
                                                                                               





ABSTRACT
Analytical techniques based on Laser ablation (LA), such as LIBS and LA-ICP-MS, are
capable of rapid chemical analysis directly on the sample surface. Recently, the cou-
pling between nanoparticles and light has been considered as a way to improve these
techniques’ performance. Nanoparticles coupling with laser can strongly enhance the
near-field around them. When the nanoparticles are deposited on the surface to be
analyzed by methods based on LA, the strong field created by the coupling between
nanoparticles and laser may change the LA processes influencing the properties of laser-
induced plasma. It has been shown that the presence of NPs during LA lowers the
ablation threshold, enhances the signal and changes the properties of aerosol particles.
The applications on Nanoparticle Enhanced LIBS (NELIBS) have found a place, where
conventional LIBS have some difficulties, e.g., analysis of samples where damages are
undesirable, analysis of solution at sub ppm level by employing micro-liter volumes etc.
This thesis completely describes the phenomena behind nanoparticle enhanced LA, based
on comprehensive experimental work and physical theory. Further, with the understand-
ing of the fundamental principles, two new applications were developed. Firstly, NELIBS
is used as an advance technique for metallic ions detection in amyloid fibrils, an advanced
bio-material suitable for water purification. Secondly, NELIBS is introduced as a new
method for nanoparticle protein corona sensing extending the classical use of NELIBS
from the elemental analysis to the use as a sensing tool.
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Introduction
In 1960, the laser was invented. Laser light is monochromatic and can be easily
focused on a small spot, where as a result, a significant amount of energy is con-
centrated. When certain conditions are met, the material is ablated, and a bright
plasma is induced. This process is called laser ablation (LA) which is the main
focus of this thesis. In the field of analytical chemistry, the light emitted from the
induced plasma can be analyzed to determine the presence and concentration levels
of almost any element from the periodic table. This technology is known as Laser-
Induced Breakdown Spectroscopy (LIBS). Ablated material during LA condensates
and forms aerosol that can be further transported to Inductively Coupled Plasma
(ICP) to be atomized and analyzed by Optical Emission Spectrometer (OES) or by
Mass Spectrometer (MS). Thus, laser ablation-based analytical methods enable a
rapid in-situ chemical analysis directly from the sample surface without involving
the previous desolvation using toxic solutions.

Even though, both methods are well established, the laser-matter interaction
influence on the laser ablation process is not fully understood. Understanding this
interaction is fundamental in order to: efficiently couple the laser beam into a sample,
ablate a reproducible amount of mass, and control stoichiometry of ablated material.
Surface properties influence all the mentioned processes. As a result, the analysis
of two samples with identical elemental composition can result in different plasma
spectra signals or aerosol composition when surface properties or sample matrix
vary.

At the beginning of the last decade, it was shown that with the use of NPs, surface
properties could be modified advisedly in order to improve the analytical response
of LIBS [1]. Nowadays, the NPs deposition on the sample surface is used in many
applications to lower the ablation threshold and/or to improve LIBS sensitivity, i.e.,
limits of detection. This technique, called "Nanoparticle Enhanced LIBS (NELIBS)",
has found a place in many applications overcoming some typical LIBS difficulties,
such as analysis of samples where damages are undesirable [2] or analysis of micro
drops at sub-ppm level [3, 4]. Moreover, in one of our studies, we suggested that the
NPs enhanced LA (NELA) influence later stage of plasma evolution and consequent
condensation of aerosol. We showed that presence of NPs changed fractionation
index of elements and the aerosol properties in general. Thus, if it is used advisedly,
NELA can improve analytical performance of LA-ICP-MS as well [5].

The mechanism of signal enhancement has been assigned to the plasmonic in-
teractions between NPs induced by laser beam, but yet not satisfactorily explained.
The understanding of this phenomenon is fundamental in order to use the method
efficiently and adequately. Thus the primary objective of the thesis is to describe
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and explain the NPs effect on the laser ablation process.
The thesis is divided into three parts. The first part summarizes the basic knowl-

edge concerning LA and introduces used the experimental set-up and methodology.
In the second part, based on our published and unpublished studies, the rigid the-
ory is presented explaining the origin of the enhancement process during NELIBS
analysis. Moreover, the topic of the thesis is, here, extended by the feasibility study
of NELA use in LA-ICP-MS. The third part is devoted to NELIBS applications.
Firstly, based on the previously presented theory, the NELIBS experimental method-
ology is explained. This is followed by a short application review which explains in
which applications NELIBS improves LIBS analytical performance. Finally, the two
applications that were developed within my doctoral study are presented. In the
first of them, NELIBS is introduced as a technique for metallic ions quantification
in micro-liter liquid volumes with the use of a novel nanobiomaterial containing
amyloid fibrils and gold nanoparticles. The second one examines the feasibility of
NELIBS as a sensing method of nanoparticle-protein corona formation. The whole
thesis is closed with a conclusion that summarizes the results, proposes the ideas
for further experiments, and suggests future direction of the nanoparticle enhanced
techniques.
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Part I

Laser Ablation in Analytical
Chemistry
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1 Laser Ablation
Laser ablation (LA) refers to the process in which an intense burst of energy deliv-
ered by a short laser pulse is used to remove a portion of material. Laser ablation
results in the formation of gaseous vapor, luminous plasma, and the production of
fine particles. In analytical chemistry, LA is widely used as a simple, straightfor-
ward process of material sampling for elemental analysis used in the methods such
as LIBS and LA-ICP-MS/OES. Those methods gain popularity for numerous ad-
vantages. During LA, a small amount of sample, typically just a few micro-grams, is
ablated for single analysis by a high-energy pulse laser. Therefore the methods can
be considered non-destructive on the macroscopic scale. The analysis is very fast
with the possibility of spatially resolved measurements. Moreover, minimal sample
preparation is required prior to analysis with the possibility of sample analysis on
any state of matter: solid, liquid, even gas state. This brings a considerable ad-
vantage compared to the other sample elemental analysis methods that typically
involve sample desolvation in acid solution. This procedure introduces the chance
of exposure to hazardous materials, and there is a risk of contamination or losing
some components during sample preparation [6].

In LIBS, fast multi-elemental analysis, including the detection of light elements
and halogens, can be performed just by analyzing a single emission spectrum. More-
over, the quantitative analysis of the sample material can be directly derived by
modeling the laser-induced plasma, and the optical plasma emission [7, 8]. The
LIBS analysis can also be performed in-situ with remote sensing, making LIBS a
popular method in many industrial applications. The disadvantage of LIBS lies in
relatively high Limits Of Detection (LOD) in comparison, foe example, to LA-ICP-
MS. The LOD of LIBS are typically in the order of ppm that is insufficient for many
applications [9]. Therefore, modifications to increase LIBS sensitivity have been
developed, for example, Double pulse LIBS [10], resonance LIBS [11], the use of
external electric or magnetic fields [12, 13], and LIF-LIBS. Those techniques require
the use of an additional energy source or tunable lasers. Contrary, in NELIBS, the
metallic nanoparticles are simply deposited on a sample’s surface, enhancing the
plasma emission spectrum. Recently, it has been shown that NELA also influence
the aerosol properties improving LA-ICP-MS performance.

This chapter is devoted to the description of LA, consequent induced plasma
formation, its emission and decay. It is focused on laser ablation of solid samples in
the ambient air using nanosecond laser pulse, as those parameters are used during
NELA. Thus this chapter serves as a basic knowledge for explaining the nanoparticle
enhancement mechanism during laser ablation presented in Part II, which creates a
core of the thesis.
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Depending on the wavelength, the ablation process is usually a combination of
thermal and non-thermal mechanisms. A non-thermal mechanism occurs when the
photon energy is higher than the binding energy of atoms in the solid-state or the
field created by laser radiation is high enough to break the atomic lattice and eject
the ions and atoms without heating. Even if the laser photon energy is not high
enough to break bond, a direct ionization can occur by multiphoton ionization.
On the contrary, during the thermal process, electrons absorb the energy of laser
photons, and this energy is transferred to the atomic lattice. The sample material
melts and vaporizes and finally creates vapor. The thermal mechanism induces a
strong fractionation due to the difference in latent heat of vaporization for different
chemical elements.

During a nanosecond ablation, the electron-lattice heating time is around 10−12 s,
which is much shorter than the pulse time. This causes thermal effects to dominate
the ionization process. Thus the nanosecond ablation is characterized by classical
beam-matter interaction based on melting, evaporation, and plasma formation. In
this case, the thermal model is usually used for LA description. In the thermal
model, the LA process can be divided into several phases, shown in Figure 1.1 [14].
Firstly, a high-energy laser pulse is focused on the surface of an analyzed sample
in a small spot, typically on a micrometer scale (1). This increases energy density
(fluence) and the power density (intensity) around the spotted zone. Electrons in
the substrate get excited by the laser photons and further transfer the energy to
the material through the collision with the atomic lattice. In this way, the laser’s
energy is transferred to the sample in the form of heat (2). If the sample irradiance
reaches a certain value called ablation threshold, the sample reaches melting, then
boiling point and portion of material evaporates (3). Vaporized species from melted
spot form the dense vapor plume surrounded by the ambient environment. The
optical breakdown of solid materials is initiated by the inverse Bremsstrahlung or
multiphoton ionization, depending on the pressure/density of the vapor plume [15,
6]. Both processes are followed by the avalanche or cascade ionization of the ablated
material. The ionization of the plasma plume results from the absorption of the laser
energy by evaporated electrons and collisions with atoms in the plasma plume. This
takes place when the electrons’ kinetic energy exceeds their ionization potential.
Evaporated particles together with the surrounding atmosphere create plasma (4).
Between 1 ns and 10 ns, the plasma becomes opaque for laser radiation. Thus the
last part of the laser pulse interacts with the plasma surface and will be absorbed
or reflected depending on the laser wavelength. Hence it will not ablate much more
sample material. This effect is called plasma shielding. This shielding reduces the
ablation rate, as the radiation does not reach the sample surface, but at the same
time, it can further reheat plasma and prolong its lifetime. The rest of the laser pulse
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duration re-exiting the electrons by inverse Bremsstrahlung, so the electrons reach
the temperature between tens and thousands of kelvin. The induced plasma emits
radiation which consists of discrete lines, bands, and an overlying continuum (5-
7). The discrete lines are specific for each element, as each kind of atom has some
different energy levels that determine the line’s wavelength. Thus by acquiring
plasma emission spectrum, we get a fast, full-elemental analytical method LIBS.
The laser ablation process is terminated by the creation of a crater and aerosol
formation (8). A portion of removed material from the sample that formed vapor,
solid, or liquid particles condensates in the form of aerosol that can be further used
for analysis by ICP-MS/OES.

Fig. 1.1: LA shown in phases 1–8; LB = incoming laser beam, S = sample, H =
region of energy deposition, V = material vapor, P = plasma, E = element-specific
emission, CR = crater, PT = particles. The times shown depict the temporal
evolution after the start of irradiation of the laser pulse [14].

It is important to emphasize that the analytical response of LA-based methods
depends not only on the instrumental parameter, such as laser wavelength or irradi-
ance but also on the sample properties, as they directly affect the interaction between
laser and sample. Therefore, the analysis on two samples with identical elemental
composition can result in different plasma spectra signal or aerosol composition
when surface properties or sample matrix vary [16]. Such different responses can be
attributed to differences in the laser–sample interaction, resulting from changes in
the ablation mechanism and efficiency, or to a variation in the physical plasma pa-
rameters, or a combination of both [17]. This behavior is critical in NELA, where the
NPs are used advisedly to manipulate surface properties to improve the LA-based
methods’ analytical performance.
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2 Instrumentation and Experimental Set-up
The main aim of this thesis is to observe and explain the influence of NPs deposition
on laser ablation and consequently on plasma emission enhancement. Thanks to the
collaborations with different research groups, I got the opportunity to explore this
phenomena with several techniques, see Figure 2.1. Induced plasma emission gives
us complex information about plasma parameters and sample elemental composi-
tion. Therefore, the core of the thesis’s experimental part is focused on analyzing
plasma emission with the technique LIBS. Further information is obtained by anal-
ysis of aerosol in LA-ICP-MS and other techniques measuring aerosol properties.
Moreover, supporting techniques such as scanning electron microscopy (SEM), 3D
optical microscope and grinding machine is used for samples preparation and 3D
optical microscope for sample characterization or, for example, crater analysis.

During the experimental measurement, many parameters can negatively influ-
ence the analytical performance of the method based on LA: matrix effects, self-
absorption in plasma (LIBS), loss of aerosol due to particle size, fractionation, and
incomplete particle digestion in ICP (LA-ICP-MS). Because every sample is differ-
ent, a proper method of analysis was established to avoid negative influences for
every specific measurement. A huge number of experiment was performed to opti-
mize the NPs depostion and the measurement in order to describe the phenomenon
behind NPs enhancement. Just a part of experimental results is presented in this
thesis in order to clearly describe the enhancement phenomenon and to support
theoretical description.

