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Abstract

In this paper, Nanoparticle Enhanced Laser Induced Breakdown Spectroscopy (NELIBS) was
applied to the elemental chemical analysis of micro-drops of solutions with analyte concentration at
sub-ppm level. The effect on laser ablation of the strong local enhancement of the electromagnetic
field allows enhancing the optical emission signal up to more than one order of magnitude, enabling
LIBS to quantify ppb concentration and notably decreasing the Limit Of Detection (LOD) of the
technique. At optimized conditions it was demonstrated that NELIBS can reach an absolute LOD of
few pg for Pb and 0.2 pg for Ag. The effect of field enhancement in NELIBS was tested on
biological solutions such as protein solutions and human serum, in order to improve the sensitivity
of LIBS with samples where the formation and excitation of the plasma are not as efficient as with
metals. Even in these difficult cases, a significant improvement with respect to conventional LIBS
was observed.

Key words: Laser Induced Breakdown Spectroscopy (LIBS), Nanoparticle Enhanced Laser Induced
Breakdown Spectroscopy (NELIBS), microdroplet, ppb level.

1. Introduction

Laser Induced Breakdown Spectroscopy (LIBS) is an analytical technique for elemental chemical
analysis based on the optical emission signal of the plasma produced by laser-sample interaction
[1,2]. Its main peculiarities are: easy set-up, multielemental analysis (including light elements), fast
response and no or minimum sample treatment. In the last decades, thanks to these advantages, the
use of LIBS has been growing in research and industrial laboratories for a wide range of
applications, which include cultural heritage, geology, quality control of industrial products,
biology etc [2]. The growing interest on this technique is pushing researchers to develop different
methods for decreasing the Limit Of Detection (LOD) and improving the reproducibility [3].
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Two approaches are possible to pursue the analysis of liquid solutions by LIBS: the first is directly
performing LIBS of the solution itself [4], the second one is to transfer to or convert the liquid into
a solid phase [3,5,6]. LIBS on the liquid surface provides poor reproducibility because of splashing
and generation of surface waves during laser ablation, thus Double Pulse LIBS (DP-LIBS) in bulk
solution is usually preferred. On the other hand, DP-LIBS also has some drawbacks, i.c., a
comparatively high LOD (few ppm) and the need for large volumes of solution [4]. For these
reasons, LIBS analysis of solutions in laboratory is generally carried out by drying drops of solution
on a solid substrate [7,8]. With this approach it is possible to reach LOD in the range of several
hundreds of ppb, depending on the volume of the droplet and number of signal accumulation. In this
paper we propose a new method based on the use noble metal Nanoparticles (NPs) for enhancing
the LIBS signal using a single laser shot. The use of nanostructures as ‘spectroscopic enhancers’ is
receiving a growing interest for several applications in spectroscopy, microscopy and sensing [9-11]
and we have recently demonstrated, for the first time, its application also for LIBS analysis of
metallic samples, providing an impressive signal enhancement up to two orders of magnitude [12].
In the latter technique, the effect of the coupling between the electromagnetic field of the laser and
the one induced on the surface plasmons of the NPs [13-15] causes the emission signal to
dramatically increase, with a LOD decrease of up to two orders of magnitude with respect to LIBS.
The main advantage of this technique, that we named Nanoparticle-Enhanced LIBS (NELIBS), is
that the sample preparation in principle is very straightforward as it only requires to deposit a
certain amount of NPs on the sample surface. In the simplest case this can be done just by drying a
droplet of a colloidal solution of Au- or Ag-NPs on the sample to be analyzed [12]. On the other
hand, the aim of this paper is to analyze liquid solutions by transporting in a stable plasma phase
less than 1 ng of analyte, deposited on a solid substrate by drying 1 pl of solution. This means that
the field enhancement phenomenon should not involve the substrate where NPs have been
deposited, in order to avoid that a portion of the laser energy is spent for vaporizing the substrate,
and that the atomized substrate further dilutes the sample in the plasma phase. For this reason NPs
have to be deposited on an insulating substrate, so that they act like a support for the analytes
contained in the microdrop of sample solution. When the coupling between the laser
electromagnetic field and the one induced on the surface plasmons of the NPs takes place, both the
deposited sample and the NPs themselves are completely vaporized. The result of the laser ablation
is then the formation of an intense plasma consisting of the sample elements, as well as of atoms
and ions from the NPs. This approach makes it possible to detect and quantify sub-ppm level
concentrations with a single laser shot and using a minimum volume of solution. This perspective
appears extremely appealing for applications, such as forensic or medical ones, where fast response,
small sample volume and low concentrations are major issues.

