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Nanoparticles in analytical laser and plasma
spectroscopy — a review of recent developments in
methodology and applications
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The present review attempts to comprehensively overview the progress in the field of nanoparticle-related
analytical laser and plasma spectroscopy research, focusing on the results of the past decade. The
discussion involves the brief description of the motivation and principle of operation behind all existing
technologies. As a novel approach, the connection between nanoparticles and laser and plasma
spectroscopy is discussed in all three major areas: monitoring of nanoparticle synthesis, nanoparticle
characterization, as well as plasmonic signal enhancement achieved by using nanoparticles. In each area,
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1. Introduction

Nanoscience has moved forward with giant leaps in the last two
decades. The special optical, mechanical, magnetic and
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a detailed description of methodological developments and modern applications is provided.

energetic properties of nanoparticles (NPs) have been widely
recognized and are being exploited in an array of industrial,
scientific and medical fields. Today, numerous synthesis tech-
nologies are available for the controlled production of engi-
neered NPs, nanostructures and nanocomposites not only at the
laboratory, but also at the industrial scale.'® The influence of
nanostructured materials on the efficiency and cost of, or
approaches to industrial and scientific processes is so immense
that many scientists consider the most recent decades as the
first ones in the “nano age”, which interweaves with the silicon
era.

Analytical science also benefits from the special properties of
nanomaterials, as it not only uses these materials, but also
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contributes to or provides inspiration for the development of
new ones. Among others, sample preparation and separation
techniques,** chemical sensing®® and spectroscopy®™ are the
fields of analytical science that have the most interaction with
nanoscience. Instrumental analytical techniques are also
crucial to the characterization of NPs,” as well as for the
monitoring of nanostructures either during controlled
synthesis'*** or when released in the environment.'® This close
interaction between analytical science and nanoscience has
already produced a number of scientific results, which have
been overviewed in several books' " and review papers.®***
Laser and plasma spectroscopic (LPS) techniques are pres-
ently dominating the field of analytical spectroscopy. Plasma-
based spectroscopy techniques, such as inductively coupled
plasma optical emission and mass spectrometry (ICP-OES and
ICP-MS), microwave induced optical emission spectroscopy
(MIP-OES), glow discharge optical emission and mass spec-
troscopy (GD-OES and GD-MS), are naturally used mainly for
elemental and isotopic analysis, whereas laser sources can serve
both atomic and molecular analyses, depending on the laser
fluence applied and the analyte reservoir. Examples include
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laser-induced breakdown spectroscopy (LIBS), laser ablation
(LA) sample introduction, Raman spectroscopy, laser-induced
fluorescence spectroscopy (LIFS), photoacoustic spectroscopy
(PAS), laser enhanced ionization spectroscopy (LEIS), cavity
ringdown spectroscopy (CRDS) and more.* More recently, the
combination of laser and plasma sources for analytical spec-
troscopy purposes is also gaining momentum, used either as
a performance booster (e.g. ref. 25 and 26), or in tandem
(hyphenated) instruments in order to provide more, atomic plus
molecular, analytical information about the sample. In the
latter bin, often are instruments which involve LA and LIBS, for
the reason that these techniques lend versatile sampling and
spatial resolution capabilities to other analytical spectros-
copies. LIBS-Raman,*” LIBS/LA-ICP-MS,*® LA-GD-MS* and LIBS-
LIF* are examples for such tandem instruments.
Nanomaterials are also more and more involved with lasers
and plasmas. For instance, nanoparticle synthesis by electrical
discharge plasmas™*' or via laser ablation® are recently
becoming increasingly common methodologies. Since the most
popular engineered NPs are metallic therefore laser and plasma
based atomic spectroscopies are most often called for the in situ
monitoring of the synthesis process or for the characterization
of the produced particles. LIBS**** and ICP-MS seem to show
the best performance and practicality in these applications. In
particular, the single particle ICP-MS (spICP-MS) technique has
become a very powerful and versatile nanoparticle character-
ization approach®®*” for nanosols. Laser light scattering®® and
absorption methods (such as PAS*), are also well established,
important tools of nanoaerosol characterization. Analytical
signal enhancement in LPS is also often effectuated by using
nanoparticles, mostly based on plasmonic effects. A premier
example for this is surface enhanced Raman spectroscopy
(SERS)," but LA-ICP-MS** and LIBS*>*' applications are also
benefiting from similar effects. Last, but not least, the use of NP-
based liquid sample preparation methodologies in LPS in
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general, such as separation or preconcentration, are also
becoming more frequent in recent literature.

Several reviews overviewed earlier the applications of nano-
materials in analytical science in general,®**** but so far none
focused on the field of laser and plasma spectroscopy, while this
field enjoys a steadily increasing involvement of nanomaterials
in recent years. The closest scope was provided by the review of
Jiang et al.® in 2012, which covered applications in analytical
atomic spectrometry. Therefore, the present review attempts to
encompass and comprehensively overview the recent develop-
ments in all main areas of laser and plasma spectroscopy which
interact with inorganic nanoparticles: namely the monitoring of
the synthesis of nanoparticles, the detection and characteriza-
tion of nanoparticles and the use of nanoparticles for signal
enhancement. Please note that the scope does not include
single macromolecule analysis. Our review focuses on results
that appeared in the literature in about the last decade. Brief
overviews of the methodologies of included subfields will be
provided, along with references to seminal books and pio-
neering works, but the focus is on recent applications.

2. Monitoring of nanoparticle
generation

2.1. Importance, driving force and overview

NP synthesis methods range over numerous techniques,
including chemical, physical, mechanical, and even biological
approaches.””** While there are some “golden standards” of NP
characterization, such as transmission electron microscopy,
certain generation methods have their unique characterization
toolbox which fits the conditions of the given production
method best. This is especially true when the monitoring of the
whole synthesis process is aimed. Laser- and plasma-based
spectroscopic techniques proved useful for in situ monitoring
of particle formation in a temporally and/or spatially resolved
and - potentially - minimally invasive manner. Plasma spec-
troscopic monitoring is a natural choice when NP generation
process includes a plasma stage, such as in the case of laser*® or
spark*® ablation, but it can also be useful when plasma is
generated from the already formed particles by means of an
energetic excitation source, such as a laser pulse.*” The devel-
opment of the spectroscopic toolbox used for monitoring
plasma-based NP generation dates back long before the intro-
duction of the term “nanoparticle”. Although in early research
the occurrence of microscopic particulates was mostly consid-
ered as a side-effect,*® the accumulated knowledge on material
removal from the target,” on the excitation of different
species,” or on the determination of important plasma
parameters® provided valuable contribution to the plasma
spectroscopic monitoring of current NP generation techniques.
The application of lasers in monitoring the NP generation
opens up further possibilities via selectively exciting particle
populations even at different stages of their formation. Various
approaches exist, depending on the laser—particle interaction
initiated, such as laser-induced incandescence (LII),*> laser-

induced breakdown spectroscopy (LIBS),>® elastic,” or
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inelastic® scattering, or absorption,*® to mention but a few. In
the following sub-chapters, we will summarize some of the most
recent laser- and plasma spectroscopy methods applied for the
monitoring of NP generation, after a brief description of the
plasma diagnostic methodology related to this analytical
problem.

2.2. A concise introduction to plasma diagnostics

Plasma diagnostics incorporates a broad variety of techniques
aiming to give a comprehensive description of plasma proper-
ties. When plasmas are utilized as sources for NP synthesis,
plasma diagnostic tools allow for the precise measurement of
synthesis conditions, hence facilitating the better under-
standing of particle formation mechanisms as well as providing
more control over the generation process. Plasmas are different
from other, more common states of matter, first and foremost
in that their most important properties are generally cannot be
measured directly. Instead, plasma properties are deduced from
observations of physical processes and their effects.’” This
approach greatly relies on the understanding of plasma physics
and chemistry involved in said processes. It rather naturally
follows from the above that modeling the plasma, or at least
those aspects which are subject of investigation, is often an
integral part of plasma diagnostics. Since a complete descrip-
tion of the distribution function of the plasma constituents’
position and velocity is not feasible in general, plasma diag-
nostics usually aims at determining the so-called lower order
moments of the distribution function, such as the density,
mean velocity, pressure, temperature, and heat flux. Numerous
techniques exist for obtaining these values, along with multiple
possibilities to categorize the different methods.

One way to sort plasma diagnostic techniques is based on
the physical process or property of the plasma that is measured,
as proposed by Hutchinson in his very comprehensive book on
plasma diagnostics.’” By following this approach magnetic,
particle flux, and refractive index measurements, the measure-
ment of photon emission from free or bound electrons, as well
as the measurement of interaction with electromagnetic waves
can be distinguished. Since the detailed discussion of these
experimental approaches are far beyond the scope of the
present review, we will only briefly overview some of the main
aspects of the interpretation of the emission from free and
bound electrons, ie., the topic of plasma emission
spectroscopy.

Optical plasma emission spectroscopy (OES) is a versatile
tool for diagnosing laboratory plasmas, with a well-established
theoretical and instrumentational background.?®*° Apart from
the identification of species present in a plasma, the two main
parameters that are predominantly determined by OES are the
number concentration of electrons (electron density, 7.) and the
electron temperature (7.).** In order to support the following
sub-chapter, we will briefly mention some widely used methods
for calculating n. and T, usually employed during the moni-
toring of plasma-based NP synthesis.

In case of laser- and electric discharge plasmas, electron
concentration is mostly calculated from the spectral broadening

This journal is © The Royal Society of Chemistry 2021
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of emission lines, predominantly assuming that Stark broad-
ening is the dominant mechanism.®>*® Stark broadening and
line shifting results from the Coulomb interactions between the
emitting species and the charge carriers present in the plasma.
Due to the availability of precise tabulated data and validated
theoretical description, the Stark broadening of H lines -
especially the Hg line — are widely used to determine the elec-
tron concentration in plasmas.***® If H atoms are not present in
the plasma, other elements can also be used to estimate the
electron concentration, however, in this case the accuracy is
usually lower, deviations typically in the range of 15-50% can be
found.** Even though, various theoretical models exist to
interpret Stark-broadened spectral lines,*® in most of the prac-
tical cases electron concentration is estimated based on the
comparison of the broadened full width at half maximum
(FWHM) or line shift with reference data,* tabulated for various
transitions.”®”> The following two equations are adapted from
ref. 69. Eqn (1) describes the electron concentration as a func-
tion of the Stark-broadened FWHM for hydrogen and hydrogen-
like ions:

ne = C(ne,Te)AASy2 (1)

where AJg is the FWHM of the Stark component, and C(n,,Te) is
a coefficient, which is only a weak function of the electron
temperature and concentration. Eqn (2) is valid for two- or
more-electron atoms:

ref A)Ltota]
¢ 2w(1+1.754(1 — 0.75R))

ne=n (2)
where Al is the total FWHM of the spectral line, w is the
electron-impact half-width, 4 is the ion broadening parameter
describing the relative importance of collisions of ions with
respect to the broadening, and the n™ is the reference electron
concentration, at which w and A are measured or calculated. w
and A only slightly depend on the electron temperature and
concentration. R describes the ratio of the mean distance
between ions and the Debye radius. For eqn (2) to be valid, A =
0.5 and R =< 0.8 must hold. For singly charged emitters, the term
0.75R in eqn (2) should be replaced by 1.2R.

It should be noted that in some cases the effect of other line
broadening mechanisms (such as instrumental, Doppler, reso-
nance, van der Waals broadening) cannot be neglected, there-
fore the contribution of the Stark effect to the overall line width
- often called Stark width — must be determined. To this end,
various deconvolution procedures can be used depending on
the relative importance of the different mechanisms.””* In
certain cases, deconvolution procedures allow for the simulta-
neous derivation of electron concentration from the Stark
component and the electron temperature from other mecha-
nisms, such as Doppler”® or van der Waals”™ broadening. It
should be mentioned that different approaches also exist for
determining the electron concentration from the emission
spectrum of a plasma, e.g., by using absolute irradiance
methods, which usually require the calibration of the spec-
trometry setup and the modelling of the emission spectrum.”®””

This journal is © The Royal Society of Chemistry 2021
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The other important plasma parameter, which can be
derived by means of plasma OES, is the electron temperature,
Te. It should be noted that plasmas are generally described by
several different temperature values, corresponding to different
plasma constituents (such as electrons, atoms and ions) or
processes (such as atomic excitation and molecular vibrations
or rotations). In many cases, these temperatures are not equal,
hence different approaches are needed to determine a specific
temperature value. However, there are certain cases, when some
sort of equilibrium can be assumed, thus making temperature
determination much easier. This is the case when local ther-
modynamic equilibrium (LTE) prevails in the plasma. Simply
speaking, LTE means that different species present in the
plasma have the same local temperature.”® To reach LTE, the
electron concentration needs to be sufficiently high in the
plasma facilitating collisions with electrons to be dominated
over radiative processes. In this case, a single “LTE tempera-
ture” can be derived, representative to the temperature of the
electrons as well. Here we will briefly overview the most popular
method used for estimating T from the emission spectrum of
a plasma assumed to be in LTE, usually called the Boltzmann
plot method. As suggested by the name, it is related to the
Boltzmann equation, which describes the population of excited
energy levels as a function of temperature.®® Since the emission
line intensities characteristic to different transitions of an atom
or ion are proportional to the number concentration of the
species in the corresponding excited states, a relation can be
found between the emitted line intensities (I;)) and the so-called
excitation temperature governing the population of the excited
states, described by the following equation:

—E
L)
I,] = hV,]A,] Eg,l’l [§] r (3)

where A; is the transition probability, Z is the partition func-
tion, g; and E; are the statistical weight and the energy of the
excited level, respectively, ¥ and & are the Boltzmann and
Planck's constant, respectively, T is the excitation temperature,
v; is the frequency of the transition, and 7 is the number
concentration of the studied species. After rearranging eqn (3),

one can obtain
I hn E;
In|——)=h(=)| - —= 4
n("zﬁfgiAij) n(Z) ke T “

It is apparent from eqn (4) that the excitation temperature,
which in LTE equals to Te, can be derived from the measured
line intensities and the atomic data corresponding to the rele-
vant transitions. A minimum of two emission lines are needed
to calculate the temperature by using the Boltzmann equation —
often called line-pair method,” or two-line method®**** - but the
results are generally more reliable when more spectral lines are
involved, preferably with a wide spread over the upper energy
level. In this case, the temperature is given by the slope of the
graph described by eqn (4).>"#

As it was already noted, Boltzmann plot method relies on the
assumption that local thermodynamic equilibrium (LTE) - at
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least partially, for the corresponding transitions - exists. The
validity of LTE can be estimated based on the electron
concentration from the Griem® or McWhirter® criteria. Even
though these criteria are widely used to justify the presence of
LTE in atmospheric pressure laser- and arc or spark
plasmas,®**% there are indications that a more thorough
analysis should be made to assess the validity of the assumption
of LTE.*® When deviation from LTE prevails, the Boltzmann plot
method can still be employed to derive the excitation temper-
ature by introducing correction factors.®® Nevertheless, the
temperature determined from the Boltzmann plot method
describes the temperature of the electrons only when the pres-
ence of LTE is justified.

Originally, the Boltzmann plot method can be applied to
a single species in a given ionization level. However, by
exploiting the fact that in LTE the population of different
ionization stages are determined by T. and n., one can extend
the method to successive ionization stages. The method that
incorporates this extension is called the Saha-Boltzmann
method, named to refer to the fact that the ionization equilib-
rium is described by the Saha equation (eqn (5)):***>*

3
1 Z, (2mmkpT? W, — AW
ny = ;f?(T) GXP(*T no 0

where 7. is the number concentration of electrons, W, is the
ionization energy of the studied species and AW is the lowering
of the ionization energy.*® The + subscript refers to ions.
Including successive ionization stages widens the energy range
in the Saha-Boltzmann plot, as exemplified in Fig. 1, allowing
for a more reliable determination of the slope of the linearized
equation. However, since the combined Saha-Boltzmann
equation is a more complicated function of T. and n., this
method normally requires an iterative approach to obtain the
temperature.®>*> When further assumptions can be made about
the plasma, such as its stoichiometry, the Saha-Boltzmann

I
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Fig.1 Saha—Boltzmann plot constructed from the emission spectrum
of a Cu/Ar spark discharge plasma measured ca. 1 ps after the onset of
the gas breakdown (based on the authors’ own data).
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method can be extended to different elements as well. Due to
the involvement of multiple elements at potentially different
ionization stages, the so-called multi-element Saha-Boltzmann
method allows for an even more precise determination of the
LTE temperature of the plasma.*

We have already mentioned the importance of LTE in
Boltzmann plot methods, but there are several additional
considerations which should also be kept in mind. Here we only
briefly list some of these considerations, for further details
please refer to the cited literature. First, it is important to note
that the accuracy of constants involved in the equations highly
affect the accuracy of the calculated values. The most critical
factor here is the transition probability, which in many cases is
only known with poor accuracy.® It should also be noted that
the above methods are applicable for optically thin plasmas.
Therefore, when self-absorption is dominantly present in the
emission spectra, additional techniques or corrections must be
applied.®***®> It should also be kept in mind that OES tech-
niques provide spatially integrated information over the line of
observation. Therefore, spatial deconvolution techniques might
need to be applied. For instance, a commonly used technique
for optically thin plasmas with cylindrical symmetry is the Abel
inversion. By employing Abel inversion, the radial intensity
distribution can be reconstructed from the lateral intensity
distribution.*®

The above-mentioned methods rely on the line emission of
the plasma for temperature determination, but additional OES-
based plasma diagnostic techniques also exist. The continuum
radiation emitted by plasmas - highly characteristic to the early
stages of laser ablation plasmas® - can be exploited for
temperature calculation via the so-called line-to-continuum
intensity ratio method. As suggested by its name, this method
employs both the intensity of the spectral lines and the
continuous component of the emission spectrum to derive the
electron temperature under LTE conditions.”® Apart from the
importance of sufficiently well-known parameters and
constants, which cannot be stressed enough at all OES-based
methods, the applicability of this approach is also limited to
those stages of plasma evolution when line spectrum coexists
with continuum radiation, both having sufficient signal-to-
noise ratio.*

It should also be mentioned that LTE conditions are often
not met in many plasmas, however, OES- (and laser spectros-
copy) based methods are still proved useful in the description of
these plasmas. An important parameter of non-LTE plasmas is
the rotational temperature of molecules present in the plasma,
which is often assumed to be equal to the - translational - gas
temperature. There are various techniques for obtaining the
rotational temperature from emission (and absorption) spectra,
which were critically reviewed recently by Bruggeman et al.** We
only mention that when an equilibrium rotational population is
assumed, essentially the Boltzmann plot method can be applied
to the determination of the rotational temperature, with the
difference that rotational spectral lines must be used for con-
structing the plot. Simulating the rotational spectrum and
fitting to its measured counterpart is also a commonly used
method for deriving the rotational temperature. This approach

This journal is © The Royal Society of Chemistry 2021
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has the advantage that depending on the complexity of the
model used for generating the synthetic spectrum, more thor-
ough description of the analyzed plasma can be given than in
case of equilibrium-based methods.

2.3. Methodology and applications

Laser- and plasma spectroscopic methods are predominantly
used in the in situ monitoring of NP generation in particle
synthesis techniques where the initiation of a plasma is
involved, such as electrical discharges (mostly arcs and sparks),
laser ablation, and flames. Therefore, in the following
subchapters we will focus on the monitoring methodology
applied in these synthesis methods, while some further
synthesis routes where in situ laser- or plasma-based particle
monitoring were utilized will be mentioned at the end of the
chapter.