Fig. 2.1: Sketch of the main techniques used during the work on the thesis topic.

8



Fig. 2.2: LIBS experimental set-up.

Fig. 2.3: Image of typical procedure of NPs deposition for NELIBS analysis. It is
usually suggested to clean the surface of the sample with several pre-shots. The
drop of colloidal NPs is deposited on the created crater and dried in the ambient
environment. All the dried NPs are ablated by single shot and as a result the
enhanced emission lines are detected.

A typical LIBS system (Figure 2.2) can be divided into i) ablation and ii) de-
tection units. The ablation unit consists of a laser and focusing optics that guide a
laser pulse onto the sample surface. The detection unit contains collection optics,
including optical fibers, and a spectrometer equipped with a detector. Prior LIBS
experiment the following experimental parameters were optimized to achieve signif-
icant and reproducible NELIBS enhancement: laser energy and spot size, focusing
optics of plasma image and the detector gate width and delay.

After optimization of experimental parameters, LIBS and NELIBS spectra were
acquired by employing a single laser shot. The experiments consisted of firing several
laser pre-shots, the last used to acquire the LIBS signal. Afterward, the drop of NPs
colloidal solution was deposited on the formed crater and dried in ambient air. The
single shot was fired on the crater with the dried drop, and NELIBS spectra were
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Fig. 2.4: Comparison of LIBS and NELIBS spectra obtained after analysis of tita-
nium sample. The graphs below show the Voigt Fit of emission line. The intensity
is calculated as an area under the Voigt curve.

acquired, see Figure 2.3. Each experiment was repeated at least four times, always
holding the same conditions on a fresh sample surface by moving the sample with a
micrometric stage.

Acquired spectra were analyzed with programs Origin-pro and Matlab. The
intensities of detected spectra lines were extracted from the peak area with a Voigt
fitting process, see Figure 2.4. The enhancement of NELIBS was defined as a ratio
between line emission intensities during NELIBS (𝐼𝑁𝐸𝐿𝐼𝐵𝑆), and LIBS (𝐼𝐿𝐼𝐵𝑆):

𝐸𝑁 = 𝐼𝑁𝐸𝐿𝐼𝐵𝑆

𝐼𝐿𝐼𝐵𝑆

. (2.1)

The common problem connected to the NPs deposition is lowered reproducibility
of NELIBS measurement. As an example, the average of 15 replicas and calculated
standard deviation is printed in Figure 2.5. This relatively high experimental error
was always taken into account before making the conclusion of experimental results.
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Fig. 2.5: Average enhancement of 15 measurements with different NPs sizes and
calculated standard deviation of various emission lines.

The used LA-ICP-MS systems are commercial instruments with a basic layout
consisted of a pulsed laser source, beam delivery optics, an air-tight sampling cell, an
aerosol transport line, and an ICP-MS detector. For each experiment, the ablation
speed and repetition rate was set to be all measured element analyzed at each
ablation spot. This implies that each shot irradiates a fresh surface, acting as a
single-shot measurement.

Spatial care was devoted to the sample preparation and NPs deposition. The use
drop was dried on carefully polished and cleaned sample. The dried spot diameter
was around 3 mm. The analysis was than performed by a single shots mapping all
the area of drop. The NPs enhanced analytical response was obtained as a average of
cps coming from the drop area. The enhancement was calculated as a ratio between
the average signal from drop and signal from bare sample surface.

During the experiment analyzing properties of aerosol, the aerosol generated
by laser ablation of non-overlapping spots was alternately sampled into either an
ICP-MS instrument or aerosol spectrometers in two arrangements (see Figure 2.6):
classical set-up LA-ICP-MS or LA – Engine Exhaust Particle Sizer (EEPS) + Con-
densation Particle Counter (CPC).

The resulting data consisted of the elemental composition obtained from ICP-
MS supplemented by the total particle number concentration (CPC) and particle
size distribution of nanoparticles <560 nm (EEPS) from identical NP drops under
the same LA setup. For a detailed scheme of the performed line scans on a droplet
see Figure 2.7.
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Fig. 2.6: Measurement setup: A) LA-ICP-MS, B) LA with CPC and EEPS.

Fig. 2.7: An overview SEM image of the layout of line scans on a droplet after laser
ablation.
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In NELA, the sample preparation includes the NP deposition, usually done
from colloidal solution. This process introduces new experimental parameters and
sources of error. The deposition quality strongly influences the NELIBS perfor-
mance. Moreover, the experiments of fundamental studies should always be per-
formed at identical conditions, so their results do not lead us to wrong conclusions.
Therefore, the sample preparation and the optimization of NPs deposition were cru-
cial steps prior to experimental work. Sample preparation and NPs deposition were
improved with understanding the origin of enhancement described in the follow-
ing part, and the summary of preparation rules concerning theoretical background
is presented in Chapter 9. Here, the methodology of sample preparation will be
presented without profound explanation.

The majority of the fundamental experiments, focused on explaining NPs en-
hancement, were performed on conductive samples, as the measured enhancement
of insulators was less evident. The presented results were obtained by analyzing pure
metallic samples: titanium and aluminum or alloys and brasses with matrix elements
in combination with minor and trace elements.

The preparation of sample surface for analysis was different for NELIBS and
NE-LA-ICP-MS. In NELIBS, the sample surface was manually polished by the sandy
paper, carefully cleaned with the soap, and rinsed several times with milliQ water in
an ultrasonic cleaner. Moreover, the prepared sample surface was pre-cleaned with
several pre-shots before analysis. This ensured that no external contaminants were
introduced to the measurement.

In the case of NE-LA-ICP-MS, the drop size is much larger than the spot size, so
laser pre-cleaning could not be performed. Therefore, the surface preparation was
carried out by professional grinding machine Tegramin 30 (Struers, Germany) with
a program customized to each sample. Moreover, the samples during the grinding
process were each 5 minutes removed from the machine and washed with acetone in
ultrasonic cleaner to ensure that any foreign particles are introduced to the sample
surface.

A huge variety of NPs was used during our experiments. The commercial NPs
gold and silver with diameter 10-100 nm in sodium citrate, 2 mM, were employed in
experiments where it was important to have clearly defined NPs size and properties.
The NPs prepared by pulsed laser ablation in liquid (PLAL) were utilized in the rest
of the experiments. The protocol can be found in reference [18]. The preparation
by PLAL enables the choice of the capping agent and to easily control impurities.
The NPs in colloidal solutions were characterized by the surface plasmon resonance
spectra (SPR), see Figure 2.8. SPR spectrum was used to determine the NPs size and
NPs size distribution, as the wavelength at the maximum of absorbance is directly
linked to the NPs size, and the band broadening is linked to the NPs size distribution.

13



With the SPR spectrum is also possible to control the state of aggregation of the
NPs. The shoulder in the red zone of the absorbance band appears when the NP
aggregates are presented in the solution. The calculation of NPs size from SPR was
confirmed by TEM. The drop of colloidal solution containing NPs was deposited
on the sample surface with the micro-pipette to achieve the NPs enhancement, see
Figure 2.9. The deposited drop was then dried in ambient air prior to analysis.
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Fig. 2.8: Spherical AuNPs absorption spectra of colloidal solutions with different
AuNPs size.

Fig. 2.9: Drop deposition of NPs colloidal solution with the use of micro-pipette
on ablation crater induced by laser beam on sample surface. Due to difference in
hydrophobicity between crater and untreated sample surface, the drop fits exactly
to the crater size.
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Part II

Nanoparticle Enhanced Laser
Ablation
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Nanoparticle Enhanced Laser Ablation
At the beginning of the last decade, modulation of laser-matter interaction by de-
position of nanostructure has been proposed for increasing the sensitivity of LIBS,
and a method called Nanoparticle Enhanced LIBS (NELIBS) was born [19]. Since
then, NELIBS has become a well-explored method showing considerable advantages
in comparison with other approaches improving LIBS sensitivity [20]. For example,
comparing NELIBS to DP-LIBS, a commonly used sensitivity enhancing method,
no modification of the LIBS experimental set-up is needed in NELIBS. To achieve
enhancement during a NELIBS analysis, the NPs are simply deposited in advance
on the sample surface from a colloidal solution and dried in an ambient environment.
This simple approach has the potential to overcome issues of classic LIBS in many
applications. The possibility of micro drop analysis with sensitivity at sub-ppm level
or non-destructive analysis of gemstones can serve as examples [3, 2, 4].

Here, it is important to emphasize that similarly to SERS, NELIBS should be
regarded as a technique suitable just for a specific kind of applications and not as
a universal solution to sensitivity enhancement. Understanding the fundamental
principles is instrumental in deciding when and how to use the NELIBS approach in
a favorable way. Despite this fact, we can find many studies in the literature devoted
to NELIBS applications but relatively few devoted to the fundamental studies. The
reported results of sensitivity enhancement vary from units to orders of magnitude.
This inconsistency is primarily a result of various experimental conditions used in
NELIBS experiments. To overcome this drawback and to use the NELIBS approach
properly, it is essential to understand the phenomenon responsible for the sensitivity
enhancement. This was the primary motivation of Ph.D. studies, which topic has
been focused on building the rigid theory explaining the origin of enhancement
process during NELIBS analysis. Therefore the core of this part will be devoted
to the detailed description of the events accompanying NELA and the role of NPs
during each phase of LA. To achieve these goals, the systematic theoretical and
experimental studies were performed.

NPs’ effect on plasma induction in the first ns of ablation was described by
theoretical model based on the NPs plasmonic interaction. This model was then
used for the explanation of later phenomenon occurring during NELA that were
experimentally measured. Further systematic experiments were performed to ob-
serve and identify the effect of NPs on later stage of NELA. Based on the results of
the theoretical model and experimental observations, the complex theory describing
fundamental processes in NELA has been developed. Moreover, as an extension of
thesis topic, the feasibility of NELA use was explored during LA-ICP-MS analysis.
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3 Metallic Nanoparticles in Electromangetic
Field

To briefly introduce the field of plasmonics, the most intuitive idea of plasmons
in the metallic NPs will be presented based on electron density displacement in
the particle by an applied driving field, which in the case of laser ablation is the
electromagnetic field of the laser pulse. During the NELIBS analysis, the laser,
monochromatic electromagnetic wave, goes over the NPs and induces a variable
electromagnetic field on the sample surface. This electromagnetic field drives the
electrons inside the NP, and, as a result, they start to move through the NPs to one
side, leaving behind a positive charge on the other side. This sets up a restoring
force between negatively charged electrons and positively charged ion cores in the
NP’ lattice. With the increasing electron density on one side of the particle, the
restoring force starts being so strong that, at one moment, the negative charge
releases, and electrons begin to oscillate between the sides of the NP with a specific
frequency, like a mass on the spring. If the frequency of the incident light (in our
case laser) matches this frequency of the particle, all free electrons in the particle
start oscillating. These collective oscillations of the electrons inside the particle
are known as a localized surface plasmon (LSP) and their natural frequency as
plasmon frequency. The plasmon frequency depends on the shape of the NP, which
determines how the charge accumulates at different surface positions, and on the
electron density, which defines the amount of the accumulating charge. The high
electron densities in noble metals, such as silver and gold, lead to plasmon resonance
at optical and near-optical frequencies. When the LSP is excited, the strong field
around the NP is induced as a result of the changing electron density, and surface
charge [21]. By contrast, the electric field is reduced inside the NP, compared with
the external field, because of the screening by conduction electrons in metal [21]. If
the NPs with the exited LSP get close, their LSP will interact together via Coulomb
interaction between the surface charges.

Coupling between LSP occurs when the NPs distance is to the extent of the
evanescent field at the NPs surface. This coupling leads to the creation of new
plasmon modes with shifted plasmon frequency and further enhancement of the
local electromagnetic field. For two closely spaced NPs (dimer), the field localizes
due to the suppression of the scattering into far-field via excitation of LSP along
NPs, mediated by near-field coupling. This strong near-field coupling develops a
large charge dipole across the gap between the particles, where, as a consequence,
the local field is much larger than the sum of the local fields that the isolated particles
would produce. This intensive local field is called a “hot spot” (figure 3.1A). The
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enhancement of the field in the hot spot 𝐸𝑁𝑒𝑚is described by the following equation:

𝐸𝑁𝑒𝑚 = 1 + 𝜇′

2𝜋𝜀𝑜𝑢𝑡𝜀0𝐷3𝐸0
, (3.1)

where 𝐸0 is the electromagnetic field induced on the NP system, 𝐷 is the interparticle
distance and 𝜇′ is the dipole moment of the NP system calculated by the following
equation:

𝜇′ = 𝜀0𝜀𝑜𝑢𝑡𝛼
′𝐸0, (3.2)

where 𝛼′ is the polarizability given by:

𝛼′ = 2𝜋𝑟3
𝑁𝑃 (𝜀𝑖𝑛 − 𝜀𝑜𝑢𝑡)

𝜀𝑖𝑛[4 − (2𝑎)3

𝐷3 ] + 𝜀𝑜𝑢𝑡[8 − (2𝑎)3

𝐷3 ]
, (3.3)

where 𝜀𝑖𝑛 is metal permittivity and 𝑎 is the radius of the NP. Equation 3.1 tells
us that the electromagnetic field enhancement increases with charge density and
reduces with the cube of the interparticle distance 𝐷.