2. Experimental section.

The experimental set-up used in this work is a typical LIBS system: the laser induced plasma was
produced with a Nd:YAG laser (Quantel Q-smart 850) at 1064 nm, 6 ns amplitude and energy up to
800 mJ, suitably focused on the sample with a biconvex lens of 100 mm focal length. The emission
light was collected with a spectroscopic system consisting of a Czerny-Turner spectrograph (JY
Triax 550) coupled with an ICCD (JY 3000) which was synchronized with the Pockels cell of the
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laser source with a pulse generator (Stanford DG 535). The plasma emission was steered and
focused on the entrance slit of the spectrograph with a 45° mirror and a system of lenses,
comprising three quartz lenses, in order to reduce the image size to 1/3. For plasma image
acquisition, the plasma emission was directly focused on the ICCD coupled with a telephoto
system. In all the spectroscopy experiments the detection times were: delay time from the laser
pulse 800 ns and gate width 10 pus (virtually an integrated time LIBS measurement). In the case of
imaging measurements, the delay was varied with a step of 500 ns and the gate width was 500 ns.
For the LIBS experiment, 1 ul of sample solution was deposited on an inert substrate (glass, silicon
or Teflon were used), while in the case of NELIBS, a bed of Au-NPs was deposited on the substrate
before the sample solution, by drying 1 pl of a colloidal solution (the concentrations used were in
the range 10°-10" mg/ml). As an example, Fig.1 shows the absorption spectrum and the SEM
image of a glass substrate after the deposition of 1 ul of a 2 10? mg ml™ of Au NP dispersion before
the NELIBS measurement. It is clear that, although part of the NPs aggregate in small
bidimensional clusters, the NP film still maintains a significant plasmonic activity. The latter
information is extremely important in order to search for suitable conditions for an efficient local
enhancement of the electromagnetic field. After the substrate preparation, a micro-drop of solution
was deposited on the NP coating and dried by air flow. The diameter of the dried drop, both in the
case of LIBS and NELIBS, was around 2 mm, thus, in order to irradiate and evaporate the entire
sample, the focused laser spot was made equal to 2.5 mm. In these focusing conditions, in the case
of the glass substrate without NPs, there is no laser-glass coupling and the beam passes without
ablating the glass. When either the solution sample or the sample plus NPs are deposited on the
glass surface, a plasma is induced, which mainly involves the deposited material. By optical
microscopy it was possible to establish that no visible damage was induced on the glass, though in
NELIBS spectra some emission lines coming from elements of the substrate were present,
suggesting that although from the physical point of view the interaction of the laser with the
substrate is negligible, when the plasma is produced, the most superficial layers of the substrate can
be evaporated. This implies that special caution should be taken in the selection of the analyte
emission lines, in order to avoid interferences from the glass substrate. Measurements were carried
out in single shot mode, and to improve the reproducibility each measurement was repeated 8 times
and then averaged. The peaks corresponding to the transitions of interests were fitted by Voigt
curves, in order to determine the effective peak area, to subtract the background (due to the
radiative recombination) and to deconvolute the peak from the adjacent ones (if any). The line
intensity, determined as described, was then used as the analytical signal, without any normalization
procedure. All the investigated emission lines were selected in order to avoid interferences with
signals from impurities, and with relative intensity as high as possible. The used transitions are: Pb I
at 405.78 nm, Ag I at 328.07 and 338.29 nm, and the Li I doublet at 670.78 — 670.79 nm.