2.3.1 Monitoring of flame synthesis. Flame synthesis is
a well-established gas-phase method for the production of
inorganic NPs, predominantly metal oxides and carbon black.”
Considering the amount of the produced particles, flame
synthesis is the most widely used NP generation technique by
far, mainly used for the synthesis of SiO,, TiO,, and Al,O; on
industrial scale.”® Flame aerosol reactors are based on the
controlled burning of a gaseous or liquid precursor, which
yields NPs in the range of several hundreds of grams per hour.*
Due to its exceptional capability for producing NPs on a large
scale, the technique was subjected to extensive academic and
industrial interest.®” This is justified by the highly complex
nature of the processes taking place in a flame, necessitating
the combination of knowledge in molecular chemistry, reaction
kinetics, thermodynamics, and materials science.”” From
a point of view of the generated NPs, it is especially important to
assess the temperature-time history of a particle, one of the
most significant parameters determining the properties of the
final product, which can be estimated by in situ temperature
and velocity measurements.”®

Since optical diagnostic methods are capable of providing
this information without disturbing the synthesis process,
a broad range of techniques have been developed or applied to
the specific conditions of flame synthesis. Fig. 2 schematically
shows the particle generation in a flame reactor and exemplifies
several optical and non-optical diagnostic tools for the in situ
and ex situ investigation of different aspects of the particle
formation process. Optical diagnostic methods applicable for
monitoring flame synthesis were thoroughly reviewed very
recently by Dreier and Schulz,*® Schulz et al.,'** and Rahinov
et al.'” therefore we only recall here some of their main
considerations supplemented by related literature.

Laser-based methods applicable for the in situ monitoring of
flame NP synthesis can be divided into two main groups, the
first includes the methods appropriate for monitoring the gas-
phase particle formation process (such as the temperature
and intermediate species concentration), while the second
group consists of the techniques capable of monitoring the
properties of the generated particles.® A commonly used
method both for temperature and concentration measurements

This journal is © The Royal Society of Chemistry 2021
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is based on the absorption of a laser beam. Information on the
average temperature or concentration of intermediate species
(such as small molecules corresponding to precursor reactions)
can be gained by measuring the absorption spectrum by using
ring-dye lasers or tunable diode lasers, employing Fourier-
transform infrared spectroscopy (FTIR), intra-cavity laser
absorption spectroscopy (ICLAS), or cavity-ring-down absorp-
tion spectroscopy (CRDS).'™ Even though absorption-based
techniques provide line of sight information, by employing
fan-shaped laser illumination and multiple detectors, temper-
ature and concentration distributions can be reconstructed
using a 1D tomographic algorithm.*** Another method enabling
the online monitoring of the flame temperature and the
concentration of the intermediate species is laser-induced
fluorescence (LIF). LIF methods are usually distinguished by
the species the measurements are based on, such as NO or OH
for temperature, and various other species (e.g., Fe, CH,O, CH,
OH, SiO, FeO, In, AlO, TiO) for intermediate concentration
determination.'® Recently, the good applicability of SiO-LIF in
quantitative temperature’® and concentration'® imaging as
well as the investigation of the combustion chemistry of the
flame synthesis of SiCl; nanoparticles’® have been
demonstrated.

In addition to the above techniques, the temperature can
also be determined based on both elastic and inelastic scat-
tering of laser light. Raman- and coherent anti-Stokes Raman
scattering (CARS) as well as Rayleigh scattering have been
applied to measure the temperature in flame reactors,'
however, since these techniques are more suitable for particle-
free environments, usually they are of limited use in strongly
particle-laden flows.’** Apart from temperature measurements,
light scattering-based techniques can also be used to monitor
the properties of the as formed particles in situ. For this
purpose, another laser-based technique is the so-called laser-
induced incandescence (LII), which is based on the measure-
ment and analysis of the incandescence signal of the particles
heated up by a laser beam, providing information on volume
fraction and primary particle size' (see Section 3.3.2. for
details). Since the proper interpretation of the LII signal is not
straightforward, attempts are made to standardize calibration
and signal processing protocols.’”'*® When the laser fluence is
high enough to vaporize the NPs, the emitted atomic spectrum
can also be used to gain information on the particles. This is the
basis of laser-induced breakdown spectroscopy (LIBS), a tech-
nique well-known in analytical spectrochemistry'® (see Section
3.3.3. for details). In situ aerosol LIBS is relatively challenging to
execute and interpret the results, but it has been shown to be
able to provide valuable information on the complex processes
taking place in turbulent flame reactors.'*®

2.3.2. Monitoring of laser ablation synthesis. NP genera-
tion by lasers is based on the ablation of a solid target by an
energetic laser beam in a gaseous or liquid environment.
Particle formation will take place through several steps from the
material ejected off the surface, the exact process of which is
depending on the laser parameters (wavelength, pulse width,
fluence), the target material, and the surrounding medium (gas,
liquid, or vacuum).* The particles can be collected in the form
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Fig. 2 Schematic figure of an experimental flame spray pyrolysis (FSP) reactor setup and process diagnostics for analyzing the consecutive
stages of metal oxide NP evolution. Nonintrusive laser and camera diagnostics including phase-Doppler anemometry (PDA), laser sheet (LS) and
shadow graphic (SG) for liquid spray analysis (blue), as well as optical emission spectroscopy (OES) and camera imaging for determination of the
metal oxide nanoparticle nucleation zone (green). Thermophoretic sampling with subsequent transmission electron microscope analysis
(TS-TEM, orange) and scanning mobility particle sizer (SMPS, red) are applied for local description of primary and agglomerate nanoparticle
evolution, while filter collected particles are considered for ex situ analysis (BET and XRD). Figure and caption are taken from ref. 99.

of a nanopowder, colloid, or they can be deposited onto
a substrate to form a thin layer. The latter is the basis of the
well-established technique of pulsed laser deposition, or PLD."**
Laser-based NP generation is associated with the formation of
a plasma plume over the ablated surface, consisting of neutral
and excited species of the target material. The emission or the
absorption of this plasma can be investigated by various spec-
troscopic and plasma diagnostic methods. In fact, laser ablation
NP generation mostly accompanied by the creation of a plasma
plume, which is the very basis of LIBS."*>'** Due to this common
root, instrumentation and methodology developed for LIBS can
naturally be adapted to the monitoring of laser ablation NP
generation. Similarly to that of the monitoring of electrical
discharges (see in the next sub-chapter), this is predominantly
based on the acquisition of the emission of the plasma and the
calculation of the main plasma parameters, such as the electron
concentration and temperature.

The most basic approach for the monitoring of the laser-
induced plasma (LIP) is the collection of its temporally and
spatially integrated radiation by means of an optical fiber
during the ablation process. Thereafter, e.g., the Boltzmann plot
method (see in Chapter 2.2.) can be applied to calculate the
excitation temperature of the plasma,">"® or the Stark

1832 | U Anal. At. Spectrom., 2021, 36, 1826-1872

broadening to derive the electron concentration.” Naturally,
much more reliable data can be obtained when the highly
transient LIP is monitored with appropriate temporal resolu-
tion. Evolution of electron concentration as derived from Stark
broadening,***** temperature evolution calculated from the
Boltzmann plot*° and Saha-Boltzmann plot,"”**** or relative
line intensity"® methods are routinely applied. It should be
noted that even in case of temporally resolved measurements,
care should be taken when temperature calculation methods
relying on the existence of LTE are applied. This is especially
true in case of low-pressure laser ablation experiments where
electron concentration decreases rapidly, hence LTE can only be
assumed in the earliest stages of the laser plasma." Another
circumstance, which necessitates high temporal resolution is
the limited temporal detectability of the emission signal, as in
case of pulsed laser ablation under liquid (PLAL), where the
signal is detectable for only a short period of time (a few tens of
nanoseconds to a few microseconds). Nevertheless, by
employing a high temporal resolution ICCD camera, the
evolution of the plasma emission can be monitored' and the
plasma temperature can be deduced in this short interval e.g.,
by fitting the continuum component of the emission spectrum
by a Planck-like distribution,"** or by employing the Boltzmann

119
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plot method to the spectral lines.*** A typical experimental setup
for OES-based monitoring of NP generation during PLAL is
shown in Fig. 3. The temperature can also be deduced by
comparing the measured and simulated vibrational and rota-
tional spectra of the plasma, supplemented by electron
concentration determination from the Stark broadening of
spectral lines.**®

Apart from the calculation of plasma parameters (such as
temperature or electron concentration), the intensity variation
of specific spectral lines also carries important information on
the particle generation process. Such information for instance
is the transfer of species dissolved in a liquid into the plasma
created during PLAL. By following the intensity variation of two
ionic lines the spectral features can be correlated to the
composition of the ablated sample and thus the transfer
process can be investigated.'*® Similarly, by comparing the
emission intensity of an atom to that of the ion or oxide of this
atom, the dynamics of the ionization or oxidization processes
can be monitored."**** Direct information on the variation of
atomic or ionic spectral lines is also useful when spatially and
temporally resolved OES is employed to monitor one or more
process parameters of the laser ablation process, such as the
ablation medium (e.g. gas or liquid),"*® ablation wavelength*** or
the ambient pressure.”™° Having spatial, temporal, and
spectral resolution at the same time allows for carrying out
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time-of-flight measurements of specific species generated
during laser ablation. The expansion dynamics of selected
plasma constituents can be derived from the emission spectra
and used for instance in correlation with the excitation
processes,*° or to detect the onset of the deposition process and
the growth of a NP film during PLD.'?">713%132

It should be noted that temporally and spatially resolved OES
is predominantly carried out by acquiring a relatively broad
spectrum of a localized spatial region with a ns-gated camera,
thus obtaining information on several species at the same time.
However, this indicates that an extended area can only be
covered by “scanning”, ie., repeating the measurements in
different locations. In contrast, when the spatio-temporal
investigation of only one or a few specific spectral lines is
aimed, high spatial and temporal resolution can be achieved at
once by imaging the plasma after using a wavelength-dispersive
element.”®® Additional information can be gained on the
particle formation process by employing a second laser pulse to
excite the species ablated by the main pulse. The second pulse
can be either collinear* or orthogonal™* to the main pulse, and
the emission of the excited species can be used to calculate the
excitation temperature via the Boltzmann plot method, or the
electron concentration from Stark broadening.'** A remarkable
feature of this double-pulse approach is the correlation of the
emission generated by the second pulse with the changes
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Fig. 3 Schematic of the experimental setup for the OES-based monitoring of NP generation by pulsed laser ablation in gas and liquid.***
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associated with the first pulse, be it the dynamics of bubble
formation under liquid,"* or the composition of the generated
nanoparticles.”*

In the above cited studies, optical emission of the laser-
generated plasma was acquired and analyzed during NP
generation to monitor the particle synthesis process. However,
different approaches also exist, which use plasma- and/or laser
spectroscopic techniques for the in situ characterization of the
laser ablation-generated particles and therefore monitor the
generation process. Dynamic light scattering (DLS) is a widely
used technique to investigate NPs dispersed in a liquid,*®*** see
Section 3.3.1. for details. Wei and Saitow have demonstrated
that DLS can be used in connection with a pulsed laser ablation
NP generation system for the in situ monitoring of particle
synthesis in a supercritical fluid."** As opposed to the seconds to
hours temporal domain covered by the DLS measurements of
Wei and Saitow, temporal resolution in the picosecond range
can also be achieved via femtosecond transition absorption
spectroscopy. By employing sub-picosecond pump and probe
laser beams, the evolution of the transient absorption spectrum
of gold NPs exposed to pulsed laser irradiation could be fol-
lowed.**® In situ probing a femtosecond laser plasma was carried
out by Oujja et al. They have employed a second, nanosecond
laser pulse perpendicular to the material ablating laser to
generate its third harmonics and obtained its spatiotemporal
distribution from nanoseconds to hundreds of microseconds
after ablation. It was concluded that the harmonic generation is
affected by the formation of middle-sized metal clusters that
had a huge effect on the harmonic generation yield. Thus, this
nonlinear optical approach is capable of investigating the
cluster formation during fs-laser ablation-based NP genera-
tion.™” All the previous methods exploited the investigation of
the optical response of the laser plasma or the generated NPs,
induced by laser excitation. However, as demonstrated by
Valverde-Alva et al., the photoacoustic signal generated during
the laser ablation of a target in ethanol can also be used to
monitor the NP generation process.’*® Their results exemplify
well that the acoustic signal generated by the ablating laser
pulses is also useful for the in situ monitoring of laser ablation-
based NP synthesis.

2.3.3. Monitoring of electrical discharge synthesis. Elec-
trical discharges generally involve the (partial) ionization of
a gas or a liquid by an electric field, facilitating the flow of
electrical current through this ionized medium.™ Such
a phenomenon can occur in various forms, resulting in various
types of different discharges depending on the experimental
conditions. Although NPs can be generated by virtually any type
of discharge, from a spectroscopic monitoring point of view it is
worth distinguishing between discharges forming thermal and
non-thermal plasmas. Thermal or hot plasmas can be described
by some form of equilibrium (most often LTE), meaning that
species are characterized by the same temperature, at least in
a given spatial point.*® On the contrary, non-thermal or cold
plasmas are characterized by higher electron temperature than
that of the heavy species, therefore LTE conditions are not ful-
filled.**® Most prominent examples of the latter are dielectric
barrier discharges,'** glow discharge,'** or several types of spark
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discharges.”* Thermal plasmas include atmospheric-pressure
(transferred) arcs,*** and atmospheric-pressure, microsecond-
long, oscillatory sparks.* In the following, we will discuss the
spectroscopic monitoring results of the latter two types of
discharges in more detail for the main reason that in the past
few decades the experimental techniques relying on arc and
spark plasmas have attracted considerable scientific and
industrial interest and became prominent candidates for
satisfying the need for the mass production of high purity,
engineered NPs, *®144714¢

Electric sparks are not self-sustaining discharges, meaning
that after the initiation of the breakdown of the medium
between the electrodes, energy must be continuously supplied
externally to maintain sparking.'*” The way of the energy input,
the design of the electrodes or the surrounding medium may
vary, thus greatly influencing the discharge characteristics,
including the existence or non-existence of LTE in the discharge
plasma. One form of spark discharges associated with the
formation of a thermal plasma is utilized in the so-called spark
discharge nanoparticle generators (SDGs).**® SDGs are based on
the spark ablation of a pair of electrodes placed in a gas-tight
chamber under atmospheric pressure. The sparking is main-
tained by periodically discharging a capacitor (typically having
a capacitance in the range of a few or a few tens of nF) con-
nected to the electrodes. The sparking is associated with an
energetic discharge plasma allowing for high currents (several
hundreds of amperes) to flow between the electrodes typically
for a few microseconds, resulting in the atomization of the
electrode material. This material is quickly cooled down due to
expansion and the presence of a gas stream continuously
flowing through the interelectrode gap. This gas flow also
carries away the ablated material and facilitates the formation
of NPs."**° The generated NPs are dispersed in the carrier gas
thus forming an aerosol. Aerosol science has well established
methodologies to analyze the produced particles both in
situ****3 and ex situ.*>* However, an inherent limitation of these
techniques is that they only provide information about the
“final product” of the process - i.e., the NPs — and therefore
unable to monitor the generation process itself, especially the
initial plasma stage.

Optical diagnostics of thermal spark plasmas has a long
history with well-established methodology and scientific
results, mostly driven by the research interest in the field of
analytical spectrochemistry. Spark plasmas include transient,
temporally and spatially varying phenomena the reliable
investigation of which necessitates the use of temporally - and
preferably spatially - resolved techniques.'®® Due to the analyt-
ical perspective, the early studies in the field mostly focused on
the direct analysis of the emitted light in order to understand
the sampling and excitation mechanisms taking place in the
spark.”®® Those studies mostly included the determination of
the concentration of the ions and electrons by utilizing the Stark
effect,* or laser scattering,"” or interferometry.'*® Calculation of
the plasma temperature by means of the Boltzmann'® or the
Saha-Boltzmann plot method®* has also been carried out. A
comprehensive overview of the methods applicable for gas
discharges can be found in the book by Boumans,* while the
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fundamental mechanisms obtained during the analysis of the
spark emission is reviewed by Scheeline.*

These results serve as an important basis for the optical
monitoring of electrical discharge-based NP generation;
however, they cannot be directly applied for modern SDGs. The
reason for this is, in contrast to the highly regulated and well-
controlled analytical sparks, SDGs are mostly operated in
“free running mode” when sparking occurs as soon as the
breakdown voltage of the interelectrode gap is reached.'® The
lack of regulating circuitry results in a technically simple and
easy-to-construct design and a higher particle yield, but also
hinders the use of external instrumentation with precise active
triggering and sometimes poses stability issues. Other technical
constraints, originating from e.g., the generator chamber or the
components of the gas line also introduce physical limitations
which narrows the range of applicable methods. All the above
considerations rather naturally lead to the use of OES as a useful
spectroscopic technique applicable under the circumstances of
NP generation. In its most basic form, OES can be applied
simply to analyze the emission originating from the spark gap
without spatial or temporal resolution. Hontanon et al. used an
optical fiber to collect the light emitted by the spark plasma
during NP generation and analyzed its spectrum by a simple
tabletop spectrometer. The acquired spectra reflected the
spatially and temporally averaged spectrum of several
concomitant sparks but still provided useful information about
the conditions of the generation process. They have collected
the spectra of a continuous glow and arc discharge used for NP
generation as well and demonstrated that even with such an
experimentally simple OES approach, the three discharge
regimes are clearly discernible.’* This has great potential in the
optical monitoring of electrical discharge-based NP generators.

A much deeper insight can be gained by acquiring time-
resolved spectra of the spark plasma, an experimental setup
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for which is shown in Fig. 4. In a similar arrangement, Kohut
et al. employed a fiber-coupled echelle spectrograph equipped
with an intensified CCD to investigate the temporal evolution of
the spectrum emitted by a spark plasma during NP generation,
with the concomitant fast imaging of the sparking, with
a temporal resolution of 50 ns.* Due to the already mentioned
unregulated nature of the sparking, the spectral acquisition was
synchronized to the plasma formation by using the sharp drop
of the capacitor voltage as a trigger signal. This introduced a ca.
100 ns time delay, which inherently means that the very first
stages of a spark discharge - i.e., the so-called pre-breakdown
and breakdown stages'®* - cannot be investigated by this
approach. These temporal periods, however, are considered to
have minor contribution to NP generation, compared to the
following - arc and afterglow - stages.” The temporally
resolved, though spatially integrated, spectra also allowed for
reconstructing the intensity evolution of the atomic lines of the
electrode material, which correlated well with the evolution of
the discharge stages. The time-resolved data allows for the
identification of temporal windows in which LTE holds, there-
fore the Boltzmann plot method (see Chapter 2.2.) can be
applied to obtain the temperature-variation of the spark
plasma, thus deriving its cooling rate.** The fundamental
information, which can be gained from the time-resolved
emission spectrum of the spark discharge can be enriched by
increasing the spatial resolution of the spectral acquisition. In
case of an SDG operating with argon carrier gas and copper
electrodes, the applicability of the Saha-Boltzmann method was
demonstrated for calculating the evolution of the LTE temper-
ature of the plasma in its first ca. 2.5 ps after the onset of the
breakdown.® In the same period, the electron concentration in
different spatial positions could also be deduced from the Stark
broadening of selected lines of argon ions. The sufficient
temporal and spatial resolution also allowed for using the
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Fig. 4 Schematic view of the experimental setup used for the in situ OES-based monitoring and imaging of a spark discharge nanoparticle

generator.
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collected spectral data as an input for a semi-empirical plasma
model, which was able to describe the cooling stage of the spark
plasma (afterglow). Moreover, due to the spatially resolved
spectral acquisition, the spatial distribution of the concentra-
tion could also be deduced.*

Although SDGs are most commonly operated in argon or
nitrogen, pulsed discharges are also widely applied for
producing NPs under a liquid environment.'®*% The working
liquids usually consist of hydrogen, which allows for the
application of the well-established methodology for deriving the
electron concentration via the Stark-broadening of H lines."***¢”

As it was mentioned earlier, another type of gas discharge
used for nanoparticle generation - both in gas and liquid - is
the thermal arc plasma.” Arc discharge NP generators (ADGs)
have the advantage over SDGs that due to the continuous
regime and hence the lack of a capacitor and high voltage
charging power supply, an even simpler and cheaper technical
design can be realized.'®® ADGs are characterized by high
particle yield and very good scalability, however the particle
sizes are typically considerably larger than that of spark-
produced NPs and its applicability for producing high purity
and multielement particles is also limited.'*® From the point of
view of spectroscopic measurements, arc plasmas have an even
more established historical background, on which the moni-
toring of ADGs can be based.*® Generally, this includes all those
plasma diagnostic techniques discussed in Chapter 2.2. and
utilized for SDGs. However, due to the different plasma char-
acteristics there are additional methods which can be
employed. One important distinction from sparks is that -
depending on the exact experimental conditions - the emission
spectrum of the arc consists of a continuous background orig-
inating from the blackbody radiation of the electrodes.'** This
can be simply exploited for temperature estimation in addition
to other - already described - techniques, such as the Boltz-
mann plot and line-intensity-ratio methods, or for electron
concentration measurements based on the Stark broad-
ening.'*'”® In ADGs operating under different experimental
conditions molecular bands of the ambient nitrogen gas was
observed in the spectrum, the intensity variation of which along
the arc plasma was correlated to the properties of the produced
nanostructures.'® Similarly, in case of wunderwater or
submerged arcs, the features of the temporally resolved emis-
sion spectra were used to assess the peculiarities of the elec-
trode erosion process and the degree of dissociation of water in
the vicinity of the anode."”*

In the previous paragraphs, the importance of spatial and
temporal resolution in OES-based monitoring of arc and spark
plasmas was pointed out and appropriate methods have been
reviewed. These approaches mostly used well-localized signal
collection with variable spatial positioning combined with
a spectrograph. However, spatial resolution can be achieved in
a single step by employing an imaging camera with appropriate
optical filters. Bachmann et al. have proposed a method for
obtaining the temperature distribution of a free-burning arc
plasma, based on the simultaneous imaging of the plasma at
two carefully chosen wavelengths."”> The experimentally
acquired data was processed by using an LTE plasma model to
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derive the plasma temperature. Abel inversion of the data was
used to reconstruct the radial distribution of the arc plasma
column. A detailed assessment of the potential sources of errors
and uncertainties was also provided.