Fig. 3.1: (A) Field enhancement of a single particle and dimer, the area of strong
enhancement (red zone) is called hotspot. [22] (B) NELIBS signal enhancement
(see Eq.3.1) of Ti I at 365.45 nm as a function of interparticle distance with 20
nm AgNPs deposited on a titanium sample, laser fluence: 13 J cm−2, acquisition
time: 5 µs, delay: 200 ns, gate width: 1.2 µs. Experimentally observed NELIBS
enhancement (full circles); theoretical field enhancement as calculated from Eq.3.1
with (empty squares) and without (dashed lines) correction for tunnel effect.

To further investigate the correlation of field enhancement and plasma emission
enhancement, we have printed the results of equation 3.1 in Figure 3.1B. The calcu-
lated field enhancement (dashed line) is in good agreement with the experimentally
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observed data of NELIBS enhancement (solid circles) until the too strong field is
produced in-between the NPs. While, in the approximation presented, the field en-
hancement asymptotically tends to infinity at the NPs distance close to zero, strong
losses appear in the experimentally obtained data. Those strong losses are the re-
sult of tunneling effects, and equation 3.1 needs extra correction [23]. To account
for the tunnel effect, we correct the electromagnetic field enhancement with the fol-
lowing equations, in order to take into account that the efficiency of the plasmonic
resonance decreases when electrons are emitted:

𝐸𝑁
′

𝑒𝑚 = (1 − 𝑃 (𝐷))𝐸𝑁𝑒𝑚, (3.4)

where 𝐸𝑁 ′
𝑒𝑚 is the corrected electromagnetic field enhancement and 𝑃 (𝐷) is the

probability of electron tunneling as a function of inter-particle distance 𝐷 given by
following equation:

𝑃 (𝐷) =
(︃

1 + exp(2𝑟𝐾) − exp(−2𝑟𝐾)
16(𝐸𝑁𝑒𝑚/𝑉 )(1 − 𝐸𝑁𝑒𝑚/𝑉 )

)︃−1

, (3.5)

where
𝐾 = 2𝑚𝑉

ℎ/2𝜋

(︂
1 − 𝐸𝑁𝑒𝑚

𝑉

)︂1/2
, (3.6)

where ℎ is the Planck constant and 𝑉 is the potential of the barrier. The curve
corrected by the tunneling effect (open squares) is then in agreement with the ex-
perimental data obtained for the NELIBS enhancement. This explains why further
enhancement is not observed when a certain minimal interparticle NP distance is
reached. From this point of view, the concentration of NPs deposited on the
sample surface is one of the most crucial parameters defining NELIBS
enhancement as it is directly correlated to the average particle distance.
Moreover, the final distance between the NPs is also affected by the organization of
the NPs on the sample surface. The enhancement is, therefore, dependent on the
NP concentration and the sample surface properties. To conclude, there is not
a specific concentration of NPs that can be universally used for every
experiment, but a suitable concentration must be found for each sample
and experimental condition.

The second phenomenon connected to the plasmon coupling of close NPs is the
shift in plasmon frequency. Let us consider a pair of the NPs, whose plasmon modes
interact with each other. This pair of small spherical NPs can be treated as two
dipoles. Each of the dipoles creates an external field, and thus, the coupled plasmon
mode is shifted to lower or higher frequencies, depending on the configuration of
the dipoles (Figure 3.2). When the dipoles are organized in an “End to end” con-
figuration, the field initiated by the particles is in the phase of polarization, so the
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Fig. 3.2: Nanoparticle dimer coupling treated as a dipole coupling in configuration
(A) side by side (B) end to end.

Fig. 3.3: Nanoparticle dimer coupling (A) Bright mode (B) Dark mode.

second particle responds in phase with the driving field of the first particle. This
in-phase interaction occurs at frequencies lower than the plasmon frequency of a
single particle, so the mode of coupled particles is shifted to lower frequencies. In a
“Side by side” configuration, the polarization is out of phase, resulting in a redshift,
so the frequency of the interaction is higher than the single-particle mode.

For quantitative description, several models were developed describing resonance
shift due to dimer interaction [21, 24]. For example, a Plasmon hybridization model
where the LSP are described as dipoles and their interactions is treated by the
analogy between plasmon coupling and hybridization of atomic orbitals in molecules
[25, 26]. In the same way in which individual atomic orbitals in a diatomic molecule
hybridize to form bonding and antibonding states, individual plasmon resonances
in NPs couple to form higher energy and lower energy collective modes. The lower
frequency mode of end-to-end configuration corresponds to the dipole coupling in
the phase, and it is called "bright plasmon mode" (Figure 3.3A). For the higher
frequency, the dipoles are out of phase. This mode is cannot be exited by incident
light and thus is called "dark mode" (Figure 3.3B).
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4 Modeling of Laser-NPs coupling by Vari-
ational Method

In the previous chapter, the optical response of the NPs has been described for sin-
gle NP and dimer. This allowed us to understand how NPs plasmonic interactions
can modify the electromagnetic field. However, to fully understand the enhance-
ment mechanism, this description needs to be widened for more complex plasmonics
systems that are presented on the sample surface during NELA.

Fig. 4.1: SEM image of aluminum alloy surface with detail images of dried drop
that contained 5 µl colloidal solution of 100 nm NPs.

As it was mentioned previously, the NPs are deposited on the sample surface
from colloidal solution in the form of drops freely dried in ambient environment
(Figure 2.3). One can easily assume that after this process, there are plenty of var-
ious NP organizations. Some NPs stay single; others are surrounded close to each
other building a 2D, in some cases even 3D, structure, see Figure 4.1. This variety
of NPs arrangements is diversely distributed through the drop, creating a so-called
coffee ring effect. The properties of a coffee ring depend on the hydrophobicity of the
solution and the material contact angle. Because of this, it is challenging to predict
how the NPs deposition will end up, and, in general, with a different value of prob-
ability, all the structures can exist on the sample surface after NPs deposition from
colloidal solution. When multiple plasmon resonances of this metal-nanoparticle
system are excited simultaneously, the total response is due to the superposition of
the fields produced by each resonance. Interference among these fields can lead to a
total response that is very different from the response of the individual resonances
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acting alone. This complexity of the system highly complicates the description of
laser-NPs interaction during NELA. The classical determination of plasmon fre-
quency, if possible, becomes complicated and highly time-consuming. Therefore,
we have developed the model that allows fast and relatively simple calculation of
plasmon frequency of those more complex arrangements just with the knowledge of
the plasmon frequency of single NP and dimer, the systems well described in the
literature.

In this model, we took inspiration from the Plasmon hybridization model, where
the NPs interactions are studied in an analogy with atoms during the formation of
molecules. We have developed a method for calculating the plasmon frequency of
complex NPs systems by the Variational Method. Individual particles have been
described with a wavefunction, so that their interaction can be studied in the same
way as the interaction of atomic orbitals in the Huckle theory [27]. This approach
requires input data that has been already reported in the literature, i.e., plasmon
frequency of single particle plus the shift in frequency of simple systems such as
dimers or single NPs on the surface [28, 29] (Figure 4.2). These input data, which
contains the dependence on the nanoparticle distance and surrounding medium,
enable us to obtain information on more complex NPs systems without having to
resort to time-consuming calculations.

The Variational Method is the most widely used approach for calculating energy
and 𝜋-orbitals in molecular chemistry, such as Hückel theory. The best wavefunction
Ψ representing the system of elements and consisting in a linear combination of
the wavefunction representing every single element is the one that minimizes the
expectation value of the energy. In this frame, a function of the energy depending
on the weight coefficients of the linear combination is obtained. The minimum value
of this function 𝐸 = 𝑓(𝑐1, 𝑐2, 𝑐3, ...𝑐𝑛) is greater than or equal to the exact value of
the energy. In this light, finding the minimum of this function with respect to
the weight coefficients allows the determination of the closest value to the exact
energy of the system [27]. In this case, as suggested in Reference [30], the collective
character of the plasmon is described in terms of the linear combination of single-
particle excitations and, therefore, a time-dependent model can be bypassed in the
approximation with the use of empirical input data. Although the same method
can be applied to other physical quantities, in this instance, we will apply it for the
energy of the system, considering that we are focused on the determination of the
resonance wavelength, that is linked to the energy by the relation 𝐸 = ℎ𝑐/𝜆, where
𝐸 = 𝜔 is the energy of the plasmonic system.
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Fig. 4.2: (A) Calculated enhancement of the electric field for a single particle and
dimer. (B) The comparison of results obtained by the Variational Method with data
presented in the literature. E (Experimental), S (electrodynamic Simulation), and
FIT (Finit Integration Technique). ME, MS, and MFIT are the results calculated by
the Variational Method for the appropriate systems. (C) The comparison of results
presented in the literature (GTM) with Variational Method (VM) in the case of
triangle, square, and heptamer clusters.

Let us consider a general wavefunction of a linear system of 𝑛 equally sized and
spaced NPs given by the following linear combination:

𝜓𝑘 = 𝑐1𝜙1 + 𝑐2𝜙2 + 𝑐3𝜙3 + ...+ 𝑐𝑛𝜙𝑛, (4.1)

where 𝜑 is the wavefunction associated with the dipole oscillation of an excited
individual NP.

If we use 𝑛 different basis for the linear combination, 𝑛 different wavefunctions
will be obtained, with each one describing a different mode. In this case, we will
consider only longitudinal modes, restricting our attention to those modes which are
susceptible when the incident radiation is perpendicular to the NPs cluster.

The expectation value of the energy is given from the following equation, where
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�̂� is the Hamiltonian operator:

𝜔 =
∫︀

𝜏 𝜓�̂�𝜓𝑑𝜏∫︀
𝜏 𝜓𝜓𝑑𝜏

=
∫︀

𝜏 (𝑐1𝜙1 + 𝑐2𝜙2 + ...+ 𝑐𝑛𝜙𝑛)�̂�(𝑐1𝜙1 + 𝑐2𝜙2 + ...+ 𝑐𝑛𝜙𝑛)𝑑𝜏∫︀
𝜏 (𝑐1𝜙1 + 𝑐2𝜙2 + ...+ 𝑐𝑛𝜙𝑛)(𝑐1𝜙1 + 𝑐2𝜙2 + ...+ 𝑐𝑛𝜙𝑛)𝑑𝜏 . (4.2)

Developing the integral of Equation 4.2 and setting for each value of 𝑗 with 1 ≤ 𝑗 ≤
𝑛, the following derivative equals zero:(︃

𝛿𝜔

𝛿𝑐𝑗

)︃
𝑗=1,2,...,𝑛

= 0. (4.3)

We obtain the following system of secular equations:⃒⃒⃒⃒
⃒⃒⃒⃒
⃒⃒⃒⃒
⃒⃒

(Ω11 − 𝜔) (Ω12 − 𝑆12𝜔) (Ω13 − 𝑆13𝜔) ... (Ω1𝑛 − 𝑆1𝑛𝜔)
(Ω21 − 𝑆21𝜔) (Ω22 − 𝜔) (Ω23 − 𝑆23𝜔) ... (Ω2𝑛 − 𝑆2𝑛𝜔)
(Ω31 − 𝑆31𝜔) (Ω32 − 𝑆32𝜔) (Ω33 − 𝜔) ... (Ω3𝑛 − 𝑆3𝑛𝜔)

... ... ... ... ...

(Ω𝑛1 − 𝑆𝑛1𝜔) (Ω𝑛2 − 𝑆𝑛2𝜔) (Ω𝑛3 − 𝑆𝑛3𝜔) ... (Ω𝑛𝑛 − 𝜔)

⃒⃒⃒⃒
⃒⃒⃒⃒
⃒⃒⃒⃒
⃒⃒
·

⃒⃒⃒⃒
⃒⃒⃒⃒
⃒⃒⃒⃒
⃒⃒

𝑐1

𝑐2

𝑐3

...