Sample solutions with different concentrations were obtained by diluting standard solutions of
PbCl,, Pb(NOs), and AgNOs. The PbCl, and AgNOs solutions were prepared by dissolving the
necessary amount of salt in milli-Q water (resistivity: 18.2 MQ cm at normal conditions), obtained
with Milli-Q® Integral Water Purification System, while the Pb(NOs), was prepared by diluting a
standard 1.00 g/L solution with milli-Q water. PbCl, (98%, CAS Number 7758-95-4) and AgNO;
(ACS reagent >99 %, CAS Number 7761-88-8) salts, the Pb(NOs), solution (as lead for atomic
spectroscopy standard concentrate 1.00 g, Pb 1.00 g/L, analytical standard, CAS Number 10099-74-
8), and Human Serum (from human male AB plasma, USA origin, sterile-filtered, H4522-20ML)
3
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were purchased from Sigma Aldrich. The protein “Reaction Center” (RC) from the purple
bacterium Rhodobacter sphaeroides was isolated and purified according to Gray et al. [16]. In all
preparations, the ratio of the absorption at 280 and 800 nm was between 1.2 and 1.3. This isolation
procedure provides RCs with a QB content of about 60%. RC was suspended in 10 mM Tris-HCI
buffer at pH=8.00, Lauryl-Dimethyl-Amino-Oxide (LDAO) 0.025% (w/V), hereafter TL buffer.
Ultrapure mQ water (Millipore) was used. After the functionality assay, the sample at Li
concentration equal to 1.00 M, was dialyzed (3kDa cut-off dialysis membrane) against TL buffer
for about 24 hours with two changes of buffer (in any case the volume ratio was 1:100). Au
colloidal solutions of various sizes (0.06 mg/ml in aqueous buffer, NanoComposix, Inc.), as well as
Au NPs of different size produced by laser ablation in liquid as described in [17] were used for
preparing the sample.

3. Discussion.
3.1 Fundamental aspects

The most attractive feature of NELIBS is that, thanks to the coupling of the electromagnetic field of
the laser with the one induced on the surface plasmons of the NPs, a strong local enhancement of
the electromagnetic field is obtained [13-15]. This phenomenon is related to the fact that the laser
pulse induces coherent oscillation of the conduction electrons in small metallic particles, which in
turn amplifies the incident electromagnetic field increasing the latter in the vicinity of the particle
surface [18]. The particular interest of the local electric field enhancement in laser-based analytical
techniques is that the effective intensity of the incident electromagnetic radiation results remarkably
increased. As shown in detail in ref. [19], in the case of LIBS, where the crucial process for the
ablation and plasma induction is the production of seed electrons, the local enhancement of the
electromagnetic field appears extremely useful because it allows extracting electrons from the
sample by field electron emission, simultaneously in multiple ignition points. The main result is a
more efficient ablation and plasma excitation, and, in turn, an increase of the emission signal.

Fig.2 shows the intensity enhancement (determined as the ratio between NELIBS and LIBS
intensity of Pb I at 405.78 nm), as a function of the concentration of NPs deposited on a glass
substrate (i.e. NP surface density) together with 1 pl drop of a 2.5 ppm PbCl, solution. In analogy
with what has been observed in the case of NELIBS of metals, there is a critical surface density at
which an evident rise of the enhancement occurs [19]. At NP surface density beyond this critical
value, the sharp increase of the electromagnetic field and the small tunneling barrier allows
producing several seed electrons, thanks to the multiple ignition mechanism described above. If the
surface density of Au-NPs is too high, a decrease of Pb I intensity is observed. This can be
explained by two phenomena, i.e.: the formation of large NP aggregates which causes the
electromagnetic field enhancement to decrease, and the excess of NP-generated Au species going
into the plasma phase and diluting the analyte, whose emission intensity consequently decreases.

In order to optimize the electromagnetic field enhancement due to the NPs deposited on the surface,
it is necessary to deposit the critical number of NPs on the substrate surface, in order to produce a
layer of NPs with an optimal average distance between them [20]. This means that depending on the
NP size, a different surface density of NPs is required. Fig.3 shows the critical surface density as a
function of NP size, determined as the minimum surface density necessary to observe a sharp jump
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in emission intensity with respect to conventional LIBS at the same experimental conditions. For
surface density of about one order of magnitude beyond the critical surface density of NPs, the
intensity enhancement holds values higher than one order of magnitude, similarly to what has been
observed previously with NELIBS of metals [12, 19]. It is important to underline that in the case of
NELIBS of micro-drops for the detection of trace elements, the local enhancement of the
electromagnetic field is not the only advantage of this technique, and two further advantages arise.
First of all, analytes from the solution can adsorb on the NP surface, as NPs can act as natural
nucleation seeds and growth sites for salts during the drop evaporation. This allows an optimal
distribution of the analytes themselves on the ablative NP coating, which in turn ensures that they
are completely ablated with a single laser shot. Moreover, when dealing with micro-drops and sub-
ppm concentrations, the mass of analyte left after drying the solution is very low. This implies that
with conventional LIBS the plasma would result very weak because only few material particles (i.e.
atoms, ions and electrons) would be able to participate in its formation. For example, for 1 pl of
solution containing 1 ppb of analyte , the mass of sample transported in the plasma phase is 1 pg, if
we consider the laser ablation complete. This means that the number of particles in the plasma
phase is in the order of 10°, while in typical LIBS experiments, with ablated mass in the order of
hundreds of nanograms, the number of particles is in the order of 10", The amount of particles in
the plasma is crucial for the stability of the latter, because it is correlated to the number of electrons
available for the excitation of the species in the plasma phase. The number of electrons is indeed
directly proportional to the population in the upper level involved in the optical transition [21]. In
this scenario, noble metal NPs work like an ideal buffer material, because they are easy to vaporize
by laser irradiation (lower breakdown threshold with respect to the bulk material), their spectral
interference is controllable by choosing the type of NPs (Au, Ag, Pt etc.), and their concentration in
the plasma can be adjusted by varying the concentration of NPs in the colloidal solution (within the
constrains of reaching the critical surface density as described previously). In other words, NPs on
one hand increase the ablation and excitation efficiency thanks to field enhancement, and on the
other hand feed the plasma with atoms, ions and electrons generated by the ablation of NPs
themselves. The result of these two phenomena is that a much more intense and stable plasma is
induced than in conventional LIBS of a dried micro-drop.