In addition to the detection and analysis of the light emitted by
the discharge plasma, the in situ monitoring of the particle gener-
ation has been also approached via laser-based methods. Santra
et al. have shown theoretically that NPs can be detected via Rayleigh
scattering spectroscopy during arc synthesis, along with the
continuous monitoring of the evolution of the particle pop-
ulation.'” Rayleigh scattering spectroscopy is based on the probing
of the electronic polarizability of particles interacting with a laser
beam. Since Rayleigh scattering is elastic, this technique has the
advantage over for instance Raman spectroscopy that the signal
levels are orders of magnitudes higher."”® Another technique, which
pushes down the detection size limit to the atomic scale and
applicable to the in situ monitoring of arc synthesis is the coherent
Rayleigh-Brillouin scattering (CRBS). CRBS is originally a laser-
based gas detection technique, which was adapted to NPs and
experimentally validated by Gerakis et al.'”* CRBS relies on the
creation of an electrostrictive grating and the probing of the velocity
distribution in a medium via a four-wave mixing process. According
to Gerakis et al. this technique can be effectively used to detect NPs
in situ in volumetric particle generation methods, such as arc
synthesis."” The formation of arc-produced carbon nanostructures
was also monitored in situ by using laser-induced incandescence
measurements and simulations by Yatom et al'”® The viability of
their approach was demonstrated via the recognition of two
spatially separated group of particles with distinctly different sizes,
having different role in the arc-based NP formation process.””> At
higher laser fluences the particles can be effectively vaporized,
which facilitates their in situ investigation by means of aerosol mass
spectrometry. The successful application of this technique for
investigating spark-generated NPs has been demonstrated by Nils-
son et al.*>*

As it was mentioned at the beginning of this chapter,
spectroscopy-based methodology briefly overviewed here are
mostly applicable to thermal plasmas, where most of the LTE-
based plasma diagnostic calculations can be carried out.
However, OES-based techniques are involved in the investiga-
tion of cold plasmas as well. Particle generation by cold plasmas
(produced by e.g. filamentary discharges or dielectric barrier
discharges)'”® can also be monitored by spectroscopic means.
Due to the relatively low gas temperature molecular spectral
bands are usually observable. The gas temperature can be
determined by simulating the molecular spectrum and finding
the best fit of its measured counterpart.’”””* Processing the
experimentally acquired data is usually carried out by dedicated
purpose-made software and scripts but commercial software is
also available for fitting the spectra of several transitions
observed in plasmas and for calculating the corresponding
temperatures.'®®

2.4. Other generation techniques

In the previous subchapters we have briefly reviewed the laser-
and plasma diagnostic techniques used for monitoring NP
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generation in plasma-based methods of high relevance from the
point of view of applications. There are other additional particle
generation methods as well, where the applicability of laser- and
plasma diagnostic monitoring has been demonstrated. An
example for such techniques is the continuous laser vapor-
ization, which - unlike pulsed laser ablation - employs
a continuous wave, usually CO, laser to vaporize a precursor,
predominantly for producing carbon nanotubes.™" Similarly to
the monitoring of flames, CARS, LIF, and LII have been
employed for the in situ monitoring of temperature, interme-
diate concentration, as well as the assessment of the particle
formation process.'* In a similar, laser-based particle genera-
tion scheme, the applicability of in situ LIBS has also been
demonstrated to monitor the properties of the generated
particles. Picard et al. employed aerodynamic focusing of the
NPs under vacuum in order to eliminate the contribution of the
background gas from the LIBS spectrum.'® Low-temperature,
low-pressure reactive plasmas are also successfully used to
generate nanostructures,'**'**> the formation of which can be
monitored by laser spectroscopic approaches. Hundt et al. have
employed quantum cascade laser absorption spectroscopy for
the real time monitoring of the variation of the acetylene
concentration in an Ar/C,H, plasma during nanostructure
synthesis in a radio frequency (RF) plasma.'®® Leparoux and
coworkers have investigated the synthesis process of graphene
nano-flakes in Ar/H,/CH, RF inductively coupled plasmas by
using in situ OES."®”'*® The acquired emission spectra allowed
for the determination of the gas temperature from the C, Swan
band, which could be correlated to the particle generation
conditions. A recent review on the monitoring of non-thermal
plasmas used for NP synthesis has been published by
Mangolini."®*

Particle generation techniques overviewed in the previous
subchapters in context of real-time laser- and plasma spectro-
scopic process monitoring employed various types of precursors
(solid, liquid, gas), in different media (liquid, solid, vacuum),
but both included plasmas to initiate particle formation.
However, laser spectroscopy has been also used to monitor wet
chemical NP synthesis. Haber and coworkers used in situ
second harmonic generation (SHG) and extinction spectroscopy
to monitor the growth dynamics of seed-mediated gold and
gold-silver core-shell NPs,**** which demonstrates the even
wider possibilities of laser-based NP monitoring approaches.

3. Nanoparticle detection and
characterization

3.1. Importance, driving force and overview

As it is known, the size and structure of nanomaterials are
mainly responsible for their novel properties (electric, chemical,
magnetic, optical, etc.), so naturally the characterization of
nanomaterials has become the subject of intense research in
the past couple of decades. Unfortunately, the fact that their
size and structure critically determine their characteristics also
makes the assessment of their physico-chemical properties (or
structure-function relations) challenging, because their
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synthesis is prone to reproducibility problems and generally
produces polydisperse particles, frequently with a broad
distribution and defects. In addition to this, their character-
ization needs a comprehensive analytical approach, which also
dictates the knowledge of limitations of the different tech-
niques. As nowadays nanoparticles are being synthesized and
used at an industrial scale, also including medical applica-
tions,**>** it has led to their inevitable appearance in the
environment, which in turn generated an urge for the devel-
opment of sensitive and credible techniques for their detection.

Since there is no universal characterization method that
could simultaneously determine all important NP parameters,
typically the use of complementary techniques is required. NP
systems can be investigated in powder or suspension form but
in certain cases the dissolution of particles is needed. Here
follows a brief overview of the NP characterization methods.
Further information about these techniques and their applica-
tion in various media can be found in specific reviews and
b001<s‘13,14,1947199

Electron microscopy techniques represent one of the most
frequently applied group of NP characterization methods.
Scanning electron microscopy (SEM) utilizes a well-focused
electron beam that scans the surface of the sample and re-
flected electrons are used for imaging, while in transmission
electron microscopy (TEM) a thin (typically less than 200 nm)
sample interacts with the electron beam and the transmitted
electrons are collected. Their popularity is derived from the fact
that through “visualizing” NPs, a wide set of important char-
acteristics can be determined, such as particle morphology, size
distribution, degree of aggregation and - using a high-
resolution apparatus - even crystal structure.

Scanning probe microscopes move a very sharp tip across the
solid sample surface. In scanning tunneling microscopy (STM),
DC voltage is applied between the conducting sample and the
tip and the tunneling current, which is formed if the distance of
the two object is very small (nm scale), is monitored. Atomic
force microscopy (AFM) is based on electrostatic interactions
between the atoms of the tip and the sample. Both STM and
AFM allow for an atomic scale resolution imaging, hereby
providing information on the morphology of nanomaterials.
They can even be utilized to create structures in the sub-nano
range by manipulating atoms or molecules on the sample
surface.?****!

Due to different electromagnetic radiation-matter interac-
tions, a great number of NP parameters can be studied by X-ray
techniques. Complementing electron microscopy with energy-
dispersive X-ray (fluorescence) spectroscopy (EDS or EDX) the
elemental composition and its distribution in single NPs can be
determined. Small angle X-ray scattering (SAXS) provides
information about the size and size distribution, shape, and
specific surface area of NPs. X-ray diffraction (XRD) probes
ordered structures (crystal planes); hence the crystal structure,
lattice parameters and crystallite size of the investigated nano-
material can be determined. X-ray photoelectron spectroscopy
(XPS) utilizes the photoelectric effect to perform surface anal-
ysis with an information depth of 2-10 nm. XPS is capable of the
investigation of electronic structure, elemental composition,
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and oxidation states of elements in the surface of nanomaterials
and its contaminants. Using appropriate data evaluation,
particle size, single and multiple coatings, shell thicknesses and
surface functionalization of NPs can be studied.>*?

UV-visible absorption spectroscopy is a simple and low-cost
but not very selective characterization method which utilizes
that the optical properties of NPs significantly depend on the
size, shape, number concentration and degree of aggregation of
the particles. NPs with intensive localized surface plasmon
resonance in the UV-visible range (e.g. Au, Ag, Cu) are particu-
larly often studied by this method.?* Infrared spectroscopy (IR)
can also be utilized for certain nanomaterial characterization
aims. The position of infrared absorption bands bears infor-
mation on nanoparticle-biomolecule conjugation, conforma-
tional states, and secondary structures of the bound proteins.***

Atomic spectroscopic analytical techniques are widely used
for nanoparticle detection and characterization. This is due to
that their high selectivity permits the analysis even in complex
sample matrices and their high sensitivity allows the investi-
gation of small nanoparticles present at very small amounts.
Inductively coupled plasma mass spectrometry (ICP-MS)** and
graphite furnace atomic absorption (GFAAS) techniques,**®
should be mentioned as particular examples, traditionally
exploited for the determination of the composition and mass
concentration of nanodispersions.

In this chapter, we will focus on the NP characterization and
detection techniques which are based on laser and plasma
spectroscopy. Due to the vastness of the field, this overview
obviously cannot be complete, but we will attempt to present
the actual trends, relevant methodologies, and application
examples. In the following sub-chapters, we organized the
discussion according to the spectroscopic detection principle
(e.g. absorption, emission, mass spectroscopy, etc.).

3.2. Techniques based on the interaction of nanoparticles
with laser beams and plasmas

Laser—particle and plasma-particle interactions play a central
role in techniques used for the detection or characterization of
nanoparticles. These analytical techniques are specifically
based on the light absorption, scattering or fluorescence of
particles or on the detection of emission of photons or chemical
species/fragments released (emitted) by the particles upon their
interaction with a laser beam or plasma.

The nature of the interaction involved in the measurement
as well as the analytical benefit/information obtained vary
among the techniques involved. A range of laser or plasma
based analytical measurement techniques associated with NP
detection and analysis are in use today; Table 1 provides an
overview of the most important ones.

The interaction of nanostructures with light is a complex
topic (essentially it encompasses the whole revolutionary field
of nanophotonics) and therefore the discussion of its details is
way beyond the scope of this chapter. Here, we would only like
to point out to some of the specifics of laser—particle interac-
tions relevant in laser and plasma spectroscopy. One aspect
clearly involves the excitation of the surface plasmons
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(oscillations of free electrons) of metal or alloy NPs. Plasmonic
resonances can be exploited in laser spectroscopy by generating
signal enhancement (amounting to several orders of magni-
tude), as is discussed in the examples of SERS or NE-LIBS
spectroscopies, in Chapters 4.3.2. and 4.3.3. Laser light, espe-
cially Q-switched giant-pulses, carry huge electrical field
strengths (e.g. 10° to 10" V. m ') which when interacting with
the very high curvature NPs, can easily produce field emission of
electrons. These can serve as seed electrons that lower the laser
ablation and laser-induced breakdown thresholds, thereby
facilitating analytical techniques such as LA-ICP-MS or LIBS.?””
Light scattering is a well-known optical phenomenon during
which the incident light perturbs electrons in the structure to
form oscillating dipole moments that re-emit the light in
different directions. The intensity and direction of this scat-
tered light depend both on the incident wavelength and specific
properties of the structure. Light scattering is exploited for the
size and concentration characterization of NPs in techniques
such as DLS and NTA. Furthermore, it has been shown recently
both theoretically and experimentally that if the light interacts
with subwavelength structures (NPs) then superscattering can
occur. This effect, in the present context, may result in a further
decrease of the size detection limit of certain NPs.”*® Absorption
of laser light by aerosol particles is exploited in techniques such
as laser desorption and ionization mass spectroscopy (e.g
MALDI, or LDI-MS), laser-induced fluorescence (LIF) and pho-
toacoustic spectroscopy (PAS) for the characterization of the
chemical composition and size distribution. Individual parti-
cles can also be trapped optically and then interrogated by laser
beams.**

In the context of detection and characterization, the inter-
action of nanostructures with plasmas is typically a breakdown
process. The analysis of nano- and microparticles (including
suspensions and aerosols) using plasma spectroscopy basically
falls within the interest of atomic spectroscopy, where the
plasma serves as the high temperature atomization/ionization
source. Major examples include ICP and LIB plasmas.
Detailed experimental and numerical simulation studies are
available in the recent literature which investigate the propa-
gation and decomposition of particles introduced into analyt-
ical plasma sources, as well as the influence of instrumental
conditions on the analytical signal formation (e.g. ref. 210-212).
Of particular importance here is single particle ICP-MS, dis-
cussed in detail in Chapter 3.3.6.1., which is rapidly becoming

a popular and versatile nanoparticle characterization
technique.
3.3. Methodology and applications

3.3.1. Laser scattering. Static and dynamic light scattering
techniques have been routinely used for micro- and nano-
particle detection and sizing for a long time in suspensions.
Technologies based on this detection approach have matured;
optical particle counters (OPCs), granulometers (often referred
to as multi-angle light scattering, MALS), angular scattering
instruments (also known as laser diffraction or LD instru-
ments), dynamic light scattering (DLS, also known as photon
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Table 1 An overview of laser—particle and plasma—particle interactions utilized in NP characterization spectroscopies

Name of technique

Type of interaction

Principle of measurement

Analytical benefit/information

Laser-induced breakdown
spectroscopy (LIBS)

Inductively coupled plasma mass
spectrometry (ICP-MS)

Laser ablation inductively coupled
plasma mass spectrometry (LA-ICP-
MS)

Laser desorption-ionization mass
spectrometry (LDI-MS)
Laser-induced fluorescence (LIF)

Photoacoustic spectroscopy (PAS)

Nanoparticle tracking analysis
(NTA)

Dynamic light scattering (DLS)

Laser-induced incandescence (LII)

correlation spectroscopy,

Laser—particle and
plasma-particle

Plasma-particle

Laser—particle and
plasma-particle
(at different locations)

Laser—particle

Laser-particle

Laser—particle

Laser—particle

Laser-particle

Laser—particle

or PCS) and particle tracking

Detection of characteristic light
emission generated during the
breakdown (or the vicinity) of
particles in the LIB plasma

Statistic evaluation of detected MS
signal peaks caused by the
breakdown of particles in the ICP
plasma

Laser ablation of a solid sample in
the vicinity of NPs, followed by the
ICP-MS analysis of the ablated
matter

MS detection of species/fragments
released (evaporated/desorbed)
from NPs upon their excitation by
intense laser light

Detection of characteristic light
emission generated during the laser
excitation of particles (fluorescence)
Detection of characteristic light
absorption of particles

Image-based detection of light
scattered by particles (can be
combined with detection based on
LIF)

Image-based detection of light
scattered by particles

Laser heating of aerosol particles
and detection of the subsequent
thermal emission produced

Detection of the presence of NPs
and estimation of the composition/
size/concentration of NPs dispersed
in gaseous samples

Signal enhancement for liquid or
solid samples (NELIBS)

Detection and detailed
characterization (e.g. concentration,
composition, size, structure, shape,
density, porosity, etc.) of NPs
dispersed in gaseous or liquid
samples

Imaging of the spatial distribution
of nanoparticles within solid
samples

LA-ICP-MS signal enhancement
Analysis of the composition of
particles

Determination of the distribution,
characteristic size or composition of
NPs dispersed in a gas (aerosol)
Determination of the type or
composition of NPs dispersed in
gaseous or liquid samples
Determination of the characteristic
size and concentration of particles
dispersed in a liquid

Determination of the characteristic
size and concentration of particles
dispersed in a liquid
Determination of the characteristic
particle size and volume fraction of
particles in the observed spatial
region

field will be provided below. Further information on these

analyzers (PTA) are all available commercially. About two dozen
ISO and ASTM standards exist that describe the protocols and
methodologies of these measurements. Progress in the field in
recent years mainly involved the technical aspects of instru-
mentations (e.g. wavelength of the employed laser shifted to
shorter wavelengths to make detection of even smaller NPs
possible; semiconductor lasers have replaced He-Ne lasers;
charge-coupled devices (CCDs) and complementary metal-
oxide-semiconductor (CMOS) photosensor arrays are more
and more commonly used, instruments are more automated
and compute faster, etc.), but new experimental and data eval-
uation approaches also allow the determination of a wider
range of physico-chemical characteristics of particles (e.g. zeta
potential,**® diffusion coefficient,"** viscosity,"***'* molecular
weight for biopolymer particles,*** etc.) suspended in liquid
media. Due to the popularity and maturity of these technolo-
gies, there is a vast amount of literature available, thus only
a brief, non-complete account of recent advancements of the

This journal is © The Royal Society of Chemistry 2021

topics can be found in selected reviews and books.3*134213216-219

Instruments falling in this category are based either on the
measurement of scattering intensities at various spatial loca-
tions (OPC, LD, MALS) and/or as a function of time (DLS), or
follow particle movement (PTA). The theory of light scattering
by spherical dielectric particles with isotropic optical properties
have been worked out a long ago (Mie) and later expanded to
other symmetrical shaped particles. At the same time, no exact
mathematical solution exists for the description of scattering
intensity distributions for arbitrarily shaped and/or optically
anisotropic particles, thus in these cases, approximations based
on matrix and numerical methods are used (e.g. ref. 220 and
221). For this reason, data evaluation in laser scattering particle
characterization techniques require an a priori assumption
about the shape of the particle and cannot work with irregular
and mixed-shaped particles. In addition, in a liquid medium,
these techniques generally require a suitable refractive index
contrast between the medium and the particle, a strong
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dilution, as well as a reasonably monodisperse sample, thus
prior separation by e.g. size exclusion chromatography (SEC) or
field-flow fractionation (FFF), ultracentrifugation, etc., is often
needed. Complex samples with strong background fluorescence
and scattering from medium-sized molecules can cause diffi-
culties. The smallest particle sizes detectable are typically in the
10-40 nm range, but this value strongly depends on the
Samp1€.134‘213

Today, DLS and NTA are the two most popular particle
characterization scattering techniques in suspensions, but NTA
has distinct advantages over DLS in the case of NPs. Since DLS is
an intensity weighed methodology which measures the fluctu-
ations in scattered light intensity and correlates it to the particle
hydrodynamic diameter via the correlation function and the
Stokes-Einstein equation, therefore size distribution curves are
heavily weighted towards larger particle sizes. As opposed to
this, NTA uses a camera to individually identify and track the
motion of each particle in the suspension. This gives a better-
balanced size distribution curve; only 50% difference in
particle diameter is needed for successful size resolution,
whereas a ca. threefold difference is required by DLS - this
makes NTA superior for the analysis of polydisperse samples. In
addition, NTA is inherently capable of determining the particle
concentration.***3*

3.3.2. Laser-induced incandescence. Laser-induced incan-
descence (LII) is a well-established emission-based laser spec-
troscopy technique, which involves the heating of aerosol
particles by laser radiation and then measuring the resulting
emission signal produced by the relaxation. The magnitude of
the LII signal correlates with the volume fraction of particles in
the detection region, and the signal decay rate is mainly influ-
enced by the specific surface of the particles, which depends on
the particle size. Pulsed and continuous wave laser light is
equally used in this technique. The LII literature has been
overviewed by Schulz et al.>> and Michelsen et al.*** in detail.
Numerous application examples also exist for NP analysis.