𝑐𝑛

⃒⃒⃒⃒
⃒⃒⃒⃒
⃒⃒⃒⃒
⃒⃒
= 0, (4.4)

where:
• the Coulomb’s integral Ω𝑖𝑖 =

∫︀
𝜏 𝜓𝑖�̂�𝜓𝑖𝑑𝜏 = 𝜔0 is the energy of the single

particle,
• the interaction integrals Ω𝑖𝑗 = Ω𝑗𝑖 =

∫︀
𝜏 𝜓𝑖�̂�𝜓𝑗𝑑𝜏 =

∫︀
𝜏 𝜓𝑗�̂�𝜓𝑖𝑑𝜏 = 𝛽 ≈

−Δ𝜔𝑑𝑖𝑚 is equal to the shift of energy of the dimer compared to the single
NP when 𝑖 and 𝑗 represent adjacent NPs and is null for non-adjacent particles
because we assume that non-adjacent dipoles do not interact between them.
In the case of a linear chain of NPs, Ω𝑖𝑗 = 𝛽 when |𝑖− 𝑗| = 1 and is equal to
0 when |𝑖− 𝑗| > 1;

• the overlapping integral 𝑆𝑖𝑗 = 𝑆𝑗𝑖 =
∫︀

𝜏 𝜓𝑖𝜓𝑗𝑑𝜏 =
∫︀

𝜏 𝜓𝑗𝜓𝑖𝑑𝜏 ≈ 0 because the
NPs are far enough to neglect the contribution of the efficient wave-functions
overlapping.

Under these conditions, for the system of equation to be null, the secular deter-
minant must be numerically equal to 0. As an example, in the case of a linear chain
of n NPs, the following condition must be assumed.⃒⃒⃒⃒

⃒⃒⃒⃒
⃒⃒⃒⃒
⃒⃒

(𝜔0 − 𝜔) (𝛽) 0 0 ... 0
(𝛽) (𝜔0 − 𝜔) (𝛽) 0 ... 0
0 (𝛽) (𝜔0 − 𝜔) (𝛽) ... 0
... ... ... ... ... ...

0 0 0 ... (𝛽) (𝜔0 − 𝜔)

⃒⃒⃒⃒
⃒⃒⃒⃒
⃒⃒⃒⃒
⃒⃒
= 0 (4.5)

The solution of this determinant for 𝑛 particles, i.e., 𝑛 wavefunctions, gives 𝑛 energy
modes, including some that are bright modes (𝜔 < 𝜔0) while the rest are dark modes
(𝜔 > 𝜔0).
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Fig. 4.3: Diagram of plasmonic interactions between gold NPs and the metallic
target surface. The violet points indicate the generated hot spots and the black
arrows represents induced dipole moments [23].

The most crucial advantage of the proposed method is the rapid response and
ease of application to all kinds of chain and cluster NPs systems if the basic inter-
actions of the elements of the system are known. This relatively simple approach
reaches an impressive accuracy, see figure 4.2. Therefore, this approach can be useful
for selecting the laser source in laser-based analytical techniques as well
as for selecting optimal substrates for the analysis.

Moreover, with this relatively simple approach, we can predict that for noble
metal NPs deposited on a metallic substrate, there exist a huge number of LSP with
various plasmon frequencies. Although those LSP occur at discrete frequencies, they
are strongly broadened by significant damping in the metal. Taking into account all
the possible plasmon frequencies of randomly organized systems of NPs used during
NELA and their broadening, we obtain a consistent band of plasmon resonances
broadened by several hundred nanometers with the peak located near-infrared (Fig-
ure 4.3). Those results explain why the NPs deposited on the surface for
NELIBS analysis support LSP at a huge consistent range of frequencies
that can be excited by lasers commonly used in LIBS.
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5 Plasma Emission Enhancement
Until now, we have explored the first stage of the NELA, the interaction of laser with
NPs and their induced plasmonic coupling. It has been shown that the NPs change
the distribution of energy over the sample and that their plasmonic coupling in
complex configuration broadens the plasmon frequency, enabling plasmon excitation
with a huge range of wavelengths. Here, we will focus on the consequence effect of
NPs on LA, based on experimental observation and physical theory: i) Life of NPs
in the strong electromagnetic field and in plasma phase, ii) The origin of plasma
emission enhancement.

i) Life of NPs in the strong electromagnetic field and in plasma phase
Although the enhancement of an electromagnetic field in the hot spot results in dif-
ferent energy distribution over the sample and different laser ablation mechanisms,
we have to keep in mind that the only energy delivered to the sample surface is
coming from the laser pulse with equal characteristics for NELIBS and LIBS. This
means that the total energy delivered to the sample surface does not vary signifi-
cantly during a NELIBS and a LIBS experiment, if we assume that the difference
in the average optical properties along the laser spot area with and without NPs
deposition is negligible. Considering that the laser energy concentrates in a specific
part of the sample (hot spots), the residual energy must decrease to hold the total
energy deposited on the sample constant and equal to the energy delivered by the
laser pulse. To describe the change in energy distribution over the sample with NPs,
we will first express the laser energy 𝐸𝑙𝑎𝑠𝑒𝑟 at certain fluence 𝐹 with laser spot radius
𝑅 given by:

𝐸𝑙𝑎𝑠𝑒𝑟 = 𝐹 · 𝜋𝑅2, (5.1)

According to the previous chapter, this energy is captured in the hot spots when
the LSPs of NPs couple in the near-field. The energy concentrated in the hot spot
can be estimated using the following equation:

𝐸ℎ𝑜𝑡 = 𝛼𝐸𝑁2𝐹𝜋𝑟2
ℎ𝑜𝑡𝑁𝑁𝑃 , (5.2)

𝛼 is a proportionality factor that describes the NP coupling efficiency, 𝑟ℎ𝑜𝑡 is the
radius of the hot spot, 𝑁𝑁𝑃 is the number of irradiated NPs, and 𝐸𝑁 is the en-
hancement. The second power of enhancement is used, as the enhancement 𝐸𝑁 is
proportional to the electromagnetic field induced on the NP system (see Fig. 3.1B).
The residual energy that is not focused in the hot spot and that interacts directly
with the NPs can be estimated as the difference between the total laser energy 𝐸𝑙𝑎𝑠𝑒𝑟

and the energy captured in the hot-spot 𝐸ℎ𝑜𝑡:

𝐸𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 = 𝐸𝑙𝑎𝑠𝑒𝑟 − 𝐸ℎ𝑜𝑡 = 𝜋𝐹 (𝑅2 − 𝛼𝐸𝑁2𝑟2
ℎ𝑜𝑡𝑁𝑁𝑃 ), (5.3)
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so the residual energy on a single NP of radius 𝑟𝑁𝑃 is given by:

𝐸𝑁𝑃 = 𝐸𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙
𝑟2

𝑁𝑃

𝑅2 , (5.4)

If this energy is higher than the breakdown threshold of the NP, then the NP is
vaporized, and the plasmonic enhanced ablation effect decreases. The breakdown
threshold of the NP system is different from the one corresponding to the bulk metal.
Although the boiling and vaporization temperature decreases for a single NP, it has
been experimentally shown that the value of the breakdown threshold is higher for
the NP system compared to the bulk [22]. The higher threshold of NPs results from
the changes in energy distribution over the sample during NELA. The stronger the
plasmon coupling is, the more energy accumulates in the hot spots, and the residual
energy decreases (Equation 5.3). In this way, the plasmon coupling shields the NPs
and the rest of the sample surface from a direct effect of the electromagnetic field.

Fig. 5.1: Dependence on fluence of i) calculated residual energy from Equation 5.3
(dashed line) as function of the laser fluence assuming 𝛼 = 1 , 𝑁𝑁𝑃 = 3 · 109,
𝐸𝑁 = 22.7, 𝑟ℎ𝑜𝑡 = 1 nm, 𝑅 = 10 nm and ii) experimental enhancement (Full
circles) with standard deviation from Ref. [32] under the following experimental
conditions: Ag NPs were deposited on a Ti sample (NP diameter: 20 nm and
number of irradiated NPs: 3 · 109).
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As an example, the residual energy per NP (dashed line) and the NELIBS en-
hancement have been printed to the graph in Figure 5.1. It is possible to note that at
present experimental conditions, the residual energy reaches the breakdown thresh-
old of the NP for fluence beyond 20 J cm−2 and, according to the present discussion,
the experimental NELIBS enhancement starts to decrease. As at higher fluence, the
plasmonic system loses dipoles components, and consequently, the efficiency of the
plasmonic enhancement decreases. According to Equation 5.3, stronger NELIBS en-
hancement means that lower energy is deposed on the NPs. That implies that when
the higher enhancement is reached, also higher fluence can be employed. The value
of NELIBS enhancement is strongly influenced by the quality of the NPs deposition
on the sample surface, which makes it the crucial issue in determining the efficiency
of NELA [20, 32].

Moreover, as a result of decreased residual energy applied on NPs during LA,
some of the NPs are even able to survive unchanged for the duration of the laser pulse
on the crater bottom. The presence of NPs on the crater bottom was confirmed by
SEM image (Figure 5.2A and B) and EDX measurement (Figure 5.2C). Of course,
the number of NPs on the sample surface after LA is notably reduced as some of
them have been covered by the melted and re-solidified sample, some of them have
been pushed away by the shockwave and most of them have been processed in the
plasma phase.

Fig. 5.2: Sample surface of a 40 nmAu NP droplet (A) before and (B) after laser abla-
tion. (C) Elemental analysis was provided by Energy-dispersive X-ray spectroscopy
(EDX). The Au abundance in mass was estimated 7.9% and 1.7% respectively for
the zones S1 and S2.
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We have performed a temporal resolved spectra to observe plasma emission evo-
lution on a Ti-target as reported in [22]. We have observed that while the emission
signal of Ti I has the typical decreasing trend after the laser pulse, the silver emission
appears later, and it reaches a maximum after 285 ns. This is connected with the
evaporation time of the NPs in the plasma phase. Based on mentioned observation,
we can assume that the NPs take part in the laser-matter interaction for the whole
laser pulse duration and subsequently evaporate in the plasma phase. Assuming
an initial expansion rate of the ablated matter between of 106 − 107 cm s−1 (in
agreement with ref. [33]) and an expansion shape that initially resembles an oblate
spheroid during the 6 ns laser pulse, the distance between NPs in plasma phase is
still small enough to allow plasmon their coupling.

Those experiments suggest that the NPs are present in the plasma phase for a
significant time, and they continue to interact with the laser and matter, changing
the properties of the plasma (dynamics, distribution of energy, conductivity, etc.).
Therefore, this phenomenon plays a crucial role in the NELIBS enhancement process
and is how further energy is delivered to the ejected mass, improving the atomization
and the excitation of the matter.

ii) The origin of plasma emission enhancement.
To explain the origin of emission enhancement (𝐸𝑁) during the NELIBS, we

first describe 𝐸𝑁 with the following equation:

𝐸𝑁 = 𝐼𝑁𝐸𝐿𝐼𝐵𝑆

𝐼𝐿𝐼𝐵𝑆

= 𝑁0,𝑁𝐸𝐿𝐼𝐵𝑆

𝑁0,𝐿𝐼𝐵𝑆
Z(𝑇𝐿𝐼𝐵𝑆)

Z(𝑇𝑁𝐸𝐿𝐼𝐵𝑆)

exp
[︂
𝐸𝑢

𝑘

(︂ 1
𝑇𝐿𝐼𝐵𝑆

− 1
𝑇𝑁𝐸𝐿𝐼𝐵𝑆

)︂]︂
≈ 𝑁0,𝑁𝐸𝐿𝐼𝐵𝑆

𝑁0,𝐿𝐼𝐵𝑆

,

(5.5)
where 𝐼 is the intensity, Z(𝑇 ) the partition function, 𝑇 the temperature, Eu the
energy of the upper level, and 𝑁0 the total number density of emitters for LIBS and
NELIBS, respectively. In this case, the slight difference in the plasma temperature
between LIBS and NELIBS is supposed to be negligible. Thus the 𝐸𝑁 is given by
the difference in the number of emitters in the plasma [36]. The increased number
of emitters can be a result of the two following cases: i) a higher volume of sample
mass is ablated ii) the ionization and atomization of the ablated mass are more
efficient. In the following paragraphs, we will give evidence that the 𝐸𝑁 seems to
result from the second one.