The global effect of NELIBS with respect to LIBS on plasma emission and dimension during 1 pl
of 1 ppm PbCl, solution is illustrated in Fig.4 where typical emission images of LIBS and NELIBS
are reported. This image was obtained by focusing the plasma emission directly on the ICCD with a
telephoto system, and allows visualizing the emission spatial distribution in a color scale map,
where the abscissa is the distance from the target, while the ordinate represents the radial dimension
of the plasma. In the bottom of the figure is reported, with the same abscissa, the integrated
emission intensity to highlight the emission enhancement of NELIBS with respect to LIBS. This
Figure shows clearly that the plasma, during NELIBS, is brighter and spatially much more
extended, thus providing a considerable advantage in emission detection for analytical purposes. It
is also notable that, as a consequence of the different dynamics of plasma expansion, the most
intense region in LIBS and NELIBS have different spatial locations.

3.2. Results
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As mentioned previously, the emission signal of analytes from micro-drops of solutions deposited
on a solid substrate can be strongly enhanced by coating the substrate with NPs. Fig.5 a) and b)
show the comparison of a frame of NELIBS and LIBS spectra of 1 pl of 500 ppb PbCl, and
Pb(NOs), aqueous solutions. In Figs.4, it is evident that in the NELIBS experiment the intensity of
the Pb I emission line, both in the case of PbCl, and of Pb(NOs3),, is enhanced and clearly
quantifiable, while with conventional LIBS, though present, it appears at the noise level. A
comparison of NELIBS and LIBS calibration curves in the ppm range is reported in Fig. 6 a) and b).
The NELIBS experiment displays an increase of the slope between 14 and 25 times, which implies
an excellent sensitivity improvement with respect to LIBS. From the calibration curve slopes and
the background standard deviation multiplied times a factor 3, we estimated the Pb LOD for
NELIBS and LIBS, which respectively resulted of 2 ppb and 50 ppb (the respective Limit Of
Quantitation, LOQ, were 6 ppb and 150 ppb). As an example the calibration curve of Pb at ppb
level are reported in Fig.7 for the PbCl, solutions. It is important to underline that a quantitative
measurement of Pb at the ppb level, using the Pb I transition at 405.78 nm, is only possible with
NELIBS, because the LOQ of LIBS is 150 ppb, thus no quantification is possible below this level.
The demonstrated possibility of measuring the concentration of elements at the ppb level in just 1 pl
of solution and by a single laser shot is extremely attractive, also considering that LOD can be
further improved just by increasing the volume of the sample droplet.

In order to confirm the results obtained with Pb salt solutions, we studied a solution of AgNO3 with
the same procedure. 1 pl of Au-NP solution was deposited and dried on a substrate, prior to
depositing 1 pl of analyte solution (AgNO; 100 ppb). Fig. 8 shows the comparison between a
NELIBS and LIBS spectral frame around the Ag I peaks at 328.07 and 338.29 nm . It is evident
that this concentration is below the LOD of LIBS while it is clearly measurable by NELIBS.