LII is particularly suitable for the detection of aerosol NPs if
the particle has a large extinction, which is true for carbona-
ceous particles (soot). Incipient soot particles are close to
spherical and are small (1-10 nm), mature soot is composed of
primary particles of 10-50 nm in diameter with a fine structure.
These primary particles are then covalently bound into non-
spherical aggregates of tens to hundreds of nanometers in
size. Soots are also very suitable LII measurement subjects, as
they have a very high (in excess of 4000 K) sublimation
temperature and an appreciable imaginary part of the refractive
index. Therefore, in environmental and industrial applications,
LII has been used extensively for the qualitative measurements
of temporal and spatial distributions of soot, but quantitative
measurements of volume fractions and primary particle size
have also been attempted.>*>**

Apart from soot, engineered NPs have also been measured by
LII due to the increasing interest in the synthesis of nano-
particles in the gas phase. In situ measurement of particle sizes
is of particular interest because it offers the possibility of
process monitoring/control. In this context, successful analysis
of carbonaceous and non-carbonaceous engineered NPs have
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equally been reported. The list includes e.g. carbon nano-
tubes,?***** metal-oxide (e.g. TiO,, Mn- and Fe-oxides)****” and
metal/metalloid (e.g. Ag, Cu, Ti, Mo, W, Ni, Fe, Si)****° NPs.
However, the transfer of the accumulated knowledge in the LII
analysis of carbonaceous particles to various inorganic NPs are
not without challenges. For example, plasmonic resonances in
aggregates of noble metal NPs can experience a highly non-
uniform heating. There is also a large uncertainty associated
with values of the thermal accommodation coefficient, a central
parameter in LII data evaluation, for most combinations of non-
carbonaceous particle material and ambient gas. It was recently
suggested that molecular dynamics calculations*** might be
used to tackle this problem.

Laser-induced incandescence is commonly linked to the
measurement of nanoaerosols, but investigations that focus on
the measurement of suspensions also occur in the literature.
This interest is somewhat limited though, since there are
commercial laser scattering-based instrumentations available
for this purpose (e.g. DLS, NTA). As an example, the study of
Sommer et al.>*> can be mentioned here, in which the authors
investigated the pulsed-LII-signal decay times of carbon-black
nanodispersions and found a linear correlation with the
primary-particle size determined by electron microscopy. There
are also reports about black carbon NP measurements in rain
and snow samples (e.g. ref. 234).

3.3.3. Laser-induced breakdown spectroscopy. Laser-
induced breakdown spectroscopy (LIBS, also known as laser-
induced plasma spectroscopy) is an atomic emission spectros-
copy technique, which is based on using high irradiance laser
pulse(s) to break down, ablate and thermally excite the material
of the sample in the focal spot. The resulting high temperature,
highly transient microplasma produces intense, characteristic
emission. At early times, the emitting species are electrons and
ions, but later, as the plasma cools, atoms and - in the last stage
- molecules (formed by the recombination of atoms) take over.
In order to obtain a spectrum with good signal-to-background
(and signal-to-noise) ratio analytical lines, it is necessary to
use gated spectroscopic detection. With the optimization of the
measurement conditions, ppb-level detection limits and highly
characteristic, information-rich emission spectra can be ob-
tained. In the past two decades, LIBS is enjoying a great interest
from the analytical plasma spectroscopy community due to its
versatility, robustness, selectivity, and sensitivity, not to
mention that compact, stand-off, field-capable LIBS instru-
mentation are also available.'*%?3523¢

Utilizing the localized (spatially resolved) analysis capability
of LIBS, its application to nanoaerosol (ultrafine particulate
matter) or NP detection and characterization has been
successfully demonstrated in solid, gas and liquid phases over
the years. For example, sub-micron or nanoaerosol particles,
both on-line (free-stream, e.g. ref. 33) and off-line (following
collection on filters, e.g. ref. 237) aerosol analysis approaches
were tested in the literature, since LIBS was first employed for
aerosol analysis in the 1980s.*®* Among others, important
contributions to the field were made by Hahn and co-
workers**** as well as by Noll and co-workers,****** e.g. with
respect to sampling statistics, triggering, assessing the upper
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size limitation on the complete ablation of NPs, etc. Aerosol
analysis by LIBS in general has been recently reviewed in ref.
240 and 243.

Indicatively, three noteworthy directions of recent LIBS
efforts in the field of nanomaterial analysis should be
mentioned here: (i) selective analysis of aerosol NPs by low
intensity pulses, (ii) characterization of optically trapped single
NPs or nanodroplets, and (iii) mapping the distribution of NPs
in biological matrices. The following sections outline the
progress in these fields.

3.3.3.1. Selective analysis of aerosol nanoparticles. When
studying TiO, nanoaerosols using LIBS, Zhang et al. observed
low-intensity atomic emission spectra from Ti atoms without
any macroscopically visible spark although the used laser pulse
energy was significantly lower (2-35 m]) than typical values
necessary for LIBS aerosol analysis.>** At the same time, no
spectral lines from the ambient gas (nitrogen) could be
observed, indicating that there was no gas-phase breakdown.
After a detailed investigation, the authors concluded that under
such conditions, a nanoplasma is created which only breaks
down the NPs. It was also observed that the atomic emission
signal grows with the increase of the size of nanoparticles,
reaching a maximum at around 6 nm (for TiO, and 532 nm laser
wavelength). The methodology was named low-intensity phase-
selective LIBS (PS-LIBS). Two significant advantages of the
technique were articulated by the authors: (i) the very short (ns
range) lifetime of this nanoplasma allows for the use of simi-
larly short gate-delay times, (ii) the emission spectrum is free
from gas lines; therefore, it can be used for the detection of NPs
or for the selective monitoring of NP synthesis processes. These
advantages were experimentally exploited in follow-up metal-
oxide NP aerosol studies by the same group**?* and even
a theory for the mechanism of absorption-ablation-excitation
laser-nanoparticle cluster interactions was developed.**® It was
established that the threshold irradiance that triggers the
formation of nanoplasma is about six times higher for
a 1064 nm excitation wavelength than for 532 nm, resulting in
an emission intensity that is nearly 100 times lower in the
former case. Based on this observation and the ablation model
proposed by the authors involving two-photon excitation of
electrons in the conduction band of the metal-oxide particles, it
was suggested that an excitation wavelength tuned to above the
bandgap of the material of interest should be used.**>*** Tse
et al. also proposed and successfully demonstrated**>>*° that the
resonance signal enhancement methodology (RELIBS, origi-
nally introduced by Cheung et al.>****'), which involves the use
of an additional delayed excitation laser pulse tuned to one of
the electronic transitions of a major constituent of the sample
(here: particle), can be exploited to produce a more than two
orders of magnitude increase of the inherently weak PS-LIBS
signals.

3.3.3.2.  Characterization of optically trapped nanomaterials.
Aerodynamic focusing®? and optical trapping®*® of fine and
ultrafine aerosol particles, followed by an investigation of the
characteristics of individual NPs is an upcoming analytical
approach in the last decade, but LIBS has been applied to
trapped NPs and nanodroplets only most recently. The Laserna
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group in Malaga, Spain, pioneered this approach®*?**?>**?5> and
demonstrated that LIBS possesses the attogram-level detection
power necessary for such an analytical task.

The Spanish researchers employ their proprietary sample
introduction methodology, named optical catapulting (OC),
which is based on the ejection (mobilization, suspension) of
particles deposited on a glass slide into the surrounding gas,
initiated by a laser pulse delivered to the backside of the slide,
to put the particulate material under inspection in aerosol form.
A cw laser beam at 532 nm is then used to isolate and manip-
ulate individual NPs from the aerosol (optical trap, OT), which
are subsequently analyzed by using a 1064 nm nanosecond laser
pulse for LIBS (Fig. 5). Once catapulted, the dynamics of particle
trapping depends both on laser beam characteristics (power
and intensity gradient) and on particle properties (size, mass,
and shape). The utilized long working distance (low numerical
aperture) microscope objective to focus the low power (140-250
mW) cw trapping beam allows for a very stable holding of the
NPs at atmospheric pressure over a large length (e.g. 5
mm).>****2% I the latest study of the authors,* an enhanced
sampling strategy, based on using skimmer-like cones, was
introduced to double the sampling throughput of OC-OT-LIBS
technology for single NPs.

Detailed high-resolution imaging with an ICCD camera
provided visual feedback on the particle manipulation. Trapping
efficiency was defined as the number of catapulting events
resulting in a particle entering the optical trap and remaining
occluded for a period long enough to proceed with LIBS char-
acterization. Trapping was considered stable once no confined
particle-aerosol collisions could be observed in the camera
image. 76-93% trapping efficiencies, half of which were single
particle events, were achieved in the studies. Interestingly, an
inverse relationship between the emission intensity and particle
mass was found, which allows for LIBS measurements with
unprecedented sensitivity. With the OC-OT-LIBS, the Laserna
group successfully recorded good S/N LIBS spectra of individual
100 nm Al,03,>* 25 nm Cu,* 400 nm graphite®** and 90 nm
copper-oxide®® NPs. The sample introduction and analysis only
took 3-6 minutes.

Most recently, Niu et al. proposed an optical trapping
approach based on the use of a hollow cw laser beam, and
successfully demonstrated that OT-LIBS can be applied for the
quantitative determination of metal concentrations in indi-
vidual, 2 um black carbon aerosol particles.*® In other studies,
nL volume droplets and 1-3 micrometer aerosol particles were
also successfully trapped and individually analyzed by LIBS.
Jarvinen et al*’ used an electrodynamic, whereas Meneses-
Nava et al.*®® an acoustic levitator for the trapping of particles.
Since all the above three technologies can spatially constrain
aerosol particles to a very small, pm-wide range, they are ex-
pected to be applicable to ultrafine (nano) particles as well.

3.3.3.3. Mapping of the distribution of NPs in biological
samples. LIBS was recently also successfully used to assess the
accessibility of NPs to and distribution of nanoparticles in
plants and animal tissues. Although there are other techniques
capable of providing spatially better resolved chemical maps
(e.g. SEM or TEM), but the advantage of LIBS is that it can also
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Fig. 5 Scheme of an experimental arrangement for LIBS analysis of optical trapped single nanoparticles.

be applied to large samples and it requires no labeling. The
compatibility of the LIBS setup with standard optical micro-
scopes also provides a potential to obtain multiple images of the
same biological tissue with different types of response
including elemental, molecular, or cellular. It is noteworthy that
- in contrast to general LIBS solid sample analysis - biological
tissue samples need to be prepared for LIBS analysis. Although
there is no standardized procedure for this, but it generally
involves embedding in epoxy. For soft tissues, a prior dehy-
dration is also needed. Of course, there are variations in the
approaches used depending on the tissue type - in the case of
nanoparticle detection, thin sectioning (into 10-40 pum slices)
was also found to be necessary. Further details, e.g. sample
preparation, instrumental requirements, data evaluation, on
LIBS imaging of various species in biological samples can be
found in related recent reviews.?**>°9261

The research group of Motto-Ros is the pioneer and driving
force behind LIBS elemental imaging and NP distribution
research in human and animal soft tissues. Most of their
investigations serve with information for preclinical medical
studies and kinetic biological studies. In 2012, the research
group proposed a methodology for the elemental imaging of
metal-based NPs in frozen murine biological tissues.”***** The
distribution of Gd NPs was imaged in two dimensions at the
scale of an entire organ (i.e., kidney or liver). Kinetics studies, in
which NPs were injected into animals, were also supported by
LIBS NP detection, by screening the organs of elimination at
different times after administration of metallic NPs. In 2014,
the spatial resolution of the instrumentation was improved to
35 um, which enabled the observation that Gd-based NPs were
predominantly localized in the renal cortex at early time points
before being progressively accumulated in the medulla; the
effective renal clearance of Gd NPs was observed one week after
the injection.>***® Motto-Ros et al. also used LIBS to investigate
the tumor-penetration of NPs. From this point of view, the
behaviour of Gd/Si-based*”” and Au-based**® NPs were investi-
gated on paraffin-embedded specimens made from monkey
and mice pancreatic and glioblastoma tumor-bearing models.
LIBS analysis clearly indicated the presence of metal NPs both
in the center and at the periphery of tumors, which confirmed
previous results obtained with magnetic resonance imaging
(MRI). The lateral resolution achieved in the above studies was
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strongly impacted by the sample preparation and sample type:
40-100 um resolution was achieved for cryo-sections,*** whereas
a resolution of 10 pm was achieved for hard epoxy-embedded
samples. A 3D extension of the conventional 2D LIBS imaging
method was also developed, the applicability of which was
tested both via volume reconstruction and direct depth-resolved
analysis,*® working in a complementary way with conventional
imaging techniques, i.e., transmission electron microscopy and
fluorescence microscopy,*®® studying the distribution of gold-
based NPs in various organs such as the kidney, liver, and
spleen.””®

The first visualization of NP distribution in plant tissues with
LIBS was published in 2017 by Czech researchers from Brno,
who are still at the forefront of this research direction since
then. In their first study, the distribution of Ag ions and ultra-
small Ag NPs in Vicia faba (faba bean) root cross-sections were
detected with a resolution of 50 um.*”* In follow-up studies,
Raphanus sativus L. (radish), Lemna minor L. (common duck-
weed), Sinapis alba L. (white mustard) were also used as test
plants and the uptake and translocalization/accumulation of
CdTe quantum dots,”>*”® as well as Y- and Er-containing
photon-upconversion fluorescent NPs.>”* The studies revealed
that the NP uptake rate is very slow and in certain plants there
are differences in the way NPs and metal ions are accumulated.
The obtained information was found to be very valuable in plant
toxicity studies.

3.3.4. Photoacoustic spectroscopy. The most notable
particle detection and characterization technique based on
laser absorption is photoacoustic spectroscopy (PAS), which is
used on particles dispersed in a gas. The general concept of the
measurement is that if the wavelength of the laser light is
suitable and it is absorbed by a particle, the temperature of the
particle will quickly increase, and it starts to transfer the heat to
the surrounding gas through the particle surface via conduc-
tion. This causes the surrounding gas to expand thereby
a pressure wave is generated. This small pressure wave (pulse)
can be picked up by a sensitive microphone, where the intensity
of this signal will be proportional to the concentration and mass
of the absorber (particles). This pressure signal is typically very
small; therefore it is practical to modulate the power of the
excitation laser beam (with an acoustic frequency) and have the
aerosol sample in a cavity the dimensions of which are resonant
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with the wavelength of the modulation (length is a multiple of A/
2), placing the microphone at pressure nodes. Most acoustic
resonators are cylindrical with radial or longitudinal plane wave
modes being used. This way, a continuous excitation of the
aerosol with the laser light will produce a larger, continuous
pressure signal. By applying tunable or multiple wavelength
laser sources, the quality or chemical composition of the
particles can also be revealed.***”® Practical PAS instruments
apply visible and MIR range semiconductor laser(s) as light
source and are available commercially.?”**””

It is essential in PAS that the release of heat from the particle
occurs fast enough not to interfere with the modulation
frequency, but this condition can be met easily for NPs, for
which the temperature increase is typically on the order of
millikelvins, and the thermal relaxation times are on the order
of ns only. It is also generally important that the particle is dried
before PAS measurements otherwise a loss of signal can occur
due to mass transfer (release of volatile compounds); but again,
this is less of a concern for NPs due to the tiny temperature
increase.””

Unfortunately, the very small mass and AT of NPs also means
that their PAS signal is very small, in fact it was shown to rapidly
decrease with the particle size.>”® Due to this reason, PAS is still
far more commonly used for the characterization of micropar-
ticles rather than nanoparticles. However, using signal ampli-
fication (e.g. quartz-enhanced or optical cavity-enhanced PAS)
and/or trapping by optical tweezers, the detection and charac-
terization of nanodroplets®”” and single NPs (800 nm or
less)?7®28%281 have been recently successfully demonstrated.

The one type of larger NPs (around or below 100 nm in
diameter) that can be efficiently detected by PAS is soot or black
carbon (these two names are often interchangeably used, see
ref. 282), which have great importance in environmental
science.”® In recent years, the internationally recognized PAS
research group of Bozoki, Szabo and Ajtai has published several
reports about successful method developments and applica-
tions for these atmospheric nanoaerosols (e.g. ref. 283-285).

3.3.5. Laser-induced fluorescence. Laser-induced fluores-
cence (LIF) is primarily used for the detection (e.g. counting,
confirmation of presence, distribution monitoring) of fluores-
cent particles and chemical species in combustion analysis
(planar laser-induced fluorescence, PLIF)*** and bioanalysis (e.g:
laser flow cytometry, LFC).2*”2* Laser fluorescence detection of
NPs can also be beneficially combined with laser scattering, e.g.
NTA.?®® Furthermore, fluorescent NPs can be employed for the
labeling of various analytes to allow an easier detection.******
For example, quantum dots are attractive fluorescence/Forster
resonance energy transfer (FRET) donor chromophores for
imaging and sensing purposes.* It was even proposed that
a combination of fluorescent polymer NPs should be used for
the long-term labeling and tracking of living cells with any
desired color code, as a proprietary “barcode” approach.”* LIF
was also described as a potent tool for assessing the formation
routes of NPs generated in laser ablation plumes®* or flame
combustion processes®” (for details, please see Chapter 2.3.).

Particle characterization (e.g. identification, classification)
style of applications of LIF, which fall more under the category
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of spectroscopy, are rare. One such awakening technique is LIF-
LIDAR (light detection and ranging). Absorption LIDAR for
chemical analysis is a well-established long-distance stand-off
laser spectroscopy method for atmospheric gas and aerosol
analysis, which monitors the time-resolved attenuation of
a laser pulse backscattered from distant aerosol particles
occurring when the pulse traverses the space between the laser
source and the particles.”*® LIF-LIDAR is a variant of this tech-
nique, which uses the fluorescence emission signal of the
aerosol particles for their detection and characterization. It has
been recently demonstrated by a few publications that LIF-
LIDAR can classify atmospheric bioaerosol types (e.g. fungi,
pollen, bacillus cells, etc.) based on their fluorescence emission
spectra, even when their concentration in the air stream is as
low as a few particles per liter.**”*** Obviously, both a low
aerosol number concentration and a long optical pathlength
(the latter due to the very small collection angle) work against
the minimum detectable particle size. While most of the bio-
aerosol particles measured in these studies were in the tens of
micrometer range, but some (e.g. bacillus cells) were only about
1 um in diameter, hence there is a promise that this approach
can be developed into a nanoaerosol characterization technique
soon.

3.3.6. Mass spectroscopy. Sorting and detection of chem-
ical species based on their mass (or /2 ratio) has become one of
the most important detection principles in recent decades.
Mass spectrometers are now increasingly used as standalone
instruments or selective detectors and they also play a special
role in the characterization of NPs. The reason for this is that
mass spectroscopy (MS) is very sensitive, highly selective, it can
provide elemental, isotopic, and molecular compositional
information and can be coupled to other instrumentation (e.g.
separation techniques, or sample introduction systems for gas/
liquid/solid phase analysis) relatively easily. These features
make MS a valuable tool for NP characterization. Among others,
the chemical composition, structure, porosity, ligand stoichi-
ometries, size distribution, number concentrations of NPs can
be determined by MS.