The volume of ablated mass mainly depends on the energy that is delivered to
the sample. As discussed previously, although the NPs change the energy distribu-
tion, the total energy is the same for LIBS and NELIBS. Therefore, no important
differences in the volume of the ablated mass should be expected. Indeed, obser-
vation of the laser-induced crater supports this theory. Previous work shows that
although the morphology of the craters during NP enhanced ablation and conven-
tional ablation is very different [19, 5, 37, 38, 1], the volume of the craters does not
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Fig. 5.3: (A) Crater analysis was performed with a stylus profilometer, Alpha-step
D-120 (KLA-Tencor, Milpitas, CA) after 50 shots of NELIBS and LIBS on titanium.
(B) Corresponding emission spectra under the following experimental conditions:
fluence: 5 J cm-2, delay: 1 µs, gate width: 5 µs, 1 µl of AuNPs (0.126 mg l-1); 7 nm
diameter) produced by PLAL with a surface concentration of 4.0 · 10−3 mg cm-2 the
target surface. In the case of NELIBS after each shot a new NP deposition was
done.

differ significantly [22, 1]. Figure 5.3 shows a comparison of the topography of an
ablation crater (A) and the corresponding spectra (B) for LIBS and NELIBS [22].
Of course, by inspection of the ablation crater, it is impossible to precisely quantify
the volume of the ablation mass, as a different ablation mechanism can cause the
different densities of material in the crater. Nevertheless, the possible variation in
the mass volume is too slight to explain the strong NELIBS enhancement, Figure
5.3B. This observation suggests that the enhancement is not a result of the
increase in the ablation mass volume but of a more efficient ionization
and atomization of species in plasma phase.
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6 Influence of NPs Size
Previously, the principle of NPs enhancement was clarified. It has been shown that
the distance between NPs is a crucial parameter influencing the efficiency of en-
hancement. We have disused, the surface concentration of deposited NPs correlates
with the average distance between NPs. The following study is focused on the effect
of NPs size, which affects the average distance between NPs as well. In this study,
different sizes of spherical gold nanoparticles, 10 nm, 40 nm, 60 nm, and 100 nm
have been employed to clarify the role of the NPs size on the signal enhancement on
the metallic sample. Moreover, this study systematically investigated the influence
of the key experimental parameters as NPs surface concentration, laser fluence, and
laser spot size.

As we have discuses previously, the concentration of NPs needs to be optimized
prior to each experiment. For this reason, NELIBS enhancement as a function of the
NPs surface concentration (i.e., the number of NPs for the surface unit) have been
observed for each NPs size and both atomic and ionic transitions, as reported in
Figure 6.1. Obtained curves exhibit the same general trend, which is in agreement
with the description of NPs plasmon coupling. The value of enhancement increases
until the optimal concentration is reached, where an average distance between NPs
is optimal for its plasmon coupling. This maximum enhancement is held for a
range of concentration, suggesting that after a specific NPs concentration is reached,
a further enhancement of the electromagnetic field due to shorter distances does
not improve the signal anymore. With further increasing concentration, the NPs
get too close to each others, and the field enhancement in the hot spot strongly
decrease due to tunneling effect, see the previously presented Figure 3.1. Moreover,
NPs cover a large sample surface area, so they shield the sample from the laser
beam. For these reasons, a dramatic decrement of the enhancement occurs at high
NPs concentrations. This general trend is held for all the NPs sizes. However,
the NPs average distance is also influenced by NPs size. Thus each size of NPs
reaches the maximum enhancement at different NPs surface concentrations. The
smaller is the size of NPs, the higher is the surface concentration required for the
signal enhancement, as smaller NP size requires a smaller distance for exploiting the
NELIBS effect and vice versa. By the inspection of Figure 6.1, it is evident that the
value of the maximum enhancement is similar for each NPs size, even if it is reached
at different surface concentrations. As a result, the surface concentration, in the
term of enhancement efficiency, varies for each NPs size. Therefore, to explore the
effect of NPs size on enhancement, it is necessary to choose the concentration of
NPs for each NPs size, where the enhancement is similar and at the same point of
its trend. In our case, we have chosen a fixed concentration at the point where the
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enhancement drops. This point has been chosen to avoid saturation and to ensure
that we are comparing the enhancement at the same point of the curve.

Fig. 6.1: NELIBS enhancement as a function of the NP surface concentration (i.e
the number of NPs for surface unit) of different NP sizes. Enhancement of (A) Ti
II (311.76 nm) and (B) Ti I (319.99 nm) emission lines are shown. The error bars
represent the standard deviation.

In the first stage, we have measured the time evolution of plasma parameters.
The plasma temperature was determined with Boltzmann plot equation and the
electron density was determined by Stark broadening of the Ti II emission peak at
311.98 nm [41]. We have observed that plasma temperature and electron density
values during NELIBS are slightly higher than LIBS but do not vary significantly for
different NPs sizes. The negligible effect of the NP size on the plasma parameters
suggest that the main mechanisms of electron heating still depends on the photon
energy [42], rather than the intensity of the electromagnetic field of the incoming
radiation.

In the second stage, we have observed the temporal evolution of NELIBS en-
hancement, and of the Au I line emission, see Figure 6.2. This measurement re-
lieved that the NELIBS enhancement of various NPs sizes reaches its maximum at
different delays from the laser pulse. For example, NELIBS with AuNPs of 10 nm
has a sharp peak at 0.7µs. The temporal evolution of emission of Au I line sug-
gests that bigger NPs are able to survive in plasma for a longer time before they
are fully vaporized. However, all those differences occur in the range of the first
microsecond after the laser pulse. Thus, it is interesting to observe its effect on the
time-integrated measurement that is usually performed with a longer gate at a later
delay.
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Fig. 6.2: (A) Temporal evolution of the Ti II (311.76 nm) emission line enhance-
ment and of the (B) emission intensity of Au I (312.28 nm) at different sizes of
AuNPs.

We have compared NELIBS enhancement at two different delays from laser pulse:
0.3 µs and 1 µs with the gate width of 5 µs in both cases, see Figure 6.3. In the case
of 0.3µs delay, the enhancement obtained with AuNPs of 10 nm is bigger than those
obtained with the other AuNP sizes. This result correlates with result of different
temporal evolution curves, reported in Figure 6.2. Instead, by employing bigger
delay time of 1µs, the differences of enhancement caused by different NPs sizes
are not more visible, within the error bars of measurement. Thus, in this case, the
enhancement does not seem to be affected by the NPs size. This observation suggests
that the NPs size affects the dynamics of the ejection of material and consequently
the plasma evolution. However, the time-integrated enhancement with a delay of
1µs indicates just a negligible dependence on AuNPs size.

Lastly we have explored the effect of laser fluence and spot size diameter. As we
have discussed previously, the amount of ablated mass is not significantly affected
by the presence of NPs. Thus there is a limit in enhancement efficiency that is
dependent on ionization during LIBS. If the plasma is already fully ionized during
LIBS, NELIBS cannot contribute with further ionization; thus, the enhancement is
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Fig. 6.3: (A) Ti II (311.76 nm) and (B) Ti I (319.99 nm) emission lines enhancements
obtained with integrated measurements employing two different delay times, 0.3 and
1 µs, gate width was 5 µs, the laser spot size was 2.2 ± 0.2 mm. The error bars
represent the standard deviation.

negligible. In the same way, if the NELIBS is optimized to reach maximum enhance-
ment, the plasma is fully ionized. Thus there is also the maximum of enhancement
that can be reached during NELIBS limited by the amount of ablated mass. Thus
the only way to increase the enhancement is to ablate more mass.

To further investigate this phenomenon, we have performed two series of ex-
periments, where the parameters at the beginning were optimized to obtain the
maximum enhancement. We have firstly measured the dependence of the enhance-
ment on the laser fluence as shown in Figure 6.4(A) and (B). With increasing fluence,
more mass is ablated, thus also the enhancement increases. This trend is not influ-
enced by NPs size. During the second experiment, we have explored the influence
of the laser spot diameter on the enhancement, see Figure 6.4(C) and (D). In this
case, although the laser fluence and the NPs concentration are kept constant, the
enhancement increases with the enlargement of spot diameter. Also, in this case,
the enhancement increases because the higher amount of mass is ablated.
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Fig. 6.4: (A) and (C) Ti II (311.76 nm) and (B) and (D) Ti I (319.99 nm) emission
lines enhancements as function of laser fluence (at fixed laser spot size 1.1±0.2 mm)
and laser spot size (at fixed laser fluence 16 J cm−2). Delay time = 1 µs, gate width
= 5 µs. The error bars represent standard deviation.

To sum up, the results obtained during this study show that the NELIBS en-
hancement is very sensitive to the experimental conditions and several parameters
need to be taken into account when performing the NELIBS experiment. It has
been confirmed that the concentration of NPs is one of the most crucial parameters
as it is directly connected to NPs distance. Moreover, we had shown that when
the distance between the NPs dried on the sample is optimized in order to have
an efficient plasmon coupling with laser electromagnetic field, the different NPs size
does not affect notably the maximum signal enhancement. Regardless of the NPs
size, the enhancement as a function of concentration follows the same trend. The
NPs size influence only shifts the value of optimal concentration: larger is the NPs
size, greater is the optimal distance, and thus the optimal concentration is lower
and vice versa. A maximum enhancement cannot be exceeded regardless of the NPs
size when the experimental parameters are held. This is connected to the amount
of ablated mass that the NPs presence cannot increase.
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7 The effect on Aerosol Properties
Until now, we have been focused on the NPs effect on an earlier stage of the laser
ablation process. We have observed that NPs plasmonic coupling strongly influences
the properties of plasma and its dynamic. Those observations were based mainly
on the analysis of plasma emission spectra. Here, the focus will be pointed to the
latter stage following laser ablation, to the aerosol formation and its composition.

Considering the analysis of aerosol in the LA-ICP-MS system, the situation is
more complex than in the case of LIBS. The analytical response is related to the
aerosol formation and consequent aerosol composition rather than plasma composi-
tion. Detected mass is influenced by the loss of aerosol due to particle size, affecting
the transport to ICP and atomization. Different particle sizes are composed of
different elemental ratios, so the detected mass does not fully represent sample com-
position. In our study, we have shown that the use of NPs during LA can change
the structure and composition of aerosol and decrease the LOD of LA-ICP-MS.
The presented method is called Nanoparticle-Enhanced Laser Ablation Inductively
Coupled Plasma Mass Spectrometry (NE-LA-ICP-MS).

Fig. 7.1: (A) Photograph of the ablated area with a dried drop of 40 nm AgNPs
and craters on the aluminum alloy (AW 2030) sample for a fluence of 4.5 J cm−2

and intensity maps with xy cross-sections for Mg (B), Ag (C), and Pb (D).

36



The measured intensities were plotted in the color maps, see Figure 7.1B, C and
D. As the spot size was much smaller than the size of the drop, we can see the
influence of the diverse NPs surface concentration. The effect is supposed to be
very similar to that in the case of NELIBS. In the coffee ring, the concentration of
NPs fulfills the required distance between NPs. Thus we can see here the strong
enhancement of the isotopic signals. The enhancement amplitude exceeds two orders
of magnitude in the ring with the highest NPs concentration. In the central part
of the drop, the NPs were isolated due to their low concentration, thus the central
part of the droplet provides a substantially lower element signals than the droplet
ring.

To further compare the influence of NPs concentration with NELIBS, rough cal-
culations were performed. The threshold NP concentration from which the element
signals are enhanced was simply estimated by visual inspection of the analyte ele-
ment signal (Pb, Mg, Cu,... ) and Ag or Au signals in the 2D maps. However, the
yielded value suffered from considerable uncertainty, we have obtained comparable
results with the previously measured calibration curve for 40nm AuNPs, reported in
previous chapter. These rough estimations confirm that the similar phenomenon is
behind the enhancement in NELIBS and NE-LA-ICP-MS. Thus the enhancement of
NE-LA-ICP-MS is a result of processes strictly connected to the earlier stage of laser
ablation and plasma dynamic. However, the exact mechanism of enhancement can-
not be simply explained by NELIBS theory, and the effect of NPs on the formation,
transport, and ionization of aerosol needs be investigated.

To further investigate the reason for NE-LA-ICP-MS enhancement, we have fo-
cused on the NELA effect on a microscopic scale. A set of experiments was performed
to understand the influence of NPs on aerosol composition and structure. During
this study, the analysis of the sample with a cleaned surface was compared to the
surface analysis with deposited NPs of three different sizes: 10, 40, 100 nm.

Firstly, the aerosol particle’s total particle number concentration (PNC) was
measured by a Condensation Particle Counter (CPC) in the range from 4 nm up
to 3 µm. Measured PNC was plotted in the dependence of laser fluence, see figure
7.2. In the case of analysis of bare surface, the PNC grows linearly with increasing
fluence, as expected for low laser fluences (up to 10 J cm−2). For analysis of a sample
with deposited NPs, the trend was modified. For very low fluencies, the PNC grows
steeply due to increasing NPs plasmonic coupling with an electromagnetic field. At
one point, the further NPs coupling cannot be exited, so the PNC growth stagnates.
However, even for higher fluencies, the PNC is higher with the presence of NPs.
This increase in the number of the particle can be i) due to a higher amount of
ablated mass or ii) due to a change in the size of aerosol particles. Thus, further
experiments explore aerosol structure and size distribution.
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Fig. 7.2: Dependence of the particle number concentration (PNC) on the laser flu-
ence for a clean surface and surface covered with: 10 nm Au, 40 nm Au, 100 nm Au
NPs.

