3 within the margin of the stand-
ard deviation, which remains constant across all days. In
contrast, both PBS and dH-O samples show a continuous de-
cline in mean intensity and standard deviation over time. As
Mg is not a component of either embedding solution, its re-
duction can be attributed to diffusion from the tissue into the
surrounding medium. This observation supports the idea that
embedding solutions can change the elemental composition
of biological samples by facilitating selective element ex-
change.

Intensity ratio — Mg/C

= 16 1
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Day 1 Day 2 Day 3
Fig. 6 Intensity ratio of Mg to C with the standard deviation.
The x-axis shows the respective tissue samples over a period
of three days. In gray the samples put in PBS, in orange the
samples put in dH20 and in red the untreated samples. The
intensity ratio is plotted on the y-axis. N = 243.

7. Limitation

To counteract biological influences on the porcine sam-
ples, such as age, sex, and diet, as much as possible, porcine
samples from three animals were used. However, the butcher
did not have more precise data on these animals, such as
origin, sex, or time of slaughter. The LIBS spectra were an-
alysed at three different locations in order to reduce the var-
iance. Due to the flexible structure of the samples, it was not
possible to cut them with a vibratome, so the samples were
cut with a scalpel, resulting in non-palnar surfaces. This non-
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planar surface can cause the laser to be slightly out of focus,
resulting in lower spectrum intensities.

Due to the hand-cutting of the samples, samples of dif-
ferent sizes were cut for each tissue type. An attempt was
made to keep the weight similar.

8. Discussion

To ensure accurate and reproducible LIBS measure-
ments, particularly in the context of calibration-free analysis,
special attention must be paid to the choice of embedding
medium. Although PBS and dH>O had similar effects on
spectral profiles, they both differed notably from untreated
tissue, particularly with regard to the Ca/C ratio. This high-
lights the necessity of first comparing embedding media
with untreated tissue for each tissue type and elemental ratio
in order to evaluate potential matrix effects and elemental
interactions.

Such interactions arise from the tendency of elements to
reach equilibrium in terms of concentration between the tis-
sue and the surrounding fluid. As demonstrated in Jansen et
al.'s [22] study, postmortem elemental shifts can occur, in-
cluding an increase in Na concentrations across various rat
organs shortly after death. Jansen et al. [22] also observed an
initial decrease in K, followed by a secondary increase,
which he attributed to its release into the extracellular space
due to cellular breakdown and subsequent protein degrada-
tion. Similarly, Nagaraj et al. [24] reported elevated Ca lev-
els in goats following slaughter, which were likely caused
by Ca leakage triggered by the denaturation of intracellular
regulatory proteins. Both researchers noted a subsequent de-
cline in these elemental concentrations, although the mech-
anisms behind this reversal remain unclear. By contrast,
while this study identified no significant increase in Ca, pri-
marily due to a lack of precise slaughter time information,
there was a clear secondary rise in both Mg and Na. Further
investigation is required to determine how such elemental
changes manifest in different tissue types.

9. Conclusion

This study provides a thorough evaluation of the impact
of embedding in PBS or dH,O on the spectral characteristics
of porcine skin. It was demonstrated that immersion had no
significant effect on the overall spectral quality compared to
untreated tissue. Minor variations were primarily observed
in the Na/C and Mg/C ratios for skin, while general intensity
and reproducibility remained consistent across all conditions.
Therefore, it is essential to analyse LIBS samples as soon as
possible to minimise the influence of changes in elemental
composition over time. These results are significant because
they confirm that extensive sample preparation is unneces-
sary, thus preserving the rapid and straightforward nature of
LIBS analysis.
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