There are several publications that describe the application
of MS to NP characterization. Excellent review papers on this
topic are also available.?**°> Although other approaches could
have been also adopted for the classification of the related
literature (e.g. according to the particle characteristics deter-
mined), but here we employed a four-tier, instrumentation-
oriented strategy. In the first, largest, section, we overview the
progress in the so-called single particle ICP-MS (spICP-MS) sub-
field, which is perhaps the most versatile and has clearly
produced the fastest growth in the past decade, with over
several hundreds of papers in total.*® Naturally, this approach is
primarily focusing on the analysis of engineered inorganic NPs
dispersed in fluid media. The second sub-chapter gives an
overview about the applications in which laser-ablation (LA) is
used as a spatially resolved sample introduction approach for
studies on the distribution of NPs in solid samples (similarly to
LIBS-based approaches already discussed in Section 3.3.3.). In
the third section, we briefly discuss the sub-field which relies on
the combination of some separation techniques with ICP-MS.
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These allow for the analysis of polydisperse colloid systems and
structurally complex nanosystems hardly accessible for other
characterization approaches. Finally, some attention will be
given to molecular (organic) MS applications too, which deal
with the characterization of functionalized NPs (ligand coat-
ings) or bio-nanoaerosols. Please note that, due to the scope of
the present review, only the applications involving laser
desorption/ionization (MALDI), or an ICP-MS detector will be
discussed in the fourth chapter.

3.3.6.1. Single particle ICP-MS. Single particle ICP-MS
(spICP-MS) is a novel technique capable for the investigation
of individual nano- and microparticles in suspensions. The first
application of spICP-MS was described in the articles of
Degueldre et al. published®*° between 2003 and 2006. In the
early years, around 2010, the basic principles of spICP-MS (e.g.
signal formation, data evaluation and calibration) was
described by the research groups participating in early assess-
ment of the capabilities of the technique.**”?* By the end of
that decade, spICP-MS has already become an established and
rapidly developing NP characterization technique which
enables the routine determination of the presence, size, size
distribution and particle number concentration of dispersed
NPs in an element- and isotope-selective way. The different
aspects of spICP-MS were already assessed in detail in a handful
of reviews.?*37197:310311 The following section presents only the
basic principles of the technique, recent developments, and
applications.

One of the greatest advantages of spICP-MS is that wide-
spread ICP-MS instruments equipped with a (single) quadru-
pole mass analyzer are suitable for the characterization of
individual NPs without any hardware or software modifications.
NP suspensions can be analyzed directly by spICP-MS, hence
the dissolution of the particles can be avoided, and the sample
preparation generally includes only dilution and filtering steps.
It should also be highlighted that spICP-MS can distinguish
between the dissolved and the particulate form of the ana-
lyte.>***> Thanks to the low particle number concentration
sufficient for the analysis (approximately 10° to 10° particles per
mL), spICP-MS is a practical and convenient choice for the
detection of NPs in environmental and biological media
contrary to most other NP characterization methods.*®

The basic concept of spICP-MS is that properly diluted NP
suspensions are directly nebulized into the instrument, result-
ing in the presence of individual particles in separate droplets.
Upon introduction into the plasma, these droplets/particles
decompose (atomization and ionization) and the ion clouds of
separate NPs are detected individually in time resolved analysis
(TRA) mode. There are basically two possible approaches for the
detection of single NPs by ICP-MS (Fig. 6). One - that was
chronologically the first to be introduced into the literature —
utilizes a longer dwell time than the length of the TRA signal of
the particles (that is typically a few hundred to thousand ps (ref.
309 and 313-315)). Multiple times longer dwell times (e.g. 10
ms), though, can result in the co-detection of more than one NP
during the same dwell time. The probability of this can be
minimized by the dilution of the sample suspension but the
measurement time also needs to be increased to maintain the
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necessary number of detection events for a proper statistical
evaluation. Co-detection of NPs can also be avoided by
decreasing the applied dwell time (e.g. to less than 1-5 ms), but
in this case, the probability of splitting the NP ion clouds
randomly reaching the detector is increased (peak splitting)
which has a negative effect on the accuracy of the particle size
determination. It is further hindered by the signal loss due to
detector settling time.

With the development of ICP-MS instruments, the utilization
of dwell times shorter than the length of a particle event (high
time resolution), e.g. 10-100 pus, became available. During data
evaluation, the split particle signals need to be assigned and
integrated. The advantages of this approach are that it can
reduce the possibility of particle co-detection, lower the
continuous background intensity (resulting in a better signal/
noise ratio) and the possibility for the detection of multiple
elements or isotopes in the same particle.*””*'® On the other
hand, the use of a lower dwell time also decreases the measured
signals, which is critical for the quantitative measurement of
NPs with a small size in the aspect of both the detection and the
peak bordering.**

By performing the individual detection of NPs, a linear
relationship can be drawn between the number of detected
particle events (np) and the particle number concentration (cp):

np = NnebQldweliCP (6)

where 7,ep is the transport efficiency, Q is the sample uptake
rate and tqye is the dwell time. While ¢4y is @ user-configured
setting and Q can be determined with relative ease, the accurate
measurement of aerosol transport efficiency is more chal-
lenging as it is jointly affected by the components of the sample
introduction system (nebulizer, spray chamber) and several
experimental parameters (e.g. sample uptake rate and nebulizer
gas flow rate). Pace et al. established three (waste collection,
particle size, particle frequency) methods to determine this
value.’®

For solid, homogeneous, spherical NPs, the correspondence
between the intensity of a particle peak (Ip) and the mass of
monitored analyte in the particle (mp) can be described as:

Iy = Kicp-ms ML;VWanalytcmP (7)
where Kicp.us is the detection efficiency (the ratio of the number
of ions detected versus the number of atoms introduced into the
plasma), A is the atomic abundance of the monitored isotope,
N,, the Avogadro number, My, the atomic mass of the element
and Wapaiyte 1S the ratio of the mass of the analyte and the
particle (mass fraction). In the case of single component
(Wanayte = 1) NPs, the signal of an individual particle at

a particular m/z is:

ANy, Td®
A (8)

My 6

IP = KICP»MS

where p is the density of the NP and d is the particle diameter.
To determine NP size, size distribution and particle size
detection limits, the calibration of spICP-MS is needed, during
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Fig.6 Representative ICP-MS signal (monitoring m/z **’Au) due to 30 nm AuNPs (2.5 x10 ® mL™? acquired simultaneously for 2 s with (a) 10 ms
dwell time (vendor software), and (b) 5 us dwell time (home-built data acquisition unit). First zoom level shows several particle events in (c) and (d)
for about 400 ms (for the highlighted section in (a) and (b)). Second zoom level (e) shows the temporal profile of a single particle's ion cloud
identified with the home-built data acquisition unit in (d). Adapted from ref. 316.

which process the function relating the particle mass to detec-
ted signals is established. In practice, spICP-MS calibration can
be performed in two ways, utilizing (i) standard NP suspensions
or (ii) standard solutions containing the investigated ana-
lyte.>**3%® Although some earlier studies used a linear function
to fit calibration data, but in principle, the calibration function
follows a cubic relationship between the particle size (diameter
or radius) and the ICP-MS signal.**® This logical assumption is
also supported by recent plasma modeling studies which
proved that practically the whole NP ion cloud passes through
the hole of the sampling cone under typical experimental
conditions.”*® Although the utilization of NP standards for
SpICP-MS calibration purposes is straightforward and less
exposed to the effects of experimental variability, a notable
limiting factor is the shortage in the commercial availability of
monodisperse, well-characterized particle standards.

The application of standard solutions for spICP-MS calibra-
tion was first introduced by Pace and co-workers.**® An essential
condition to use this calibration technique is that after the
decomposition in plasma, analyte ions with the same elemental
composition go through the same (or reasonably similar)
processes until their detection in the cases of both NPs and the
solute. The mass of individual NPs is calculated on the basis of
mass flow of the solution:

W = Cstdnnchtdwcll (9)

where W is the mass flow within a unit of dwell time, and cqq is
the mass concentration of the standard solution. Then, if the
geometry of the particles is known, the size of the particles can
be calculated.

In spICP-MS literature, the size detection limit is calculated
as three or five times the standard deviation of the background
signal.?*®3%®32¢ Sijze detection limits are typically around 10-
40 nm for one component metallic NPs.>***** There is also an
upper limit for the NP size, as particles larger than a certain size

This journal is © The Royal Society of Chemistry 2021

do not spend enough time in the plasma for full decomposition
and ionization.**>*** This upper size limit heavily depends on
the studied element, but it can be estimated to be about
a micrometer.

The main research goals related to spICP-MS sample intro-
duction are to decrease the required sample volume and to
achieve approximately 100% transport efficiency in order to
obtain lower particle number detection limits. It also promotes
calibration carried out using ionic standard solutions. Flow
injection systems offer an attractive alternative for the intro-
duction of NP suspensions. This is because by utilizing an
injection loop of known volume, the total injected mass of
analyte is also known, thus the determination of transport
efficiency and sample uptake rate is not required for the
measurement of the mass of NPs.****** Another possibility to
achieve the highest possible transport efficiency is represented
by microdroplet generator (MDG) sample introduction systems
which can produce monodisperse droplets with a controlled
volume and speed.’**?** Unfortunately, MDGs are more prone to
contamination and clogging compared to pneumatic nebu-
lizers, hence, several papers demonstrated the advantageous
utilization of the combination of pneumatic nebulizers and
MDGs.**** In these setups, MDG provided well-defined drop-
lets of known dissolved ion concentration for calibration
purposes and NPs were introduced by a pneumatic nebulizer via
a dual-inlet system.

It was also shown that - like solution mode ICP-MS - spICP-
MS is prone to certain interferences. The occurrence of non-
spectral interferences in matrices containing carbon or
sodium in high concentration can have a significant impact on
NP signals, which unfavorably affects NP sizing.**"***> To tackle
these undesirable effects, Telgmann et al. performed isotope
dilution using "*’Ag enriched standard solution to characterize
Ag NPs in wastewater and river water matrices.**® Huang et al.
successfully applied dissolved Rh as internal standard to accu-
rately determine the size distribution of polydisperse CeO, NPs
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in human urine, rat plasma and enzyme-digested rat liver tissue
matrices that showed significant matrix effect.*** The already
described pneumatic nebulizer plus MDG dual-inlet sample
introduction system offers another possibility to overcome non-
spectral interferences as calibration solutions are exposed to the
same matrix effects as the investigated NPs.***%% Spectral
interferences and the effect of collision/reaction cell (CRC)
technology on NP signals were also investigated in the literature
of spICP-MS. Kalomista et al. proved the usefulness of the
application of He collision gas to eliminate polyatomic inter-
ferences for the analysis of Cr,O; and Fe,O; NPs.**> The
advantageous application of a “triple-quadrupole” (tandem)
ICP-MS with a CRC was demonstrated in several papers as well.
Bolea-Fernandez et al. characterized the size of SiO, particles
using H, reaction gas and on-mass analysis, and achieved
a 75 nm size LOD.** For the analysis of titania NPs Tharaud
et al. NPs suggested the use of NH; reaction gas in calcium-rich
matrices,*” while Candas-Zapico et al. demonstrated the supe-
riority of the application of O, reaction gas to decrease size
detection limits in the absence of Ca in the sample matrix.***
Fe;0, NPs were characterized by Rua-Ibarz et al. using an on-
mass CRC technique using H, and the authors developed
a “pseudo resolution” sector field ICP-MS method for fast
transient ion signal monitoring and to overcome the ArO"
spectral overlap with *°Fe.?*

The multi-element detection capabilities of quadrupole-
equipped ICP-MS instruments are limited due to their sequen-
tial principle of operation which also introduces a signal
settling time when the mass analyzer is re-tuned. The detectable
number of elements in a single particle is influenced by both
instrumental parameters (e.g. gas flow rates,** length of dwell
time and settling time*'¥) and NP properties (transient signal
length through the particle size and the structure of the NP*'%).
Even by utilizing ps dwell times, usually no more than a 3-4
analyte isotopes can be determined within a particle and at
some cost of quantitativity of the results.*** ICP-MS instruments
equipped with a time-of-flight mass analyzer offer a promising
approach for the quasi-simultaneous multielement analysis of
NPs (spICP-TOFMS). Naasz et al. demonstrated the utility of
SpICP-TOFMS by the multielement (Fe, Mo, Cr, Ni) analysis of
composite nano-steel platelets.*** Multi-element fingerprinting
was also shown to help in the differentiation of geogenic and
engineered NPs,3*1,343,344

The versatility of spICP-MS was further increased by research
groups developing methodologies and data evaluation
processes to determine additional important NP characteristics
beyond particle size distribution and number concentration.
Kalomista et al. utilized microsecond range data recording and
demonstrated that by comparing the transit time of the ion
cloud of particle events, spherical and rod particle geometries
can be distinguished (Fig. 7), moreover, the aspect ratio (the
length to width ratio) of nanorods can be determined.*** High
time resolution data was also exploited to gain information on
particle structure; Kéri et al. developed a data evaluation
method to discriminate mixed alloy and core-shell Au-Ag NP
transient signals.>** Completing single particle detection with
the data of particle external diameter obtained by another NP
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characterization method (e.g. DLS, NTA, SEM, TEM), the density
and porosity of NPs can also be calculated.***3* Sapi et al.
utilized spICP-MS to determine platinum concentration of Pt/
SiO, nanocomposite decorated with ultra-small Pt NPs and
highlighted the outstanding accuracy and precision of the
spICP-MS technique by comparing its results to the ones ob-
tained by other wide-spread NP characterization methods
(TEM, solution mode ICP-MS, SEM-EDX, XPS).?*

The excellent matrix tolerance and sensitivity of ICP-MS
instruments and low particle number detection limits of the
single particle technique enable the characterization of natural
and engineered colloid particles in quite complex matrices too.
Environmental applications include the analysis of NPs in lake,
river and sea water, wastewater, soil as well as sediment
samples.’""*** NPs were also detected and characterized in
human tissues,**® urine,*'?* blood,****** serum®? exhaled
breath condensate,** simulated gastric fluid** and artificial

3%¢ animal tissues and blood?**”** and in different
360-362

sweat mixture,
parts of plants as well.

For risk assessment, the characterization of NPs in food
products is an important task. NPs can accumulate in animals
harvested as food from environmental sources. Zhou et al.
applied spICP-MS for the characterization of metallic NPs in
shellfish seafood and detected Y, La, Ce, Pr, Gd NPs in clams
and Y, La, Ce, Pr, Nd NPs in oysters.**® Xu et al. also analyzed
NPs in marine mollusks from an offshore aquaculture farm and
demonstrated the bioaccumulation of Ag containing NPs in the
investigated organisms.*** NPs can also stem from food addi-
tives, e.g. E 171 colorants of different products were proved to
contain TiO, NPs with particle size below 100 nm in significant
amount.**%” Loeschner et al. demonstrated the presence of Al-
containing NPs in Chinese noodles, though, the origin of the
particles (whether natural source, contamination of food
storage/processing or additive agent) stayed unclear.**®

The number of consumer goods that are intentionally
fabricated with the addition of NPs to improve their attributes is
also rapidly increasing. The potential of spICP-MS was
demonstrated in the literature by the characterization of TiO,
NPs in sunscreens,**® Al,O; and TiO, NPs in toothpaste®”® and
Au and Ag NPs in consumer spray products.’”* Mackevica et al.
proved the release of Ag NPs from toothbrushes, and TiO, NPs
from textiles.>”>*”® Ntim et al. investigated TiO, and SiO, NP
migration from ceramic cookware to foodstuff.*”* Several
studies prove the usefulness of spICP-MS for the analysis of the
particles present in or released from industrial products as well.
The release of nano and sub-micron particles was monitored
from different painted surfaces,*”>*”® printed nanosilver
circuits®*”” and nano-enabled pressure-treated lumber®”® and
their presence was demonstrated in tattoo inks*”***° as well.

The exploitation of spICP-MS for bioanalytics is also advan-
tageous.****> For example, it was utilized for the individual
detection of cells that is generally referred to as single cell ICP-
MS (scICP-MS) in the literature. As cells are significantly larger
than NPs, special sample introduction tools were developed and
applied for scICP-MS to boost cell transport efficiency.*®® The
cell number concentration can be determined by the measure-
ment of the (natural/spiked) major elements (e.g. P, Mg) of the
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Fig. 7 A comparison of the high time resolution signal profiles for 30 nm diameter spherical gold NPs (panel a) and for 2.63 aspect ratio gold
nanorods (panel b). In each panel, the two extreme time profiles (with the shortest (dashed dotted line) and longest (solid line) durations

observed) as averages for 40-50 particles are shown.3**

cells*®***> and information can be obtained on the pres-
ence,*%%” bioavailability*®*® and uptake kinetics**® of different
compounds and particles related to the cells. spICP-MS can also
be exploited as a sensitive readout tool for NP immunoassay
tags, where the analytical information originates from the
proportionality between the frequency of the detected particle
events and the concentration of the analyte labelled with
NPS.3907392

Besides the above-mentioned applications, there are other
special fields where spICP-MS has already revealed its potential.
For example, the characterization of metallic NPs in non-
aquatic media was carried out by Nelson et al. who investi-
gated asphaltene samples diluted in o-xylene.*** Ruhland et al.
detected Hg-containing NPs dispersed in tetrahydrofuran that
originate from gas condensates of petroleum hydrocarbon
samples.*** It was also demonstrated that inorganic gunshot
residue contains NPs that can be analyzed by spICP-MS for
forensic purposes.**® Fine (sub-micron and nano) particles were
dispersed and detected by spICP-MS from electronic cigarette
aerosols**® and paper printing and shredding process®*”” as well.
The technique was assessed as especially favorable for the fast
and sensitive probe for functional pore sizes of ultrafiltration
membranes by investigating the retention of NPs.*®

3.3.6.2. LA-ICP-MS. The main focus in this LA-ICP-MS
application field is the imaging of the spatial distribution of
NPs within a solid material, which is often of biological origin.
The frozen or epoxy embedded sample is placed on a three-axis
stage and by scanning the laser beam across the sample surface,
the material is ablated, and the resulting aerosol is transported
with a carrier gas flow into the plasma. A polymer, glass or metal
tubing is used as a transfer line. Argon, helium or rather their
mixture is used as carrier gas as the addition of He was found to
be beneficial from the point of view of lateral resolution (due to
a lower amount of ablation debris) and of the formation of finer
aerosol. The best spatial resolution achievable is about a couple
of micrometers, which is suitable for the study of individual
cells (e.g. NP uptake studies).

In case nanomaterials are present in the sample it is likely
that their structure is significantly changed during the ablation
and that signal will be generated from both the particles and the
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surrounding matrix. For this reason, most of the LA-ICP-MS NP
studies work with NPs that are composed of elements not nor-
mally present, at a detectable concentration, in natural
samples; hence mainly particles of gold, silver, platinum-group
or rare-earth elements are monitored. It is also customary to use
a lower laser fluence (ca. 0.1-1 J em ™ ?) in order to keep the
disintegration of NPs to the minimum during laser ablation. It
is worth mentioning that LA-ICP-MS imaging of NPs offers more
analytical information than LIBS, although both methods are
based on laser ablation. Interestingly, the reason for this
advantage is caused by a feature of LA-ICP-MS, which is typically
considered as a drawback in quantitative elemental analysis,
namely the necessity for the transport of ablated matter from
the location of ablation to the ICP plasma. This allows ICP-MS
detection to be used somewhat similarly to spICP-MS for
colloid systems, namely, to count individual NPs.

Various calibration approaches have been tested, but the
signal response, at least in some applications, was also found to
be depend on nanoparticle size, which seems to dictate that
suitable calibration strategies and further fundamental studies
on the behavior of NPs during laser ablation are needed to
achieve reliable quantification. The spatial resolution and
sensitivity are not yet sufficient to monitor smaller single
nanoparticles in cells or tissues; typically, tens or hundreds of
simultaneously ablated smaller, or individual several hundreds
of nanometer NPs can be detected in the laser focal spot. More
information about the above and other aspects can be found in
recent LA-ICP-MS reviews.?>399-401

The following table gives a comprehensive overview of
related NP studies. Please note that studies using NPs as
elemental labels are not listed here, since NPs are not the direct
object of those studies (Table 2).