The Particle Size Distribution (PSD) was measured by Engine Exhaust Particle
Sizer (EEPS) within the size range of 5.6 - 560 nm. To compare the change in
the size distribution, the measured curves were normalized to the total number of
particles, see graphs in Figure 7.3. In presence of NPs, a significant peak appears
around the size of 15 nm. This size belongs to the primary condensed particles. For
the larger particle sizes, no distinct peak is presented. The maximum at 15 nm gives
evidence of the increased the total amount of the small particles at the expense of
the bigger ones. This clearly shows the difference between the PSD of the aerosol
generated by NELA and LA. During LA, the curve has a typical bimodal PSD shape
with a small peak at the very beginning of the PSD, in agreement with literature
[43, 44]. Particles belonging to the peak at 10 nm are the smallest primary particles
produced by evaporation and following condensation of the material released during
laser ablation. The second peak belongs to the primer particles on which the vapors
condensed and increased their size. For higher fluence, the vapor is denser; thus,
the particles with condensed vapors grow to larger sizes. Particles larger than 30
µm are produced by coagulation or agglomeration of primary particles together with
particles created during droplet solidification. Those droplets originate from splashes
of the melt from the crater, as the sample is heated up during ns-LA consequently
melted into a pool of melted components. This means that the amount of aerosol
particles larger than 100 nm is dependent on the degree of sample melting.
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Fig. 7.3: SEM image in the middle shows craters images on the interface of the
droplet with NPs (right side) and the surface without NPs (left side). Aerosol
particles captured on the filter after ablation with and without and Particle Size
Distribution (PSD) NPs are displayed on the right and left sides, respectively. The
column chard indicates the enhancement of aluminum intensity in cps.

The ablation caters were visualized by SEM and a 3D optical microscope to
compare the degree of melting between NELA and LA. It is visible that the crater
structure is strongly dependent on the presence of NPs, see Figure 7.3. The crater
profiles revealed that the ablation with NPs on the surface created more regular and
smoother crater profiles than the one without NPs. In Figure 7.3, the crater on the
drop boundary is visualized. The crater area consists of two strictly separated parts.
The splashed area created by solidification of melt is typical for craters on the bare
sample. Contrary, inside the drop, where the NPs were presented, the crater bottom
is much smoother. This difference is connected to a different laser-matter interaction
between LA and NELA. NPs protect the sample surface from direct interaction and
thus overheating. Thus, during NELA, more primary particles are produced at the
expense of larger particles formed by thermal effects. Further, the crater volume
seems to be comparable or even slightly lower in the case of NELA, which is in
agreement with the previous analysis of crater volume during NELIBS. To this end,
the enhancement of NE-LA-ICP-MS can be explained by decreased aerosol particle
size, which is more efficiently transported, evaporated, and ionized in ICP-MS.
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8 Roughening vs. Nanoparticle Deposition
Until now, the phenomenons occurring during NPs enhanced laser ablation were
presented, completing a fundamental part of this work. Here, we will encounter our
plasmonic-enhancement theory with the other explanations of NPs enhancement.
However, the explanation of the phenomenon by plasmonic is comprehensive and
logical. Some other principles were discussed as a possible source of NPs enhance-
ment. For example, thermodynamic heat transfer from laser to nanomaterial has
been proposed as an alternative explanation of strongly enhanced emission at low
laser fluence [45, 46]. This appears as a result of NPs large percentage of surface area
to volume. So could it be NPs enhancement result of an increased sample surface
area capturing a higher amount of laser energy? To clearly answer this question,
we have explored the influence of surface area on the laser-matter interaction. The
obtained results were compared with the effect of NPs plasmonic interactions.

As is expected, the increased surface area enhances the analytical signal. See
Figure 8.1, where an aluminum alloy sample with the roughened circular area was
analyzed by the LA method. Although the analyzed sample is homogeneous with
a uniform matrix, the roughened surface responds with strong enhancement. This
shows that the analysis of two samples with identical elemental composition can
result in different plasma spectra signals or aerosol compositions when surface prop-
erties or sample matrix vary. This result looks very similar to the NPs enhancement
at the first view. To clearly understand the origin of enhancement, we have per-
formed a systematic study of surface topography influence on LA and compare it
with influence of NPs deposition.

Fig. 8.1: Aluminum alloy sample with roughened circular area. The roughened
surface responds with strong enhancement compare to polished surface.
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Samples (aluminum alloy BAM 311 and NIST 610) with various surface rough-
ness were analyzed by LIBS and LA-ICP-MS with the fluence range 10-30 and 1-13
J cm−2 respectively. Each measurement was the 100-spot average value of count per
second (cps) for LA-ICP-MS and of emission line intensity for LIBS. The measured
value of each surface with specific roughness was put in a ratio with the value of the
polished sample. This ratio was, in the majority of cases, positive, so we called it
an enhancement. We printed the enhancement as a function of roughness for three
different fluences in Figure 8.2. In the case of LIBS, irradiance well above the break-
down threshold was used, so the effect of surface morphology was not so significant
as in LA-ICP-MS. In the case of aluminum alloy, the value of enhancement strongly
varies for each analyzed element. As an example, we can see that enhancement of
Al reach value 40, of Fe only 10 and of Pb signal even decrees. However, in the
case of NIST, the enhancement value vary slightly. This variation can introduce a
significant error in the measurement, where NIST with different surface roughness
than the sample is used as a standard sample.

Using similar logic like in the explanation of NELA, the enhancement of the
analytical signal can be explained by i) the increase of ablated mass or ii) by better
ionization of induced plasma in LIBS and by the production of smaller aerosol
particles in LA-ICP-MS. By observing the ablation crater, we can see the first big
difference indicating a diverse situation than in case of NELA. The crater SEM
images demonstrated that the material melted more with growing surface roughness
resulting in a formation of a higher quantity of particles. Contrary, the crater on a
sample surface, where the NPs were deposited, is smoother than the crater on a bare
polished sample. This behavior is connected to the diverse mass production that
has an impact on the amount of ablated mass, ionization degree of induced plasma,
and aerosol particle composition and size distribution (summarized in Table 8.1).
Further, the structure of aerosol captured on the filter was visualized by SEM for
polished and roughened sample, see Figure 8.3 A and B. The typical aerosol preserves
for both cases. Compare to NELA, The SEM images of aerosol produced by ablation
of sample with different roughness do not reveal any significant change in aerosol
structure, see Figure 8.3.

To confirm that more mass is ablated from roughed surface, the ablated mass
was measured by the DustTrack DrX monitor. The aerosol mass-produced by LA of
a polished sample and a sample with the roughness #220 was measured for fluencies
1-13 J cm2 for aluminum alloy and glass sample. It was confirmed that for roughed
samples, more mass is produced. The amount of measured mass was ten times higher
for aluminum alloy and in order of unit for glass sample. These values are roughly
in agreement with the signal enhancement, so it is confirmed that the enhancement
is caused by higher mass production.
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Fig. 8.2: The calculated enhancement for selected elements, materials and tech-
niques: (A) aluminum alloy BAM 311, LIBS, (B) aluminum alloy BAM 311, LA-
ICP-MS and (C) glass sample NIST 610, LA-ICP-MS.

Fig. 8.3: Aerosol captured on filter visualized with SEM after ablation of (A)
polished surface (B) roughened surface (C) surface with deposited NPs.
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Tab. 8.1: Roughening vs. NPs deposition: Comparison of measured results for two
different surface treatment:

Roughening NPs Deposition
Optical emission enhancement Units (∼2) Tens to hundreds
Mass spectroscopy enhancement Tens (max 40) Units to tens
Ablated mass Increased Unchanged
Aerosol structure Unchanged Smoother

The previous experiments have shown that with increased sample surface area,
more mass is ablated. Thus the enhancement in the case of surface roughening can
be simply associated with higher mass production. This also explain why we observe
a stronger enhancement in LA-ICP-MS than in LIBS. The laser energy is captured
with higher efficiency only at the beginning of ablation. Afterward, the energy is
not sufficient to hold the degree of plasma ionization; thus, the enhancement of
plasma emission does not increase linearly with ablated mass, and we observe a
lower enhancement in the case of LIBS.

In the case of NELA, the enhancement is based on a completely different prin-
ciple. The amount of ablated mass does not vary significantly, but the aerosol size
distribution is very different. During NELA, a larger number of small particles (<30
µm) is produced at the expense of a larger one, approaching mono-modal aerosol size
distribution. Smaller particles are more easily transported to ICP, where they are
more efficiently atomized and analyzed by MS. Moreover, NELA increases the de-
gree of plasma ionization, enhancing the optical emission of LIP without an increase
in ablated mass.

In conclusion, the presented work shows that surface treatment is a very im-
portant parameter during surface elemental mapping or single-shot analyses. In
comparison, both examined surface treatments works on different principle so can
bring different advantages. By further investigation, suitable surface treatment can
be proposed, further increasing the e sensitivity of laser ablation methods and even
suppressing the matrix effect.

43



Part III

Application
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9 NELIBS as Advanced Analytical Method
In this chapter, NELIBS will be presented as an analytical method for elemental
analysis. With the understanding of the main phenomenon of NELIBS, we will be
able to adequately explain the requirement for NP deposition and the optimization
of the experimental conditions. Next, the critical review of the NELIBS application
will be presented following with the new applications developed within the scope of
this work. The first presented application proposes the improvement for elemental
analysis of liquid in a very interesting system of amyloid fibrils. While this ap-
plication belongs to the elemental analysis method in analytical chemistry as it is
common for NELIBS applications, the second one widens the NELIBS field as a
potential sensing method. With a deep understanding of the NELIBS mechanism,
the NPs-protein, NELIBS was used as a method for investigation of NPs-protein
corona formation.

For a NELIBS experiment, sample preparation and optimization of experimental
conditions is a crucial step before every new measurement. A proper deposition of
NPs is essential to obtain high and reproducible enhancement during NELIBS. The
deposition of the NPs is usually done by drying a drop of colloidal solution on
the sample surface. Although this approach seems to be very simple, it has to be
done wisely with prior optimization of the parameters. With consideration of the
fundamental processes in NELIBS, the following requirement should be fulfilled for
the NELIBS measurements:

1. The NPs should have plasmonic properties that, after deposition, allow their
plasmonic coupling at the frequencies including the laser frequency. It has been
shown that gold or silver NPs with a diameter smaller than 100nm are suitable
candidates for laser wavelength from infrared to green. The size variation of
NPs smaller than 100 nm does not significantly influence the enhancement
value.

2. The concentration of NPs defines the average distance between the NPs.
Therefore, the use of correct concentration is fundamental for optimal NP
coupling and consequential creation of hotspots. To find the most suitable
concentration, the concentration curve has to be built before every experiment,
as the hydrophobicity of NPs and the contact angle of the sample surface differ
for each material and surface properties.

3. Homogeneity of the distribution of NPs after drying can be improved by choos-
ing a suitable capping agent of the NPs that can reduce the coffee stain effect.
The homogenously distributed NPs through the drop and the reproducibility
of deposition drop by drop are important parameters influencing the repro-
ducibility and enhancement of NELIBS.
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4. The NPs should contain no impurities. Their LIBS spectrum has to be con-
trolled to ensure that there are no interferences with the measured emission
lines. Commercially produced noble metal NPs are usually prepared by the
reduction of noble metal from their salt, so those solutions can be contami-
nated with residual reactants. The use of NPs prepared by laser ablation of
noble metals in liquid can improve the situation. Here, the impurities can be
controlled and the capping agent can be chosen as desired.

5. The spot size of the laser should be enlarged to the size of the drop. In this way,
the influence of the coffee ring is significantly reduced and the reproducibility
of the obtained spectra increased.

6. The pre-shots are recommended as they facilitate the deposition of NPs on
the crater bottom due to a different contact angle.

7. To obtain a significant NELIBS enhancement, the spot size should be large
enough to ablate a higher amount of mass than can be fully ionized by conven-
tional LIBS. In the opposite case, the number of emitters would not increase
and the enhancement would be minimal.

8. The fluence should be in the range where the NPs are able to shield the
electromagnetic energy and do not evaporate immediately.

9. Extra attention needs to be given to the focusing of the plasma plume on
the optical fiber/slit of a spectrometer. NELIBS plasma has a bigger size.
Therefore, part of the emission from the NELIBS plasma can be lost when the
focusing is optimized just for LIBS.

NELIBS, for its relative simplicity, has gained massive popularity as an elemental
analytical method suitable for many kinds of material. A significant part of the
research in this field was devoted to the analysis of metallic samples. Plasmonic
active NPs deposited on conductive substrate create an ideal system for observing
NELIBS enhancement and the influence of the individual experimental parameters.
Although NELIBS of metallic samples reveals a great deal of information about
the fundamental processes, the field of application where the NELIBS shows an
advantage for analyzing a metallic sample is very narrow. In general, NELIBS
approach mainly brings advantages in particular kinds of application, where helps
LIBS to overcome some drawbacks and thus widens the possibility of analytical
performance. For example NELIBS facilitates transparent sample analysis [20, 2, 50,
32, 2], strongly increases the sensitivity of liquid analysis [32, 57, 20], or overcomes
the issue connected to the analysis of biological samples [67, 60, 68, 69].
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10 Metallic Ions Quantification in Amyloid
Fibrils

During my Ph.D. studies, I took part in research focused on investigating NELIBS
as a method for metallic ions quantification in micro-liter drops using a novel system
containing amyloid fibrils in which AuNPs were directly grown. The amyloid fibrils
create functional material that plays a functional role as cellular and extracellular
materials in nature. Moreover, amyloid fibrils gains increased attention as artificial
nano-biomaterial that can promote progress and development in materials science,
nanotechnology, and environmental sciences [73]. In our study, we have taken a
system of amyloid fibrils developed to capture heavy metallic ions from the water
source, and we have introduced NELIBS as a promising method for detecting and
quantifying the ions directly in amyloid fibrils.

Amyloid fibrils create a very interesting class of functional materials capable of
strong binding with metallic ions from water solution. This binding ability is ob-
served, for example, in neurodegenerative diseases, where the formation of amyloid
fibrils can be indirectly connected to the presence of heavy metals. Besides of the
capability to absorb a variety of metal ions, the amyloid fibrils are able to reduce
metal ions into metal NPs [82, 83]. With the suitable procedure, the amyloid fib-
rils can be coated, for example, with gold NPs (AuNPs-amyloids). The presence
of gold NPs plays a crucial role in the elemental analysis of amyloid fibrils. Bio-
logical systems, such as amyloid fibrils, contain a high protein concentration that
in general quenches plasma, and therefore the sensitivity of LIBS decreases as a
plasma emission is weak. In our study, we have shown that the presence of NPs
in AuNPs-amyloids facilitates the ablation process and enhances plasma emission,
Figure 10.1. The spectral lines of the analyzed elements are strongly enhanced, and,
additionally, strong enhancement is also observed for molecular band C2 coming
from amyloids, see Figure 10.1. This shows that the presence of NPs leads to more
efficient atomization of an organic sample during laser ablation and facilitates the
elemental analysis of contaminants.

Moreover, the uniform distribution of NPs around amyloid fibrils facilitates the
deposition process. Inspecting the TEM images of AuNPs-amyloids used in our
experiment, it can be assumed that after drying, the NPs are distributed around
fibril with uniform inter-particle distance, and the direct contact between particles
is minimal. Thus AuNPs-amyloids meet requirements for plasmonic enhancement,
which makes them an ideal candidate for NELIBS analysis. To achieve the maximal
enhancement, the distance between NPs was optimized by variation of NPs concen-
tration on amyloids. As the distance between NPs is correlated to the concentration
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Fig. 10.1: NELIBS of Cr(NO3)3 solution on AuNPs-amyloids and LIBS of Cr(NO3)3

solution on amyloids fibrils. The Cr concentration was 0.1 mg/kg and the sample
volume was 2 µl. The insets report the enlargement of the spectral region of the
emission lines of Cr.

of gold in AuNPs-amyloids, the solutions of AuNPs-amyloids with different concen-
trations of Au were tested as a substrate for NELIBS analysis, see Figure 10.2.

The four solutions of AuNPs-amyloids were synthesized by using various con-
centrations of HAuCl4, to find the concentration with an optimal distance between
NPs. The concentration of gold grows from solution a to solution d. Each of the so-
lutions was characterized by inspection of surface plasmon resonance spectra (SPR)
printed in Figure 10.2C. By inspection of SPR spectra, the size and concetration of
NPs in solution was estimated.

The four solutions of AuNPs-amyloids were tested as a substrate for quantifica-
tion of Cr ions concentration in water solution to evaluate which concentration of
AuNPs in the amyloids fibrils gives the best results. Solutions containing concen-
trations of Cr ions in the range of 0.01 to 0.2 ppm were prepared from certificated
standards to build a calibration curve. A microliter drop of solution was deposited
and dried on a prepared substrate of AuNPs-amyloids, and all spot was ablated by a
single pulse with energy 450 mJ. The laser spot size was set to 2.2±0.2 mm in order
to be larger than the dried drop size. The emission spectra were detected, and the
calibration curves were obtained by plotting the value of the emission peaks area as
a function of Cr ions concentration. In this way, the calibration curves were built
with each solution of AuNPs-amyloids, see Figure 10A. Since the best calibration
curve, in terms of reproducibility and signal enhancement, for Cr was obtained with
solution c, this solution was selected to perform NELIBS on the other analytes.
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Fig. 10.2: (A) NELIBS Cr calibration curves by using different AuNPs-solutions
(reported in Table 1). (B) Cr I emission lines acquired by using AuNPs-amyloids
solution c at different Cr concentrations: 0.01, 0.03, 0.1, 0.2 ppm, respectively. (C)
SPR spectra of different AuNPs-amyloid solutions with characteristics as reported in
Table 1. The solutions a, b and c were diluted 1:10 with amyloid fibrils solution (0.2%
w/w 𝛽-lactoglobulin), the solution d were diluted 1:50. (D-E) AuNPs-amyloids
deposition on (D) glass and (E) parafilm.

Further, the AuNPs-amyloids substrate was utilized for quantitative analysis
of Cr, Pb, Tl, and Cd elements. The calibration curves for each element were
built with the same approach as described previously in the case of Cr ions. The
solutions contented one of these elements were prepared from certificate solutions.
The prepared solutions were then deposited in the form of 2-3 µl drop on dried
AuNPs-amyloids. The drop was freely dried, all spots ablated by a single laser shot,
and the plasma emission spectrum was evaluated. The following emission peaks were
chosen for the evaluation of calibration curves: Cr I at 520.60 nm, Pb I at 405.78
nm, Cd I at 346.6nm and Tl I at 351.92 nm. For each element were calculated limits
of detection (LOD) and minimum detectable mass was determined, see table 10.1.

The calibration curves were obtained by plotting the value of the emission peaks
area as a function of the employed analyte concentration. The LOD were determined
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by employing the following equation [17]:

LOD = 3𝜎𝑚−1 (10.1)

where 𝜎 is the standard deviation of background obtained in the spectral region
without any emission line and m is the calibration curve slope. The maximum peak
intensity was employed as a function of the analyte concentration to determine the
LOD.

Tab. 10.1: Spectroscopic data of the emission lines employed for the analysis and
calculated LOD:

Element 𝜆

nm
E𝑖

cm−1
E𝑢

cm−1
LOD
ppb

Absolute LOD
pg

Cr I 520.60 7593.15 26796.27 7 14
Pb I 405.78 10650.33 35 87.22 0.5 1.5
Tl I 351.92 7792.70 36199.90 5 15
Cd I 346.62 30656.09 59497.87 50 150

The obtained results verify that AuNPs-amyloids can be used for quantification
of reported elements at sub-ppm down to ppb level, see the table 10.1. The highest
LOD were obtained in the case of Cd ions as a result of the less accurate calibration
curve. The properties of the calibration curve were affected by choice of Cd emission
line with high excitation energy. The usually used resonance Cd line at 228.8 nm
lies in the deep ultraviolet region, where the used detector is unable to detect.

The presented work demonstrates the NELIBS capability of metallic ions quanti-
tative analysis with the use of AuNPs-amyloids. AuNPs-amyloids have been chosen
as an advanced nanobiomaterial with promising application in novel technologies,
mainly for water pollutant purification. Moreover, investigation of laser-matter in-
teraction in a system combining protein and inorganic metallic NPs can reveal im-
portant information about laser ablation processes in biological systems. Results of
our work demonstrate that the presence of an ordered array of AuNPs enables effi-
cient atomization of elements protein system and thus overcome the classical LIBS
problems with analysis of biological samples. This shows that NELIBS is a suitable
analytical method for the detection of elements in the presence of amyloid fibrils.
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11 Sensing of Nanoparticles-Protein Corona
As a second study devoted to the development of new applications of NELIBS, we
have focused our attention on exploring the ability of NELIBS beyond the classical
elemental analysis. In this work, we have used the knowledge of enhancement mech-
anisms during NELIBS to develop a new technique of protein corona sensing. The
distance between NPs during NELIBS is the key parameter influencing the value
of the enhancement. The capping agent on the surface of NPs guides the process
of drying and final organization of dried NPs on the sample surface. Thus we can
expect that the protein attached to NPs directly affecting the enhancement value.

NPs used for the following experiments were produced by laser ablation in liquid
(PLAL) in collaboration with Marcella Dell’Aglio [98, 47]. With PLAL it is possi-
ble to produce AuNPs directly in water, without any stabilizer. In this study the
AuNPs were produced in deionized water with 100 µM of KCl. The naked surface
of these kind of AuNPs, allow the study of the protein corona formation avoiding
the interferences of the capping agents usually employed to stabilize NPs. The con-
centration of AuNPs in solution was determined from SPR spectrum [18]. SPR
spectrum shows a single plasmonic band, denoting well dispersed NPs. Moreover,
the NPs were characterized by several techniques such as SPR, DLS, TEM images,
and 𝜁-potential measurements.

In the first stage, sets of solutions were prepared to contain AuNPs and two
different proteins, Human Serum Albumin (HSA) and Cytochrome C (CytC). Both
proteins are bound to AuNP via their free cysteine residue. Although both proteins
interact with NPs in a similar way, they have considerably different sizes. Thus the
number of proteins creating a single corona on NP significantly varies for both of
them. This means that in the solution with a fixed AuNP concentration of the same
size, a different concentration of proteins is needed to form the layer of protein on
each NP.

The concentration of HSA and CytC that forms a single protein corona on NPs
in the solution was theoretically estimated by geometric approximation [106]. The
proteins were considered as spheres with a radius of gyration 𝑅𝑔 calculated from the
protein structure. Thus the maximum number of binding proteins forming corona
(𝑁𝑔𝑒𝑜) was estimated as a ratio between the NP surface and the proteins cross-
section:

𝑁𝑔𝑒𝑜 = 4𝜋𝑅2
AuNP

𝜋𝑅2
𝑔

, (11.1)

where 𝑅𝐴𝑢𝑁𝑃 is the AuNP hydrodynamic radius measured with DLS. This simple
geometrical calculation offers just a rough estimation as the real number of pro-
tein forming corona depends on many variables such as the actual geometry of the
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protein, which is usually globular rather than perfectly spherical, the NP surface
reactivity, and the protein-protein interaction. However, this rough estimation is
sufficient for the purpose of this study, as it gives us a fast indicative prediction of
the protein concentration forming a single-layer protein corona:

[𝑝𝑟𝑜𝑡𝑒𝑖𝑛] = 𝑁𝑔𝑒𝑜 · [AuNP], (11.2)

where [protein] and [AuNP] are respectively the molar concentrations of protein
and AuNPs. The radius of gyration 𝑅𝑔, taken from previous studies [99, 102], has
been used for the geometrical calculation of the concentration of protein needed
for the formation of a single-layer protein corona. Further, 𝑁𝑔𝑒𝑜 and the relative
concentrations needed to form a single layer of protein corona were calculated for
both proteins. The results are reported in Table 11.1.

Tab. 11.1: AuNP size and concentrations, protein gyration radii from literature
[99, 102], geometrical prediction of protein units and protein concentrations forming
protein single-layer corona:

[AuNPs] 𝑅DLS
AuNPs 𝑅HSA

𝑔 𝑅CytC
𝑔 𝑁HSA

𝑔𝑒𝑜 𝑁CytC
𝑔𝑒𝑜 [HSA] [CytC]

(nM) (nm) (nm) (nm) (mM) (mM)
1st case 10.5 6.5 2.6 1.39 25 87 0.26 0.92
2nd case 28.5 6.5 2.6 1.39 25 87 0.71 -

The formation of the protein-NP complexes in solution at different protein con-
centrations has been evaluated by dynamic light scattering (DLS) and 𝜁-potential
measurements. SPR spectra were also analyzed to confirm the protein-NP complexes
formation and their stability as a function of time after the protein corona formation
[107, 108]. DLS was employed to quantify the variation of the hydrodynamic radius
of the protein-NP complexes as a function of added proteins concentration. It is
well known that when the proteins begin to be adsorbed on the NPs surface, the
size of the NPs increases until it stops when the binding absorption sites on the NPs
surface are saturated. If the coverage of proteins on the NPs surface corresponds to
a monolayer of proteins, the hydrodynamic radius holds a constant value even if an
excess of proteins is added concerning the number of proteins needed for the protein
corona formation. An average diameter increases at the protein concentration [HSA]
= 0.25 µM and at [CytC] = 0.9 µM, verifying corona formation at these concentra-
tions. Moreover, 𝜁-potential was measured to monitor the surface charge variation
of the protein-NP complexes when different protein concentrations were added to
the solution of the bare NPs. When the binding sites of the NPs surface are satu-
rated, a 𝜁-potential plateau is attained corresponding to a monolayer homogeneous
protein coverage.
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To explore the effect of protein concentration on NELIBS enhancement, the typ-
ical NELIBS experiment was performed on a titanium standard sample. After 8
pre-shots on the cleaned sample surface, the 2 µl drop of NPs colloidal solution
with a certain amount of protein was deposited on the created crater. The whole
droplet was contained inside the crater due to the difference in surface hydrophobic-
ity between the crater and sample surface. The drop was gently dried with airflow,
and then the whole drop was ablated by following the laser shot used for NELIBS
measurement.