In order to obtain complementary information about the
molecular environment or fate of NPs in biological samples, LA-
ICP-MS is sometimes combined with other laser-based analyt-
ical spectroscopies. For example, it was reported by Elci et al.
that laser desorption-ionization MS (LDI-MS) images are
specific for the ligands (surface functionalization) of NPs while
they are still attached to the nanoparticle. Overlay of LDI-MS
and LA-ICP-MS images allowed the authors to calculate the
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Table 2 An overview of LA-ICP-MS analysis of NPs in recent literature
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Laser
Detected nanoparticles Sample type Analytical goal wavelength Spot size  Reference
25 nm Au Fibroblast cells Quantitative imaging (calibration via 213 nm 4 pm 402
50 nm Ag dried nanodispersion droplets on
nitrocellulose)
Au nanorods (aspect ratio: 4) Human skin tissue Quantitative imaging (calibration via 213 nm 10 pm 403
spiked gelatine slices)
7 or 20 nm TiO, Mouse neuroblastoma cells Quantitative imaging (calibration via 213 nm 200 pm 404
50 or 75 nm Ag ablation of acid digested and dried
nanodispersion droplet)
2 nm functionalized Au Mouse spleen and liver tissue Qualitative imaging 213 nm 50 pm 405 and
406
14 nm Au Mouse fibroblast cells Quantitative imaging 213 nm 8 um 407
60 nm Ag Onion cells Size distribution and mapping 260 nm 15 pm 408
60 nm Au 193 nm
30-50 nm CeO, Radish leaves NP uptake, distribution, translocation 213 nm 250 um 409
50 nm Ag Rat lung tissue Quantitative imaging (calibration via 213 nm 4 pm 410
spiking frozen slices with standard
a solution)
15-30 nm La,O3 Stems and leaves of Pfaffia Quantitative imaging (calibration via 266 nm n.a. 411
glomerata pressed La-soaked filter paper)
20-100 nm Au Sunflower plant roots Size distribution and mapping 213 nm 10-85 pm 412
58 nm Y/FITC-doped Si Sweet basil leaves Qualitative mapping n.a. n.a. 413
20 nm Ag Mouse macrophage cells Quantitative imaging (calibration via 213 nm 60 pm 414
isotope dilution)
Various size Ag, Au, CuO,  Zebrafish embryos Qualitative mapping 266 nm 50 pm 415
ZnO
20-250 nm Au Soil Size distribution and number 193 nm 100 pm 416
concentration
40 nm Au Gelatin Validation of a simulation model for 193 nm 10-80 um 417
NP sizing and counting
60 or 80 nm Au Mouse liver tissue Size distribution and quantitative 213 nm 100-200 418
imaging pum

percentage of intact surface-coated NPs.’® Biichner et al
combined LA-ICP-MS imaging of Au NP-exposed fibroblast cells
with surface enhanced Raman scattering and succeeded in
correlating the spatial distribution of the nanoparticles with
their molecular nanoenvironment.*”

In some additional new studies, the means for a more reli-
able NP quantitation, the Achilles's heel of LA-ICP-MS, were
tested. One such novel approach is the so-called microwell
trapping. The core concept of this approach is to use micro-
fabricated pits in polymer substrates (e.g. polycarbonate or
polydimethylsiloxane) with diameters smaller than the laser
spot size, fill these pits with a microliter volume of standard
solution and then dry these microdroplets in place. This trap-
ping technique ensures a good localization of well dosed-out
amounts of the analyte, ready for calibration purposes. Cali-
bration via microwell trapping was successfully employed for
the LA-ICP-MS analysis of TiO, catalyst nanoparticles** and Ag
NPs in human bronchial epithelial cells.**® Another external
calibration approach is based on the use of microdroplets
(microspheres). This latter method was demonstrated for the
quantitative imaging of Fe,O; NPs**' and for the uptake of Ag
NPs in macrophages.***

3.3.6.3. Separation techniques coupled to ICP-MS. The
combination of separation techniques with ICP-MS provides
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a very efficient tool for engineered NP characterization in
complex matrices. In this combination, the separation tech-
nique brings size and shape fractionation to the table while ICP-
MS adds excellent selectivity, sensitivity, and the possibility for
quantitation. In the past few years, these NP applications are on
the rise, producing dozens of papers per year. Below, we high-
light some selected papers and research directions in this field.

Size-exclusion chromatography (SEC) was one of the first
separation technique coupled to ICP-MS in 2011, with the
purpose of creating a diagnostic tool to monitor CdSe and CdSe/
ZnS quantum dots and their bioconjugates.*** The SEC-ICP-MS
combination was later also successfully applied to the separa-
tion of dissolved ions and their NPs (CdSe/ZnS quantum dots
and Au NPs) in natural waters.*>* Unfortunately, it was estab-
lished that SEC suffers from unspecific surface adsorption on
the stationary phase, and this limits the accuracy of quantitative
measurements.””* A further separation alternative is hydrody-
namic chromatography (HDC), which works well for NPs in the
5 to 300 nm range, typically has less than 10 minutes run time
and requires minimal sample pretreatment. HDC-ICP-MS has
already been used for the characterization of Ag and Au NPs in
an environmental matrix (sewage sludge supernatant)*** and
was also demonstrated to be useful for the determination of
metal mass fraction, size, and number concentration of Au NPs

This journal is © The Royal Society of Chemistry 2021
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in drinking water.”*® Ag NPs were also characterized by this
hyphenated technique in blood and plasma samples.*””
Pitkdnen et al.**® compared the quantitative performance of
HDC-ICP-MS and SEC-ICP-MS and found that the resolution of
SEC is generally superior to that of HDC, in accordance with the
kinetic theory of separations.

Capillary electrophoresis (CE) is a separation technique with
no stationary phase; thus it is expected to be free from some of
the problems associated with chromatography-ICP-MS combi-
nations. First, micellar electrokinetic chromatography (MEKC),
avariant of CE, was tested in the literature as early as in 2014.**°
Good recoveries and peak area precision were obtained which
allowed the reproducible detection and separation of 50 nm
sized Au NPs in a dietary supplement. CE-ICP-MS NPs applica-
tion are more and more popular since then, especially in the
bioanalytical field (e.g. monitoring of the speciation changes of
gold-containing nanomaterials in cells). Among others, it has
been employed to the study of Au NPs in cytosol,*** interaction
of superparamagnetic iron oxide NPs with proteins,** Au NPs
and their protein conjugates,**> Se NPs in human plasma*** and
Ag NPs in complex media (antibiotic and antiseptic liquids,
wastewater, etc.).***

Field-flow fractionation (FFF) separates NPs according to
their hydrodynamic diameter and can be used in a range of ca.
1 nm to 50 pm. Separation is achieved in a narrow channel
(without a stationary phase) where, to the laminar flow that
carries the NPs, an orthogonally oriented force/interaction
(separation field) is applied. The separation field can be
induced either by a crossflow, centrifugal force, electrical or
magnetic field as well as temperature gradient. The absence of
the stationary phase largely eliminates undesired adsorptions
(however adsorption on the membrane may still occur) and
preserves the morphology of NPs. Thus, NPs and their conju-
gates as well as their aggregates can be separated in the same
run. Although it can be used with other detectors as well (e.g.
fluorescence spectroscopy), but coupling FFF with ICP-MS also
allows elemental and isotopic speciation of NPs.****¢ Dual
detector systems have also been described*” as a potent tool for
the analysis of NPs of different composition, but similar size.
Additionally, it was also suggested to be used for the assessment
of the efficiency of bioconjugation reactions.***

Today, FFF-ICP-MS is quickly becoming the most popular
separation-ICP-MS combination.**® It has been reportedly used
in a range of synthetic, biomonitoring and environmental
analytical NP applications. As examples to the variety of appli-
cations, the analysis of CdSe/ZnS core-shell quantum dots,**’
the assessment of the particle size distribution and concentra-
tion of TiO, and ZnO nanoparticles in cream and spray
sunscreens,*' the qualitative and quantitative analysis of Ag
and Au NPs in human urine, blood, and serum,**® or the
determination of nanoparticulate fractions of P, Fe, Al, and C in
natural waters*** have to be mentioned.

Finally, a novel instrumental combination which is not yet
widespread but shows great promise should also be mentioned
here. This is differential mobility analysis (DMA) coupled to
ICP-MS. This can be directly employed to the study of NPs
dispersed in gases, although most applications analyze aqueous
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nanodispersions by first converting them to nanoaerosols using
electrospray. Not only the size characterization of spherical Au
NPs,*** but also length and diameter evaluation of Au nano-
rods*** and the quantitative analysis of dendron-conjugated
cisplatin-complexed Au NPs*** have been demonstrated.

3.3.6.4. Laser desorption and ionization MS. Matrix-assisted
laser desorption/ionization (MALDI) is an extremely popular,
soft ionization method that uses a laser as ionization source in
mass spectroscopy (MALDI-MS). Typically, an organic matrix is
used to assist the LDI process; the added organic matrix absorbs
the laser pulse energy and donates a proton (or metal cation) to
the investigated (bio)polymer analyte (e.g. proteins and
peptides, carbohydrates, lipids, synthetic polymers, etc.).**®
Although both the matrix and the analyte in MALDI-MS are
traditionally organic, but in the past 10-20 years, it was
discovered that NPs have exploitable properties to improve the
analytical performance of MALDI. For example, NPs can be
tailored to have good light absorption at the laser wavelength,
they have a high surface area which is available for analyte
adsorption and if magnetic then the analyte collection and
sample preparation is also easier.**”**

Nanoparticle-induced laser desorption ionization or NP-
tagging of molecules is not so relevant in the context of this
chapter though, as NPs are not subject of the investigations. At
the same time, applications to NP detection and characteriza-
tion are quite rare. Aerosol mass spectrometers were con-
structed based on the LDI-MS principle for the specific goal of
the detection or identification of individual airborne bioaerosol
particles. After aerosol stream focusing and particle sizing, the
bioaerosol particles are selected by monitoring their fluores-
cence activity, exploiting the fact that three canonical amino
acids tryptophan, tyrosine, and phenylalanine (building blocks
of peptides, proteins and therefore bacteria as well) are fluo-
rescent. In most publications, the particle selection is based on
tryptophan, which can be efficiently excited by the readily
available 266 nm laser light.****** Desorption and ionization of
the biological particles are achieved by ns pulses of either
excimer laser (308 nm) or a frequency-quadrupled Nd:YAG laser
(266 nm) which is followed by the recording of the mass spec-
trum. Since several of these studies were of the proof-of-concept
type, matrix assistance sometimes was also used (e.g. in the
form of sinapinic acid) via co-nebulization of the test particles.
Submicron-range bioaerosol particles were successfully detec-
ted and identified by this approach, for example vegetative cells
of Escherichia coli and Erwinia herbicola*> or Bacillus subtilis var.
niger.**® Pioneering works in this field were performed by
Spengler et al. and others.**

More recently, LDI-MS was also used for the study of the
relative quantity of ligands attached to Ag and Au NP
surfaces**>**® or the ligand shell morphology on such NPs.*>745%
These studies interpreted the detected noble metal-ligand
clusters as being composed of surface noble metal atoms that
had desorbed together with the ligands that were originally
attached to them. The composition of the complexes was used
to determine the composition of the ligand shell. These studies
were later also extended to Au-Ag bimetallic NPs.**®
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4. Signal enhancement provided by
nanoparticles

4.1. Importance, driving force and overview

Plasmonics is the study of the interaction of light with collective
oscillations of electrons in metals at a metal-dielectric inter-
face.**® Plasmonics covers various aspects of surface plasmons,
including propagating surface plasmons on metal layers and
localized surface plasmons of metallic NPs towards realization
of a variety of surface-plasmon-based devices.** Signal
enhancement by metallic NPs is widely used in many fields of
modern sensing and sensorics. The main phenomenon behind
this is the local interaction of plasmons (collective oscillations
of free electrons) localized at surfaces of metallic structures with
external electromagnetic field. Plasmonic materials are widely
used in optical spectroscopy because they can remarkably
enhance the sensitivity, specificity and extend the fields of
application of optical detection methods. Surface Enhanced
Raman Scattering (SERS), Surface Enhanced Fluorescence
(SEF), Surface Plasmon Resonance (SPR) and Localized Surface
Plasmon Resonance (LSPR) are just some of the widely used
plasmonic based sensing techniques. Functionalization of
plasmonic surfaces can be utilized to achieve highly specific
detection with orthogonal sensing capabilities.

The first observation of surface plasmons is dated back to
more than a hundred years and is related to the anomalous
decrease in the intensity of light reflected by a metallic
grating.*** The next milestone was the explanation of the color
of metallic colloidal particles by electromagnetic theory of
scattering and absorption of light by a spherical particle.**> The
first optical method for exciting surface plasmons using a prism
was demonstrated by Kretschmann,*®® and this was the origin
for the development of surface plasmon resonance sensing
technology. SERS has been discovered in the 1970s,*** followed
by SEF in the 1980s.**® Starting from the 1990s, the field of
plasmonics turned towards applications and began to penetrate
various fields, including biological applications and medical
diagnostics. Novel techniques have been discovered that are
based on their utilization, like scanning near-field optical
microscopy,**® tip-enhanced Raman spectroscopy,*®’ localized
surface plasmon resonance spectroscopy,**® NP-enhanced laser-
induced breakdown spectroscopy,*® etc. This was accompanied
by rapid development of chemical and physical methods for NP
fabrication,*° targeted alteration of their properties and surface
functionalization,**** together with coherent and broadband
light sources, spectrometers, and detectors.

Nanoparticles, and especially metal NPs are amongst the
agents for plasmon-based detection of highest efficiency. Metal
NPs have special optical properties in comparison with their
bulk forms. For example, silver and gold NPs exhibit strong
absorption in the visible region, and copper NPs in the near
infrared. The optical properties of NPs depend on their
dimensions, shapes, composition, as well as the optical prop-
erties of the surrounding medium.*”***’® NPs can be considered
as complex multi-electron systems in which the electronic
motion is confined, limited by the dimensions of the particle,
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leading to the occurrence of novel phenomena and effects,
especially when the NPs size is much smaller than the wave-
length of the light they are interacting with. In addition, inter-
action of NPs with light can be easily controlled through the
material, geometry, aggregation, etc. The ease of surface func-
tionalization is another advantage allowing to develop tailored
and highly selective applications based on surface plasmons
and NPs.

This chapter summarizes the main spectroscopic methods
involving nanoparticles to increase their sensitivity, including
LSPR, SERS, nanoparticle-enhanced laser-induced breakdown
spectroscopy and inductively coupled plasma mass spectrom-
etry (NELIBS and NE-ICPMS) and SEF. Different and multiple
NP-related enhancement mechanisms are involved in these
techniques, however, the localized surface plasmons excited in
the NPs play crucial role in all of them. Therefore, the chapter
begins with an introduction to propagating and localized
surface plasmons and their properties, and the plasmonic effi-
ciency of different metals. This is followed by the description of
the above-described NP enhanced (or surface enhanced)
methods, including their principle of operation, properties and
some applications.

4.2. A concise introduction to surface plasmon resonance

Metals contain free conduction electrons and also interband
transition electrons. These two groups of charged carriers
determine the complex dielectric function (permittivity and
permeability), that describes the optical properties of metals.
For example, the combination of plasmon frequency described
below and the character of the interband transitions gives
metals their characteristic color. When light interacts with the
metal, under certain circumstances it can excite collective
motions of free electrons, the so called plasmons. They will be
influenced by a time-dependent force opposite that of the
changing electromagnetic field of the incident light and this
will result in an oscillatory motion of the electrons, but 180° out
of phase. Like all oscillators, these electrons will also have
a characteristic frequency, known as the plasmon frequency,
being dependent on the density of electrons (n) and their
effective mass (eg):"””

ne‘2

Wp = (10)

Mefr€o
Here e is the charge of the electron and ¢, is the permittivity of
the free space. If the frequency of the incident photon is above
the plasmon frequency (in most cases this is true with UV
photons), the light will be transmitted or absorbed by the
interband electrons, and free electron oscillations will not
occur. Photons with frequency below wy,, on the other hand, will
excite oscillations and will be reflected by the metal. Since the
electric field of the incident light cannot penetrate the bulk of
the metal deeper than the skin depth,*” it will excite plasmons
at the metal surface, involving only a minority of the free elec-
trons. Now, if the bulk metal is shrunk to a thin film, the
oscillations will extend over the whole thickness, leading to
propagating charge waves known as surface plasmon polaritons
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(SPP).*”® Here “polariton” means a hybrid excitation, occurring
when a surface plasmon couples with a photon, which situation
generates charge waves travelling on the surface.*”® Additional
constraints are set on the frequencies with which the free
electrons in metals can oscillate in the incident field by the
interface between the metal film and the surrounding medium,
which limits the continuous spectrum to a fixed wave vector and
frequency for a given interface. The dispersion curve of SPP
excitation can be described as:*”®

w Emetal Ediel
kspp(w) = — [————,
c Emetal T Ediel

where kspp is the wave vector of light necessary to excite a SPP for
a given interface, emera; and egie; are the permittivities of the
metal and the surrounding medium, respectively. Since the
wave vector (or momentum) of the oscillating charge wave is
always greater than that of the massless photon, SPP cannot be
excited directly by incident light, but only by a prism in the
Kretschmann geometry, or by a grating to supply the extra
momentum.*”® The angle for which the grating or the prism can
supply the necessary momentum to excite the SPP can be
determined from the dispersion curve kspp(w) (eqn (11)). At this
angle, light will be absorbed, leading to a dip in the reflection or
transmission spectrum. In addition to the properties of the
metal, the dispersion is also influenced by those of the
surrounding medium. Therefore, changes in the permittivity of
the local environment will affect the excitation of SPP and can
be used for sensing.

The suitability of a certain metal for plasmonic applications
and plasmon resonance can be determined from its dielectric
function. In the frames of the Drude model, the frequency-
dependent real and imaginary parts of the dielectric function
can be described as:

Refe(w)] = ex <1 - wzwfpzroz)

(11)

(12)

o) To
Im[e(w)] = (@ — 72
where ¢, is the dielectric constant at infinitely high frequen-
cies, 7, is the collision frequency of electrons with ions and
impurities in the structure. Taking into account that 7y < w, the
plasmon frequency can be determined at Re(¢(w)) = 0. It can
also be seen that for the case of w < w, the real part of the
expression will be negative (Re[¢(w)] < 0). In addition, if w is not
small, Im[e(w)] will have small values. These two conclusions -
the real part of the dielectric function is negative and has
a relatively large magnitude and the imaginary part is small -
are the main conditions of plasmonic resonance at a certain
frequency to occur in bulk materials.

Analysis of the wavelength dependence of the real and
imaginary parts of the dielectric function for different metals**®
shows that the real part of their dielectric function is negative in
the Vis-NIR region. In the visible region aluminum has the
highest absolute value, being close to 30 at 400 nm and
increasing rapidly with the wavelength. It is followed by a group
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of three metals behaving very similarly - silver, gold, and
copper. Their values are small up to 600 nm but increase
afterwards. This group is followed by palladium, platinum, and
lithium, having noticeable values in the red and near infrared
wavelength regions.”® In terms of the imaginary part of the
dielectric function, silver has the smallest value in the visible
region. It is around 0.6 at 400 nm and increases nearly linearly
to 1.7 at 800 nm. Slightly higher values can be seen for lithium
with similar wavelength dependence. Gold and copper are >5 at
400 nm, but then they decrease and get close to silver at 650 nm,
from where the three follow the same trend. From the above it
can be concluded that copper, gold, and silver are the materials
with most favorable dielectric properties for efficient plasmon
resonance. And indeed, silver and gold are the most widespread
plasmonic materials used in SPR, SERS and other spectroscopic
techniques nowadays.

The plasmonic conditions set for the real and imaginary
parts of the dielectric function can be combined into the so-
called quality factor as:

oReto))

0 @)

(13)

From eqn (13) it can be seen that the higher the rate of the
change of the real part and the smaller the imaginary part of the
dielectric function with frequency, the higher the quality factor
is and the better the given material for plasmonic applications
in the given wavelength region.

As eqn (11) shows, the excitation of SPP depends on the
properties of both the metal layer and its environment. This
relationship makes the excitation of surface plasmon resonance
an outstanding tool for sensing, in which the changes in the
dielectric properties of the local environment of the metal layer
can be detected by measuring change in the resonance
frequency (or the coupling angle) of surface plasmon polar-
itons. This is the basis of the SPR technique.