The solutions of AuNP-protein were analyzed by NELIBS and compared to LIBS
signal obtained at the same conditions. To obtain information about the NPs and
protein influence on plasma emission, the enhancement was calculated as a line
intensity ratio of Ti I at 462.31 nm obtained with NELIBS and LIBS. Moreover,
SPR, DLS, and 𝜁-potential measurements were systematically performed on each
colloidal solution employed for the NELIBS measurements. Since the solution was
dried on a metallic sample to perform NELIBS, TEM measurements of AuNPs with
different concentrations of proteins were also performed to determine the shape and
structure of the AuNPs after drying.

The first experiments exploring protein influence on NELIBS were performed
in the presence of HSA. Two sets of solutions were prepared to contain a fixed
concentration of AuNPs (10.5 nM or 28.5 nM) and varying protein concentrations.
As it was reported previously (Table 11.1) the different concentrations of AuNP
require different concentrations of protein to form a single layer of the protein corona.
The enhancement was plotted as a function of protein number per AuNP, see Figure
11.1. The graph reveals that the maximum of enhancement occurs for the
same number of proteins per AuNP, determining the number of proteins
creating corona as 𝑁HSA

𝑒𝑥𝑝 = 28±4. The obtained result is in good agreement with
geometrical calculated number of protein forming corona 𝑁HSA

𝑔𝑒𝑜 = 25, see Table 11.1.
After measuring solutions containing HSA, all the sets of experiments were per-

formed for the AuNP-CytC system. The solutions were prepared with the fixed
AuNPs concentration at 10.5 nM and varying concentrations of CytC. The results
were afterward compared to the previously measured behavior of the AuNP-HSA
system with the same concentration of AuNPs.

Figure ?? shows the comparison of enhancement for both systems. In the AuNP-
CytC system, the enhancement rise appears at the concentration of protein corona
formation calculated by equation 11.2, similarly as in the AuNP-HSA system. Al-
though the concentration of AuNPs is the same for both systems, the peak is shifted
due to different protein sizes. Thus the number of protein creating corona can be
determined by inspecting the graph at Figure 11.2A, where the ehnancement as a
function of the the number of protein added to AuNPs solution is reported. The
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Fig. 11.1: NELIBS enhancement reported as a function of number of HSA added
at two fixed AuNP concentrations: 10.5 nM and 28.5 nM. (𝐸𝑙𝑎𝑠𝑒𝑟 = 260 mJ, laser
crater diameter = 1.5 ± 0.1 mm).

obtained number 86 ± 5 CytC units is in good agreement with the calculated one,
see the Table 11.1.

Further, the size of AuNPs-protein conjugates was measured by DLS as a func-
tion of protein concentration for both systems, see Figure 11.2B. The protein adsorp-
tion on the NP surface increase measured size until the curve stabilizes, reaching
its plateau around 23 nm and 18 nm diameter for AuNP-HSA and AuNP-CytC
conjugates, respectively. The conjugate size at the plateau corresponds to the geo-
metrical sizes of the NP-protein systems, where a single layer of protein corona is
formed [110].

The formation of the corona is confirmed by 𝜁-potential measurement as discuses
previously, see Figure 11.2c. In the case of AuNP-CytC colloidal solution, at low
protein concentrations, initially, the decrease of 𝜁-potential appears, and then only
after a certain concentration is reached, the 𝜁-potential increases towards a plateau.
The initial decrease is caused by the presence of the carbonate in this colloidal
solution and its interaction with NPs and CytC.To sum up, the size and 𝜁-potential
data reported as a function of the number of proteins indicate the protein corona
formation in solution around the geometrical prediction protein number as 𝑁HSA

𝑔𝑒𝑜 =
25 and 𝑁CytC

𝑔𝑒𝑜 = 87 for HSA and CytC, respectively. These values are in very good
agreement with the value experimentally observed with the NELIBS experiment,
𝑁HSA

𝑒𝑥𝑝 = 28 ± 4 and 𝑁CytC
𝑒𝑥𝑝 = 86 ± 5 for HSA and CytC, respectively.

The reported data clearly show that NELIBS can be used for protein corona
sensing. Moreover, understanding the phenomenon occurring in the solution gives us
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Fig. 11.2: (A) NELIBS enhancement, (B) hydrodynamic diameter and (C) 𝜁-
potential data reported as a function of the number of proteins for two different sets
of samples obtained adding HSA or CytC at the solution with fixed concentration
of AuNPs (10.5 nM). (𝐸𝑙𝑎𝑠𝑒𝑟 = 360 mJ, laser crater diameter = 1.7 ± 0.1 mm). In
(A) the error bars on the x axis for the experimental determination of number of
protein needed for the corona formation are also reported.
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a clue in explaining why the NELIBS enhancement depends on protein concentration
in the colloidal solution used as an enhancer. Increasing the protein concentration,
we first see the decrease of enhancement. After around the concentration of corona
formation, we observe a significant enhancement increase. With further protein
concentration growth, the enhancement decrease again. This trend that is the same
for both protein systems is related to the different organization of AuNPs clusters
after drop drying on titanium surface. TEM images of solutions with different
protein concentrations also supported this explanation.

At the low concentration before corona formation (0.1 µM HSA and 0.4 µM
CytC) the large multi-layer aggregates form. This is connected to the decrease in
𝜁-potential (Figure 11.2). This indicates that the NPs are partially neutralized,
so they create aggregates more often during drop drying. The aggregated NPs
are less stable to the laser irradiation due to the tunneling effect, decreasing the
enhancement. Around the corona concentration (0.25 µM HSA and 0.9 µM CytC),
the proteins fully cover NPs. That prevents NPs from aggregation, and the size
of protein establishes a distance between NPs in the nanometer range after drop
drying. Thus those NPs support more efficiently plasmon coupling, so we
see the enhancement increase at the concentration of corona formation.
With increasing protein concentration, the number of proteins per particle exceeds
the number needed for corona formation. Proteins in excess surround the NPs
after drying, increasing the distance between NPs, which disables efficient plasmon
coupling. As we have discussed in the previous chapter, the presence of protein on
the sample surface during LA quenches the formation of plasma. As a result, the
enhancement decreases again.

To sum up all the observed results, this systematic study reveals a correlation
between NELIBS enhancement and the structure of the NP-protein conjugates that
can be used for protein corona sensing. This idea comes right from the principle of
NELIBS enhancement, which was presented in the previous part of this thesis. NPs
enhancement is based on plasmonic interaction between NPs. To obtain efficient
plasmon coupling, the distance between particles has to be optimal. The presence
of protein corona on the NPs surface enables to hold this optimal distance for a large
number of NPs. Thus the NPs plasmonic effect is more efficient at the protein corona
concentration, and we see significant enhancement of plasma emission. Vice versa,
by observing this enhancement increase, we can detect protein corona formation.
Thus in this study, we have extended classical use of laser ablation technique for
elemental analysis to the sensing of protein corona formation in the AuNP-protein
system.
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Conclusion
In the last few years, we have witnessed a widely increasing number of publications
devoted to NELIBS applications. The strong enhancement of the LIBS performance,
created just by a simple NPs deposition, is extremely attractive. In some applica-
tions, NELIBS, with its low operation cost, is able to compete in sensitivity with
other methods of analytical chemistry. Nevertheless, as NELIBS optimal experi-
mental conditions differ from LIBS, we should always evaluate when NELIBS use
is really beneficial. The main difference between LIBS and NELIBS lies in diverse
ablation processes caused by diverse energy distributions due to the NPs interaction
with laser. The change in energy distribution directly impacts the plasma formation
and consequent plasma properties and, therefore, the plasma emission. Thorough
understanding of the principle of NELIBS enhancement is essential to know when
the use of NELIBS is appropriate and how the experimental parameters should be
optimized. The presented thesis combined the theoretical description with experi-
mental observation in order to explain NELA enhancement phenomenon. Thus the
presented studies and their connection revealed a comprehensive theory clarifying
the NELA enhancement principle. The obtained knowledge was further used for
new applications development.

In this thesis, the rigid theory was built describing laser-matter interaction in
the presence of various NPs arrangements that can be observed on sample surface
after drying of NPs colloidal solution. Firstly, the laser-excitation of surface plasmon
polaritons in NPs was described by the theory based on principles of plasmonics.
This theory shows that plasmonic interaction between adjacent NPs enhances elec-
tromagnetic field in the NPs vicinity. This field enhancement is a function of the
NPs distance. This points out that the concentration of NPs and their distribution
on the sample surface before analysis are crucial parameters influencing NELIBS
enhancement. Further, the model based on variational method was developed for a
fast plasmon frequency estimation of complex NPs arrangements. Obtained results
explained why the NELIBS enhancement occurs for a wide range of laser wave-
lengths.

In the next step, the phenomena behind NELIBS enhancement were phenomeno-
logically studied and put in context with theory. If the same experimental condi-
tions are held, the energy delivered to the sample during LA is comparable for LIBS
and NELIBS. Thus we have assumed that there is no significant increase in the
mass ablation rate. To confirm this assumption the ablation crater topography was
measured. The crater bottom after NELIBS was less melted than after LIBS, but
with the comparable crater volume. This suggests that in the presence of NPs, the
ablation mechanism is changed, and that the possible increase in ablation rate is
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too little to explain the strong plasma emission enhancement. Moreover, some NPs
were found on the crater bottom after laser ablation. This has been assigned to their
plasmonic properties that protect them from immediate evaporation. Other exper-
iments revealed that a part of NPs is transported into the plasma phase, changing
properties of induced plasma. These observations lead to the conclusion that the
enhancement in NELIBS appears due to a more efficient ionization and atomization
of species in the plasma phase.

The further experiments were focused on the exploration of the properties of
aerosol formed during plasma decaying. It has been found that enhancement of
cps appears in LA-ICP-MS when the NPs are present on the surface during the
LA process. This enhancement was assigned to the shift in curve of aerosol size
distribution toward the smaller particle, since no significant increase in ablated mass
was observed. This observation is in good agreement with the principle of NELIBS
enhancement. Finally, the NELA was compared to the signal enhancement due to
mechanical modification of the sample surface. This comparison of results suggest
that the NELA enhancement is exclusively caused by plasmonic interactions between
NPs.

The final part of the thesis is devoted to the NELIBS applications. A detailed
list of the rules that should be fulfilled for each NELIBS experiment was compiled
according to the previously presented theory. Based on a critical review of NELIBS
applications, it reveals when the NELIBS brings advantages to the elemental anal-
ysis. Finally, two NELIBS applications were introduced. The first investigates
NELIBS as a method for metallic ions detection in amyloid fibrils, an advanced
bio-material for water purification. The metallic ions were detected and quantified
in the micro-drop solution volumes with LOD at the sub-ppm level. In this appli-
cation, NELIBS overcame classical LIBS problems with the analysis of liquid and
organic samples. LOD were improved to the extent that NELIBS sensitivity became
comparable with other commercially used techniques, such as ICP-OES/MS. The
second study introduces NELIBS as a new method for nanoparticle protein corona
sensing. This newly developed method extended the classical use of NELIBS from
elemental analysis to the use as a sensing tool.

The presented thesis improved the understanding of the origin of signal enhance-
ment in NELIBS and NE-LA-ICP-MS. The results of both techniques seem to be
in good agreement; however, the experimental parameters were different for both
techniques. Consequently, in the future experiment, I would suggest following all the
stages of NELA on a hyphenated system combining LIBS and LA-ICP-MS. In such
a system, the influence of NPs could be examined in each stage following LA at the
exactly same experimental condition. Much information would be obtained within
a single experiment: plasma temperature and electron density from plasma emis-
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sion, plasma size and aerosol condensation by shadowgraphy, aerosol composition
in ICP-MS system and size distribution in EEPS, etc. The obtained results would
further clarify the connection between previously separately measured phenomena.

Further development of NELIBS application depends on the optimization of NPs
deposition. Current sample preparation includes the NP deposition from colloidal
solution. However, this deposition method is used for its simplicity, and it introduces
a significant source of error. As we have witnessed during the presented applications,
the self-organization of NPs on the sample surface in the presence of proteins can
improve reproducibility and the value of the enhancement. This suggests that the
performance of NELIBS can be further improved by the development of new methods
for nanostructure deposition. For example, the substrate with a regularly distributed
nanostructure in the optimal distance could be used in other application areas, such
as the analysis of biological tissue slices. With the fast-developing nanostructure
preparation and reduction of its cost, the new applications of NELIBS and NE-
LA-ICP-MS will surely appear. Moreover, with the increasing reproducibility of
measurement, both techniques have a high potential to become commercially used
methods in the near future.
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