The wspr SPP resonance frequency is determined by the
plasmon frequency of the metal and the dielectric properties of
the surrounding medium:*®

“Wp

WspR = ———=
V14 egiel

(14)

The local electromagnetic field resulting from the charge
oscillations during SPR extends a few hundreds of nanometers
from the metal surface. So, if the local environment changes
within this distance, the dielectric constant will differ, and the
SPR frequency will shift. The narrow resonant line shape and
high angular specificity of SPR allow excellent signal-to-noise
ratio and figure of merit to be obtained for SPR-based
sensors, but the measurement requires inpractically strict
conditions and complex geometries.*”®

The strict conditions are not required when surface plas-
mons are excited in metal NPs instead of thin layers. In this
case, if the NP size is below the wavelength of the incident light,
the electric field will be constant across the NP, inducing
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a uniform displacement of the electron density and a strong
restoring force from the positive ionic core background.*** This
interaction leads to collective oscillation of the free electron
cloud of the NP with a characteristic oscillation resonance
frequency. This phenomenon is known as localized surface
plasmon resonance, or LSPR. There is no angular requirement
in LSPR excitation, since the additional momentum is provided
by the geometry of the NPs.*** Therefore, the change in the LSPR
wavelength can be detected without gratings or prisms, by using
a simple spectrometer.

Similarly to SPR, the resonance frequency of LSPR also
depends on the plasmon frequency of the metal and the
dielectric function of the local environment of the NP:*"*

Wp

= — 15
WLSPR m ( )

The main difference between wgpr and wygpr is the factor 2 in
the nominator, resulting in different resonance frequencies for
the same metal-dielectric combinations. However, there are
several advantages related to the use of quasi zero-dimensional
NPs instead of two-dimensional thin layers for LSPR.*”* The
confined electron oscillations in LSPR cause intense local
electromagnetic fields, which can be several orders of magni-
tude stronger than the incident field. This phenomenon is
behind the concept of, for example, surface-enhanced Raman
scattering. This field will be more concentrated around the
edges in NPs with sharp edges, further increasing the local field
intensity. It has been shown that the LSPR peak position is
affected also by the size of the NPs.*”* In general, the larger the
particles, the more red-shifted the LSPR wavelength will
be,***> which can be leveraged for fine-tuning the plasmonic
properties of NPs. Specific NPs with asymmetric shape (e.g.
nanorods) have two LSPR peaks corresponding to their longi-
tudinal and transversal oscillation modes,*** and their separa-
tion can be tailored by the diameter and the size aspect ratio.
Also, the electromagnetic field in LSPR decays in a few tens of
nanometers and it is more sensitive to changes in the distance
from the surface of the metal.*”**”®* Another specific feature of
NP-based LSPR is the coupling of local fields when the NPs are
brought within the local field decay length.*”® This coupling can
enhance the local field intensity and shift the LSPR peak posi-
tion due to hybridization of modes.*”

4.3. Methodology and applications

Localized surface plasmons and plasmonic enhancement are
used in many spectroscopic techniques nowadays. The
simplest, yet highly efficient method is LSPR, in which metallic
NPs are used as sensor transducers, the plasmon resonance
frequency of which shifts when the dielectric properties of their
local environment change. SERS and SEF utilize the resonant
amplification of the electromagnetic field of the incident or
emitted light through their interaction with strongly confined
plasmons of NPs. In addition to LSPR, other effects also
contribute to SEF, NELIBS and NE-LA-ICPMS. The following
paragraphs summarize the main principles and some of the
applications of these methods.
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4.3.1. Localized surface plasmon resonance. The LSPR
technique was developed based on SPR sensing. The latter
means the detection of the interaction of propagating surface
plasmons excited on a planar metal-dielectric interface with
light of appropriate incident angle and/or wavelength. As it has
been described earlier, these surface plasmons are extremely
sensitive to the changes in the local environment of the
boundary, such as to the adsorption of molecules to the metallic
surface, which causes the shift of the optimal incident angle
and/or the resonance wavelength. The SPR measurement is
accomplished by scanning the angle of incidence at a fixed
wavelength or by using a broad light source with multiple
wavelengths at a fixed angle of incidence (in the so-called
Kretschmann configuration). When the resonant conditions
are met a dip in the angle or wavelength dependent reflectivity
is experienced.

LSPR utilizes the same phenomenon, but on the boundaries
of metallic NPs and their surrounding medium. Changes in the
local environment are detected through the shift of the LSPR
maximum wavelength of the broadband light transmitted
through or reflected from the medium with NPs. The resonant
frequency of NPs depends on their composition, size, geometry,
dielectric environment, and separation distance.****> Since
many LSPR methods involve ensembles of nanoparticles that
have some size distribution, the measured spectral signals are
averaged quantities and can exhibit heterogeneous broadening.

In contrast to SPR, LSPR does not require complex optics.
Since the conditions for resonance are simpler than those of
SPR, the LSPR instrumentation can consist of a white light
source and a spectrometer. Optical fibers can be used to couple
the incident and transmitted/reflected light to/from the metallic
NPs, making the LSPR experiments and development of LSPR
systems extremely flexible and allowing to perform remote
measurements as well. LSPR sensors have a greater potential for
miniaturization and portability and are simple to integrate with
microfluidics.**

Mostly Au, Ag and Cu NPs are used in LSPR applications.
These metal NPs exhibit shape and size dependent LSPR
absorption and scattering bands, which is utilized to construct
plasmonic sensors. They can be used as LSPR sensor trans-
ducers in three main configurations: in free-standing colloidal
(homogeneous), surface-confined (heterogeneous) single NP
and surface-confined (heterogeneous) NP array forms.**

There are two types of NP-based plasmonic interactions
causing LSPR peak shift.*”* In the first type the LSPR wavelength
shifts when an analyte binds to the NPs surface and changes the
local refractive index, while in the second, the plasmonic fields
of several nanoparticles are coupled when an analyte brings
them into proximity (aggregation), causing a remarkable shift of
the LSPR wavelength and thereby a color change.*”* The local
field enhancement can reach a factor of 10*-10° with separated
metal NPs, while for colloidal aggregates*®” it can be as high as
10", Because of their large enhancement factors, colloidal
aggregated NPs have been used in a variety of plasmonic
applications including solar energy conversion, photocatalysis,
nanomedicine, biological sensing, etc.*®
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Applications of LSPR for sensing cover many areas of
modern technology, including gas and pH sensing, biology,
medical diagnostics, or environmental protection. Several
excellent review papers are available covering different fields of
LSPR applications, including chemical analysis*** and espe-
cially biosensing.*$*%¢48-491 While most of the NP-based LSPR
sensors operate in liquid environment, there are developments
targeting gas sensing in air, including hydrogen,*>*** helium
and argon,*** water vapor*”® and volatile organic compounds.**®
The simplest LSPR-based applications are based on the simple,
fast and cheap colorimetric principle.*”” Such methods have
been developed for the detection of a variety of compounds,
including metal ions,”® small organic molecules,*”*
proteins®*>*** and DNA.>*>°%

A novel LSPR based approach is based on the combination of
plasmonic nanostructures with other sensing methods, such as
responsive photonic crystals (PCs)******% or metal oxide
films.>*”*°® PCs are optical materials consisting of periodically
arranged materials with different dielectric constants. These
structures can be used as sensing materials since their diffrac-
tion wavelengths or intensities will change when they are
exposed to physical or chemical stimuli.*** PCs are widely used
in detection of ions** and gases,*® and also of electric*** and
magnetic fields.*** Their response can be enhanced by plas-
monic NPs,***3% and that, in addition to the amplification of the
signal coming from the PC, can also be used to immobilize the
recognition element, providing specificity to the sensor.
Combination of opal PCs with SiO,-Au NPs resulted in three
orders of magnitude increase in the limit of detection of the PC
has been observed after combining it with the plasmonic gold
nanoparticles.>®® The capabilities of this sensing platform were
demonstrated with atrazine analogues, demonstrating a sensi-
tivity of 10-12 g mL ™",

The sensitivity of gas sensing metal oxide films was also
improved by combination with plasmonic NPs. Au:CuO
composites were used to develop a high-resolution LSPR spec-
troscopy system for the detection of pure Ar, N,, O, gases.*”® The
composite structure was produced by sputtering a copper target
with gold pellets on its surface, followed by a heat treatment
promoting Au NP formation. A surface plasma treatment was
used to activate the film for the detection of gas molecules. A
one order of magnitude increase of the sensitivity was achieved,
compared to the performance of copper oxide without the
NPs.>%®

An emerging field of LSPR application is the sensing in the
near-infrared (NIR) region, especially in at the wavelengths used
in telecommunications (1530-1625 nm). Combination of the
cheap and mature optical fiber technology with chemical and
biological LSPR sensing leads to numerous new applications,
especially in remote sensing technologies. As it has been dis-
cussed earlier, the metals useful for plasmonics must have
a negative and high magnitude real and a small imaginary
dielectric function, implying a large Q-factor. Au and Cu are the
only metals meeting these criteria in the NIR region and indeed,
NPs prepared from these materials showed strong absorption
peaks there.’** Wide-bandgap semiconductors, like tin doled
indium oxide, aluminum doped zinc oxide or titanium
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oxide
tungsten oxide,
good candidates for NIR plasmonics. Composite NPs of gold
and molybdenum oxide were used for the detection of
hydrogen.>” These NPs showed strong LSPR absorption in the
NIR, being responsive to hydrogen, the presence of which
caused increase and shift of the plasmonic peak.>"”

A new method for tuning the LSPR properties can be ach-
ieved by fabricating magnetic LSPR NPs and nanostructures,
allowing to change the optical properties by the application of
a magnetic field, as well as to modulate the magnetic properties
under irradiation at the plasmon resonance.”*® NPs with
combined magnetic and LSPR properties were synthesized first
from bimetallic structures such as Ni-Au®** or Co-Au,**
however, the performance was found to be strongly dependent
on the dimensions, shape and positioning of the different
components, making the reproducible preparation a main
issue.*®® Recently, arrays of periodically placed cobalt NPs were
found to have plasmonic properties and a quality factor
comparable to that of Au NPs.** Particle size, shape and the
interparticle distance were found to have a significant impact
on the optical response here as well, however, the use of an
intrinsically magnetic, single metal structure makes their
control remarkably easier. The LSPR absorption peak of Co NP
arrays extends above the visible region making them promising
for NIR LSPR applications.

4.3.2. Surface enhanced Raman spectroscopy. Raman
scattering is an inelastic light scattering process involving
interaction of the incident photon with fundamental vibration
of the molecule, so that the energy difference of the incident
and scattered photons is equal to the energy of the involved
vibration. Raman spectroscopy allows to record a fingerprint
spectrum of the sample, characterizing its bonding configura-
tion and consisting of peaks related to its possible vibrations,
the excitation of which is allowed by the Raman process.>***
Raman spectra are recorded by illuminating the sample with
a monochromatic light source and recording the spectrum of
the scattered light in the wavelength region different from that
of the excitation source. In general, the position of the Raman
peaks in the spectrum is independent of the energy of the
excitation photons, however, if the latter is equal to the energy
of an existing electronic transition of the material, resonant
Raman scattering occurs, the efficiency of which is a few orders
of magnitude larger than that of the normal Raman process.***

Besides resonant Raman scattering, surface enhanced
Raman scattering (SERS) is another phenomenon causing the
enhancement of the Raman signal. SERS was first discovered in
the 1970s by recording an unexpectedly large Raman signal
when measuring pyridine adsorbed on a roughened silver
electrode.*** The first explanations were attributing this
phenomenon to the formation of strong electrochemical elec-
tromagnetic fields or molecular-metal complexes on the metal
surface,”***** as well as to the characteristics of the nano-
structured metal surface and the optical excitation of the
collective oscillation of electrons.>****” The research and espe-
cially applications of SERS started to emerge in the 1990s, when,
thanks to the development of compact coherent light sources

and transition-metal oxides (molybdenum oxide,
18 yvanadium oxide®"?) were also found to be
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and spectroscopic instrumentation, Raman spectrometers
appeared in more and more spectroscopic and analytical
chemistry laboratories. SERS was found to offer simple, rapid,
non-invasive, and non-destructive analytical capability
providing information about the bonding configuration of
target molecules.®*® Its proven ability for single-molecule
detection drives the development of different SERS enhance-
ment platforms for the detection of molecules on a sub-ppb or
even lower levels.®® As the SERS spectrum of water is rather
weak,>** SERS can efficiently be used to study biological samples
and to detect biomolecules even at very low concentrations.>**
SERS amplification was also observed with dielectrics and
semiconductors, but with a much smaller enhancement than
with metal based plasmonic structures.**?

While the SERS enhancement mechanism is not completely
understood yet, it is generally accepted that there are two
enhancement mechanisms contributing to SERS: the so-called
electromagnetic**>*** and the chemical enhancement.*** The
former is based on the interaction of the incident and/or scat-
tered light with localized surface plasmons, resulting in
amplification of their electromagnetic field and the Raman
scattering on molecules being in close vicinity of the plasmonic
surface. This mechanism can provide SERS enhancement on
the level of 6-9 orders of magnitude.*** Chemical enhancement
is the result of complex formation between the plasmonic
surface and the molecule, sometimes accompanied by genera-
tion of new electron energy levels, involved in resonant Raman
scattering. In this regard chemical enhancement is not a plas-
monic process but rather a specific Raman scattering in which
the energy difference of the newly created energy levels is equal
to the energy of the exciting photons. A 2-4 orders of magnitude
of SERS enhancement can be attributed to this mechanism.>**

The electromagnetic SERS enhancement is independent of
the type of the molecule, but strongly depends on the properties
of the plasmonic surface, including its material, size, shape
and, in case of SERS substrates, surface roughness.**® Since
Raman scattering involves photons of two different wave-
lengths, the electromagnetic enhancement has two distinct
contributions. The first is the near-field enhancement, during
which the LSPR excitation induces strong spatial localization
and amplification of the excitation laser light in small spatial
regions, called hotspots.>** Around the hotspots the molecules
experience a much stronger electromagnetic field than in the
normal laser radiation, resulting in high levels of Raman
enhancement. The second is the re-radiation enhancement
related to the amplification of the Raman scattered light radi-
ated by the molecule, that arises from the environment-
dependent emission by the Raman scattering molecule, as
a dipole, affected by the interface of the plasmonic surface,
sometimes referred as modified spontaneous emission.**®
While a dipole (molecule) has a typical, symmetric emission
pattern in vacuum or homogeneous medium, its irradiated
electromagnetic field will be scattered at nearby interfaces and
will be partly back-scattered to the dipole. This back-scattered
radiation (or self-reaction field) will influence the way in
which the dipole radiates power and could contribute to the
enhancement of Raman scattering.***
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The chemical SERS enhancement is related to the adsorption
of the molecule on the plasmonic surface, accompanied by
bond formation. This could contribute to the increased SRS
signal in two different ways. During the resonant charge
transfer the interaction between the molecule and the metal
results in the creation of a metal-molecule charge transfer state,
involved in resonant Raman scattering process, resulting in
remarkably enhanced Raman intensity.>*® In the non-resonant
chemical effect, there are no new electronic states involving
the resonant process, but the interaction induces changes in the
geometry and electronic structure of the molecule, affecting the
probability of certain Raman transitions and resulting in
enhanced Raman intensities, but also slight modification of the
Raman peak positions.>**

From the practical point of view, SERS requires the same
instrumentation as normal Raman spectroscopy. This means
a narrow band coherent light source, an optical system deliv-
ering the excitation beam to the sample and the collected
scattered light to the spectrometer, a notch or a steep edge filter
stopping the light at the excitation wavelength to enter the
spectrometer, a high-resolution spectrometer, and a sensitive
detector.®* For a given SERS application the excitation wave-
length can be selected based on the properties of the SERS agent
or the sample. Here, LSPR wavelength and width must be
considered, as well as the optical absorption and emission
properties of the analyte(s) (to exploit the benefits of resonant
Raman scattering (if applicable)) and avoid the overlapping of
the Raman bands by fluorescence. The possibility of the damage
of the sample at a given laser wavelength should be considered
as well.**

Metallic NPs and colloidal systems based on them are among
the most studied platforms for SERS applications. The SERS
efficiency of metallic NPs, especially of Au, Ag and Cu, were early
recognized and investigated by SERS researchers. Similarly to
LSPR, the SERS characteristics of a colloidal system also depend
on the NPs shape, size, and aggregation state.>®” The aggrega-
tion of NPs in the colloid leads to increased SERS, however, if
aggregation is performed without control, spatial, time and
sample-to-sample variations might occur.** The positive effect
of the aggregation on SERS efficiency is related to the formation
of hotspots - nanosized gaps between the NPs, in which the
plasmonic fields of the neighbor particles are coupled, resulting
in remarkable increase of the Raman intensity.**” Fabrication of
SERS platform with large number of hotspots is the aim of many
developments.

The investigation of the effect of the gold NPs shape on the
SERS enhancement showed that nanorods have a larger
enhancement than nanospheres, but nanostars perform even
better, which can be attributed to the highly concentrated
electromagnetic field at the tips.**®

When using metal NPs for plasmonics, SERS can be
combined with LSPR for molecular identification
purposes.®****® In fact, SERS and LSPR involve some common
mechanism, namely the electromagnetic enhancement or the
interaction of localized surface plasmons with the electromag-
netic field of incident light. This interaction of the metallic NP
with light leads to the creation of a local field around it which is
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(Left) Aggregated 20 nm sized gold NPs on the surface of a nanocrystalline diamond film having 25 nm average grain size and (right)

normal Raman and SERS spectra recorded on this nanodiamond layer sample (based on the authors' own data).

proportional to the incident excitation.>*® Once a molecule is in
the vicinity of such a nanoparticle, it will be involved in a SERS
process, but will also contribute to the shift of the LSPR wave-
length due to its effect on the dielectric properties of the vicinity
of the NP.** This allows to perform SERS and LSPR measure-
ments simultaneously.

A huge number of applications have been developed for
SERS, including biology, medical diagnostics, trace element
analysis, study of different gas, liquid and solid samples, from
macroscopic sizes to and nanostructures. The local character
and small SERS active region of plasmonic NPs can be used to

==

Fig. 9

study the surface of solid surfaces. For example, functional
groups from grain boundaries of nanocrystalline diamond films
can be enhanced selectively by dripping a drying gold NPs from
a colloid onto the layer surface (Fig. 8). Sharp peaks appear in
the SERS spectrum on top of the otherwise broad bands arising
from the amorphous carbon intergrain phase.

The capabilities of SERS can be increased by combining
different SERS architectures. Efficient hotspots formation has
been demonstrated between two or several NPs, as well as
between a flat metallic surface and the curved surface of a gold
NP.>*%**> An even better gain can be achieved by combining
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(Top left) Schematic representation of the Au NP trapped in gold coated void of inverse pyramid shape, prepared in a silicon substrate

(bottom left) SEM image of the fabricated structure (from the top) with a gold NP clearly visible inside the void and (right) SERS enhancement
obtained with the inverse pyramid containing NPs of different size between 50 and 250 nm (based on the authors' own data).
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a periodic SERS array with NPs. A giant SERS and SEF
enhancement has been observed in structures consisting of
nanometer sized gold particles trapped in gold coated inverse
pyramids fabricated in silicon by photolithographic tech-
nique®® (Fig. 9). The enhancement was found to increase with
increasing the NP size from 50 to 200 nm, which was related to
the shift of the contact point of the nanosphere and the pyramid
surface towards the region with highest near-field enhancement
of the pyramid.

Novel methods have been developed for cost-efficient SERS
substrate fabrication for different applications. Self-assembly of
metallic NPs at water-oil interface was found to be a convenient
and efficient route to obtain densely packed plasmonic nano-
particles which have small interparticle distances.*** In this
case, the surface charge preventing aggregation and self-
assembly can be removed by using chemical modifiers on the
NP surface, addition of co-solvents or charge screening by
promoters, or their combination.>** After the fabrication the
liquid plasmonic arrays are usually transformed into free-
standing solid films. The capabilities of such 2D arrays and
fabrication method were demonstrated with DNA,*** micro-
RNA,**® multiplex analyte detection®” and others. A simple, one-
step gas phase technique was used to prepare structures with
tunable plasmonic enhancement utilizing spark discharge
nanoparticle generation and deposition of the NPs onto glass
microfiber filters.*® The Au/Ag binary NPs obtained by this
method showed remarkable signal enhancement be achieved
over a large surface area, and the plasmonic properties of the
SERS substrate were easily tunable by changing the composi-
tion of the NPs.

4.3.3. NP-enhanced LIBS and LA-ICP-MS. Several tech-
niques have been elaborated to increase the sensitivity of LIBS,
as double-pulse excitation, spatial or magnetic confinement,
spark discharge, etc. A detailed review on these methods has
been published earlier.>*® In the last decade, with the progress
in nanotechnology, method of nanoparticle-enhanced LIBS
(NELIBS) has been developed providing outstanding enhance-
ment and relatively simple operation. In addition to the
amplification another major advantage of NELIBS is the gentle
ablation regime that can better preserve the sample.’® In
NELIBS colloidal metallic NPs are dripped and dried on the
sample surface, and the NE-LIBS is excited in those portions of
the sample surface that is covered with NPs.>*°

The NELIBS technique has been first demonstrated on plant
leaves using low-energy LIBS.**® Colloidal silver NPs were
applied to the leaf surface resulting in 3-5 times enhancement
of the LIBS intensity of the fresh leaf sample. NELIBS was found
to be even more efficient when placing NPs on conducting
(metallic) surfaces,** while less amplification was observed in
case of insulators.** Therefore, metal samples are mostly used
in NELIBS studies, but the method was also used on transparent
materials,**>*® gemstones,** solutions,****** fruits and vegeta-
bles,**® food>”**® and biological tissues.*** Among these studies,
the enhancement factors have shown big variations, ranging
from a factor of a few to several orders of magnitude. It was
shown, that the material and surface concentration of NPs, as
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well as the laser wavelength and irradiance all have a great
impact on the signal enhancement achievable.*>**°

The production of the plasma plays a crucial role in LIBS. In
general, the plasma induction needs the production of free
electrons, the so-called seed electrons.>*® In case of solids, after
vaporization and ionization of the sample this starts with
multiphoton ionization, during which electrons collect the
energy of multiple photons so that the total absorbed energy is
enough to overcome the work function of the solid or the
ionization energy of the laser vaporized atoms.*®” When metal
NPs are placed on the sample, the induced LSPR can enhance
the electromagnetic field of the incident radiation, and this can
change the way the ablation and the plasma induction occur:
the laser-sample interaction will mainly be mediated by the
NPs.>

According to recent studies, different mechanisms occur
when metal NPs are used for LIBS in conductive and insulator
samples. When NPs are deposited on a metallic surface, the
LSPR enhancement of the laser field changes production of
seed electrons from typical multiphoton ionization to field
emission, resulting in instantaneous emission of electrons
before the particles are completely deteriorated upon the effect
of the laser.®" In addition, electrons accelerated upon laser
irradiation provide additional electron flow that contributes to
induction of an efficient breakdown and an efficient plasma
excitation.” Since field enhancement is produced on several
NP hotspots simultaneously, several electron extraction points
are available in the laser spot, leading to multiple ignition
points of the plasma.>*®

When NPs are placed on an insulator sample, the LSPR
enhancement is too weak to remove electrons from the bulk
substrate.” In this case, depending on the laser irradiance and
excitation wavelength, two mechanism can occur. If laser is in
resonance with the localized surface plasmons, the electro-
magnetic field enhancement due to NPs surface electron oscil-
lations will cause strong local heating on the sample surface by
the NPs.>* This can be accompanied by optical breakdown of
NPs and generation of the plasma and this can extend to the
sample in the close vicinity of NPs, if the irradiance is high
enough.** If the laser pulse is off-resonance with surface plas-
mons and the interparticle distance between NPs is small,
electron transfer and charge unbalancing can occur that can
initiate optical breakdown of the NPs.>>

In case of semiconductors, depending on the band gap
energy of the sample, NELIBS works like with metallic or
dielectric samples.>® Typical examples are amorphous silicon
and doped silicon. The first is a material with relatively large
band gap and NELIBS does not produce any noticeable
enhancement on Si emission with that, while in the additional
electron energy levels introduced by doping allow to obtain 10
times enhancement of the LIBS signal.**®

The issue of sample contamination after NELIBS measure-
ment was also investigated. In ref. 552, it was found that the
elements coming from NPs ablation constitute 0.004% of the
total ablated material. In most cases NPs are almost completely

559

removed from the sample after one laser shot and after three
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laser shots the sample is completely free from the NPs
contamination.**®

The application potential of NELIBS has been demonstrated
on many different samples, ranging from metals to liquids. The
highly efficient enhancement obtained on conducting surfaces
and allowing the detection of trace elements to sub-ppm level
put the analysis of metallic samples to the front of NELIBS
research.* The capabilities of the method were tested with
titanium alloys and brass®*® and other metals.*** A promising
application of NELIBS is the measurement of liquid phase
samples, which is based on the mechanism of NELIBS charac-
teristic for insulators.

As it has been described earlier, the irradiation of metal NPs
placed on insulator substrate with the laser pulse will initiate
breakdown of the nanoparticles and plasma generation, and
this plasma can include analytes being in close vicinity of those
NPs.>* This can be attempted by dripping and drying the
sample onto the NPs attached to a substrate. This approach was
used to enhance the copper signal by delivering the sample to
NPs from liquid solution.®®* A sub-ppb detection limit was
achieved for silver in a solution of silver nitrate.*** Modified
SERS substrates consisting of Ag NPs on indium-tin-oxide glass
were also used for quantitative NELIBS measurements on liquid
solutions of Mn, Zn and Cr, and it was found that interparticle
distance plays crucial role in efficient enhancement.*

A biological sample was used as subject in the first demon-
stration of the NELIBS effect. A colloidal silver solution was
applied to a leaf surface** allowing the measurements of several
alkaline metals with an enhancement of about a factor of 5. This
method was used to study other biological systems as well.
Different types of animal fodder (artificial feed, barley, and
clover) and ancient and contemporary bones were analyzed, in
order to correlate their elemental composition and determine
the differences between feeding of animals over time.**® Sprin-
kling biosynthesized silver NPs were deposited onto the bovine
bone and fodder sample surface before analysis and the ob-
tained NELIBS data were analyzed by statistical and direct
evaluation. Proteins in canned tuna fish were also assessed
using NELIBS technique, and the method was found to be
promising for production monitoring of canned foods con-
taining proteins. For this study biosynthesized silver NPs were
used to enhance the LIBS emission intensity of fish samples.>”
Another study focused on the detection of trace pesticides and
heavy metal residues in fruits and vegetables. Compared to
standard LIBS, NELIBS gave two orders of magnitude lower
detection limit for these contaminants and allowed to perform
mapping measurements on vegetable leaves.***

Laser Ablation Inductively Coupled Plasma Mass Spectrom-
etry (LA-ICPMS) is another highly sensitive and fast analytical
technique, allowing to perform elemental analysis on solid
samples by ablating their surface and determining the compo-
sition of the formed particulate material via mass spectrom-
etry.”® It requires little or no sample preparation, the analysis
can be performed on conducting, non-conducting, opaque and
transparent materials; and allows to perform bulk analysis,
depth profiling or elemental/isotope mapping.**>
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While the operating principle of LIBS and LA-ICPMS are
different, they are common in the way of the excitation of the
sample to be measured.** The sample is illuminated with an
intense laser pulse that ablates its surface. The generated plasma is
detected by LIBS, while the particles are transported to the ICP
torch and from there into the mass spectrometer. So, it can be ex-
pected that the NP enhancement working for LIBS should improve
the performance of LA-ICPMS as well. This has been demonstrated
first on conductive samples by achieving an enhancement of two
orders of magnitude.* The sample preparation was like in case of
NELIBS: gold and silver NPs were dried onto the sample surface.
The successful demonstration of NE-LAICPMS on conductive
materials was accompanied with measurement on insulating
ceramic and glass samples, however, no enhancement has been
observed for the latter.* Later it was shown that the effect works for
metallic elements in both conductive and dielectric matrices.® The
NE-LAICPMS enhancement was found to be dependent on both the
typology, concentration and size of the dropped nanoparticles and
the composition of the sample, and different elements showed
different enhancement in the same matrix, just as the same
element showed different enhancement in different matrices.>
Study of the effect of NPs on the aerosol formed during laser
ablation showed that the highest number of particles was generated
using the smallest (10 nm) particles, and, in contrast to normal LA-
ICPMS, where the number of particles increased in proportion to
the used fluence, the aerosol generation efficiency showed
a maximum for NE-LAICPMS at moderate laser powers.

The origin of this behavior was attributed to two reasons.
The first is related to the plasmonic properties of NPs, similarly
to LIBS: the gaps between close NPs work as ignition points of
plasma, and in this way whole plasma dynamics changed. This
results in the formation of smaller particles at the expense of
larger ones resulting in more efficient transport, evaporation
and ionization in ICP. The second is the change of the optical
properties of the surface due to the presence of NPs, increasing
the energy transfer of the laser and the efficiency of the ablation
of the sample, and thus leading to higher mass production.**

4.3.4. NP-enhanced laser fluorescence spectroscopy. Metal-
enhanced or surface-enhanced fluorescence (or SEF) on
metallic NPs was first reported in the early 80 s, as simultaneous
amplification of normal and resonant Raman scattering, and
fluorescence from molecules adsorbed on silver-island films.***
Nowadays this field is developing together with other surface
plasmon related techniques, like LSPR or SERS. SEF occurs
when fluorophores are excited near a metallic surface, at
a distance of a few tens of nanometers.** Interestingly, the
fluorescence emission is quenched in case the fluorophore is in
contact or in close vicinity of the metallic surface, which gives
aremarkable advantage for SERS over normal Raman scattering
affected by strong fluorescence background in many cases.
Because of the latter, there should be some definite distance
with maximum SEF enhancement, however, this has not been
determined yet. In general, quenching dominates at a few
nanometers distance from the metal surface, followed by an
exceptionally large enhancement in the 10-50 nm range, and
then the emission turns into normal fluorescence with further
increasing distance. The enhancement factor of SEF on metallic
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NPs was found to reach even a few thousands and was shown to
be dependent on their material, size, and shape.***

The mechanism of SEF is not precisely determined yet. The
main reason is most probably the presence of different inter-
actions between the fluorophore (analyte) and the metallic
surface. SEF is supposed to be a complex phenomenon
involving surface plasmons and optical near-fields, enhancing
the fluorescence intensity and photostability, but also affecting
its lifetime.>® The electromagnetic interactions involved in SEF
can be divided into three categories: LSPR, non-radiative energy
transfer, and intrinsic radiative decay.*'®* Some of these coupling
interactions are related to the spectral overlap between surface
plasmons and the emission band of the analyte, and each of
them dominates SEF on different separation distances between
the fluorophore and the metallic NP.>¢¢>¢”

Localized surface plasmon resonance influences SEF
through the increase of the excitation rate, by enhancing the
local electromagnetic field. This effect is similar to the electro-
magnetic enhancement of SERS. It is supposed that the LSPR
generated on metallic NPs modifies the absorption character-
istics of the fluorophores by increasing their cross-section,**®
which amplifies the fluorescence intensity by coupling with the
NPs.** The geometry of the NPs plays crucial role is this inter-
action, since due to the field effect, SEF enhancement will be
stronger at the edges and corners of NPs of complex size,>***”°
but the NP size and shape affect the LSPR conditions (maximum
wavelength and spectral width) as well.

The non-radiative interaction mediates the surface plasmons’
interaction with the fluorophore.**® The character of this effect
determines whether quenching or enhancement of the fluores-
cence will occur:®" the energy transfer between the surface plas-
mons and the analyte will increase the fluorescence intensity only in
some distance between the analyte and the metallic surface.
According to recent studies, the fluorescence enhancement ach-
ieved within the distance of up to 10-15 nm from the metallic
surface can be explained through the Forster resonance energy
transfer (FRET)*> (or non-radiative dipole-dipole coupling), decay-
ing rapidly with distance. For larger separations (10-50 nm) SEF can
be explained through the role the NP characteristics play in light
coupling (the so-called Purcell effect).>* It was shown that at such
distances the enhancement is higher on metallic structures
absorbing light rather than scattering it, as well as on NPs having
concentrated and confined electromagnetic fields around sharp
edges or narrow gaps.””

The role of intrinsic radiative decay is also more remarkable
for the case when the analytes and the NPs are in close vicinity
of each other. In this case the fluorophore is coupled to surface
plasmons of NP generating new SEF decay pathways for energy
transfer. The analytes are excited by the non-radiative energy
transfer from NPs and transmit this energy to the far-field
through radiative transfer, resulting in enhanced fluorescence
intensity.*® The rate of the energy transfer can be controlled by
fine-tuning the metallic structures, which, due to the enhanced
rate of radiative decay, will further decrease the fluorescence
lifetime of the fluorophore.>*

As it can be expected, SEF is strongly affected by character-
istics of the metallic NPs. The type of metal determines the

1858 | J. Anal At. Spectrom., 2021, 36, 1826-1872

View Article Online

Critical Review

useful plasmonic wavelength region, which is further narrowed
by the particles’ size and shape. The NPs size is also related to
the SEF specific “scattering to absorption ratio” affecting the
non-radiative interaction (interestingly, the latter was found to
be independent of the aspect ratio for SEF*’*). In general,
absorption is dominant for NPs smaller than 20 nm, and scat-
tering occurs for larger sizes and further increases with the size
of the particles. Shape plays a remarkable role in determining
the spectral properties of NPs:*”* elongated and complex forms
can be used to fabricate structures with dual LSPR peaks and
specific hotspot regions, where the electromagnetic field
enhancement by LSPR can be concentrated.””” A summary of
various nanostructures and NPs with different shapes and
geometries, and their experimentally determined SEF
enhancement factors are provided in ref. 567. It can also be
concluded from there that, in addition to shape, the enhance-
ment of metallic NPs critically depends also on their interpar-
ticle distance, dielectric constant, and physical dimensions.

Since surface enhanced fluorescence emission is quenched
if the analyte is in close vicinity of the surface of NPs, the most
important and critical criterion for efficient SEF is to fabricate
a layer of non-metallic material on the NP surface, referred to as
a spacer.>”**”” A large variety of spacers have been reported that,
based on the materials used for distance modulation, can
primarily be divided into three categories: inorganic (e.g,
silica), organic (e.g., polymer, proteins, DNA, and others) and
hybrid spacers.””® In case of metallic NPs, the spacer on the
surface of the particle is obtained by fabrication of core-shell
structures. These structures are defined as consisting of an
inner isolated NP coated with one or several shell layers, or as
inverse core-shell systems with the fluorophore encapsulated
into a hollow core metallic NP.

Preparation of core-shell SEF NPs requires multiple steps.
The first step is the fabrication of the nanoparticles; this can be
done using different metals (gold, silver, copper, zinc, alloy**),
obtaining nanoobjects of various size and shape, including
rods, triangles, cubes, stars.”®' In this step, the plasmonic
properties of the metallic core can be engineered according to
the requirements of the particular SEF application. After their
fabrication, the metallic NPs should be stabilized against
agglomeration by the formation of an appropriate surface layer.
Here particular attention should be paid not to affect their
unique optical properties. This can be achieved by using
molecular layers, or even thick coatings that could serve as base
layer of the spacer.’”” When selecting the stabilizer, in addition
to its dielectric characteristics, the compatibility with the spacer
material must also be taken into account. The third, crucial
step, having significant impact on the efficiency of the SEF
agent is the fabrication of the spacer itself. This is followed by
functionalization of the silica surface and the attachment of the
fluorophore through electrostatic attraction or covalent
binding.*”® Various kinds of fluorophores have been assembled
onto the silver-silica and gold-silica core-shell NPs,?%>%%
providing SEF with enhancement factors ranging from 2 to 20.

Since the role of the spacer is to provide elevation for the
analyte from the quenching zone to the SEF distance, spacers
must be of uniform and precisely engineered thickness, which
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is not so easy to control on the nanoscale.’”” The simplest
method for this is the layer-by-layer deposition of polymer,
dielectric or hybrid composite spacers. It was found that multi-
layered films with hybrid nanocomposites deliver much higher
intensity SEF.*”****5% varjous materials such as polyelectrolytes
were used as building blocks to fabricate functional multi-
layered thin films for SEF, composed of sequentially stacked
functional materials such as DNA probes or small nano-
particles®® and the fluorophores positioned to the last layer.
The multilayer approach can be used to obtain stimuli-
responsive structures by incorporating materials being sensi-
tive to temperature, pH, light, etc. that can be used to control
the properties of SEF agents.>”*%%”

In colloidal NP systems the enhancement factors in
suspensions were found to be up to several orders of magni-
tude. In the first studies silver core and silica shell particles were
used in a solution sensing platform.*®® These monodisperse
structures were called as metal-enhanced fluorescence nano-
balls, the performance of which was demonstrated for potential
applications in cellular imaging and solution-based sensing by
incorporating near-infrared emitting probes within the silica
shell.’®® Due to its chemical inertness, good optical trans-
parency, biocompatibility, and low toxicity®**** silica is
amongst the most widely used inorganic spacer materials in
colloidal systems. Another advantage of silica spacers is the
possibility to obtain uniform thickness up to 90 nm by
controlling only the silica precursor concentration during the
fabrication process.”® In addition, the surface of silica could
easily be modified with different functional groups, enabling
simple conjugation of fluorophores and biomolecules.

Beside metallic core and dielectric shell NP configurations,
silica-based hybrid nanocomposite spacer systems can be used
in form of dye-silica inner beads decorated with metal NPs or
surrounded by a continuous thin metal shell.** Having
a favorable cavity size, the emission properties of the fluo-
rophore can be enhanced significantly in such structures, which
can be explained by two effects: the LSPR enhancement of the
exciting electromagnetic field within the cavity, and the reduc-
tion of the fluorescence lifetime due to the strong near-field
interaction between the fluorophore and cavity.>*> Further
advantages of such nanostructures include the tunability of the
LSPR wavelength by controlling the core to shell ratio,*” the
standardization of surface functionalization: the same metallic
shell can be used with a broad variety of fluorophores®”® and the
possibility to combine SEF with SERS.*®* The general fabrication
procedure of inverse core-shell structures consists of coating
the fluorophore with silica of the required thickness, followed
by surface functionalization of the outside silica surface and the
preparation of the metallic shell in form of continuous film or
a layer of small metallic NPs.*”®

SEF has numerous applications in various fields of chemical
analysis and especially of biosensing and medical diagnostics. A
number of review papers were published on this topic in the past
few years*>**7*%45% indicating the versatility of applications and
the rapid development of SEF.
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5. Conclusions

In the present review, we attempt to provide the reader with
a comprehensive overview of the progress in the field of
nanoparticle-related laser and plasma spectroscopy research.
We believe that the results disseminated recently in the litera-
ture properly illustrate the symbiotic connection between
materials science and analytical laser/plasma spectroscopy.
This connection is not one-directional, but there are multiple
ways through which these research areas can benefit from each
other and thereby enjoy a mutually supportive relationship. As
we have shown, modern laser and plasma spectroscopy tech-
nologies offer versatile and effective methods for nanoparticle
characterization and monitoring nanoparticle synthesis,
thereby also contributing to the understanding of nanoparticle
formation mechanisms. At the same time, materials science can
boost the performance of laser and plasma spectroscopy by
providing suitable and tunable nanoparticles useful for plas-
monic analytical signal enhancement. Based on the rate of
progress in the past decades, it can be expected that this rela-
tionship will flourish in the future as well. As an example,
interesting recent fundamental works dealing with the direc-
tional emission of electrons and ions from isolated nano-
particles induced by femto- and attosecond laser impulses can
be mentioned.*”**® The combination of nm-scale sampling on
sub-fs time scales could open new analytical possibilities for the
monitoring of near-field induced reaction yields on the surface
of nanoparticles (“reaction nanoscopy”)**® or for the differenti-
ation of single particles and their dimers based on their plas-
monic characteristics,*” to name just a couple of options.
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