Fig.9 reports the NELIBS calibration curve of Ag in 1 pl of AgNOs solution and clearly shows that
concentrations as low as few hundreds of ppt can be measured. Fig.9 shows a measurable quantity
of 300 ppt (with an estimated LOD of 200 ppt), while in the case of LIBS the LOQ was around 200
ppb. As it is possible to observe in the inset of Fig. 9, the major concern in the case of spectroscopic
detection at very low concentration, is that contaminants may be on the same concentration level as
the analytes, thus they may interfere with the spectral detection and affect the analysis.
Contaminants are mainly impurities contained in the analyte solution and even in the NP
dispersions, when they are produced with chemical synthesis methods. For this reason, cleaner
techniques for NP production, such as Pulsed Laser Ablation in pure liquids, are strongly suggested
for detection at ppb and sub-ppb level [22].

The use of NPs for LIBS analysis is useful not only for decreasing the detection limit, but also
because it can play an important role in cases of samples difficult to vaporize or containing atoms
with high ionization energy [2,3]. For example, proteins contain saturated bonds, which make them
not conductive, and elements with high ionization energy (carbon, nitrogen, hydrogen and oxygen),
thus upon laser irradiation they produce very weak plasmas. In such cases, the support of NPs,
deposited as previously discussed, allows increasing plasma duration and emission intensity. To
prove this, we show in Fig. 10 the comparison between NELIBS and LIBS spectra of 1 pl of
solution of the Reaction Center from the purple bacterium Rhodobacter Shaeraides. This large
protein was treated with alkali metal salts and after extensive dialysis, the native functionality was
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restored and all the cations removed, except Li. LIBS and NELIBS were used for detecting the
residual Li content. When NPs were deposited, an emission enhancement of more than one order of
magnitude was observed for Li signals at 671 nm. Thus, a calibration curve could be drawn to
quantify the Li content, which resulted equal to 260 ppb.

Finally, we report one last example based on the observations previously reported about the LOD
decrease and the possibility of exploiting NELIBS to avoid the plasma quenching in biological
solutions. Fig. 11 reports the emission signal of Pb I in NELIBS spectra of 1 pl of artificially Pb-
contaminated human serum. In this experiment 1pul of PbCl, solution with different concentrations
(1000, 100, 10 ppm) was mixed with 100 pl of pure human serum, in order to obtain three solutions
with Pb concentration of, respectively, 7.4 ppm, 0.74 ppm and 74 ppb. We can see that in this case,
again with 1pl of solution, LIBS does not allow a clear detection of lead for concentration lower
than 5 ppm, while with NELIBS Pb appears detectable down to 74 ppb. Although physiologically
relevant concentration of Pb in serum is below 50 ppb, NELIBS shows an evident improvement
with respect to LIBS, where the LOD in 1 pl of serum is at ppm level. This clearly shows the
potential of NELIBS even in real cases of study, and considering that, by increasing the amount of
analyzed solution, a further decrease in the NELIBS LOD can be reasonably expected, this result
can be considered as a first step towards a wide range of medical and forensic applications.

4. Conclusion.

In this paper the use of nanoparticles as LIBS enhancers, previously demonstrated for metals, was
tested for the elemental analysis of micro-drops of 1ul volume of liquid solutions, in single shot
mode. An evident enhancement of the analyte emission intensity was found when the micro-drop of
solution was deposited on a substrate covered with Au-NPs. In agreement with our previous studies,
the NELIBS enhancement with respect to conventional LIBS was ascribed to three phenomena:
field enhancement due to the coupling of the electromagnetic field of the laser with the one induced
on the NP surface plasmon (main effect); adsorption of analytes on the NP surface; increase of the
number density of particles in the plasma phase as a consequence of the ablation of NPs. We tested
NELIBS with aqueous solutions of Pb and Ag salts, and found absolute LOD of 2 and 0.2 pg,
respectively. The effect of NPs was studied also in the case of proteins and human serum solutions,
which were artificially contaminated by metal ions. NELIBS shows interesting advantages also in
these cases, because the initial higher energy input due to the field enhancement allows a better
excitation of the plasma with respect to LIBS also when the sample contains atoms with high
ionization energy. Particularly promising is the possibility of metal detection in micro-drops of
human serum because it opens the path to transfer NELIBS to real case applications, such as in
medical and forensic science. Further investigation on sample preparation based on
nanotechnological approaches can be expected to further improve the capabilities of NELIBS in
terms of sensitivity and accuracy.
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Figure Captions

FIG.1: Absorption spectrum and SEM image of a glass substrate after the deposition of 1pl of 2 107
mg ml” Au-NPs before the NELIBS measurement.

FIG.2: NELIBS spectral line enhancement of Pb I at 405.7 nm as a function of surface density of
Au-NPs (diameter of 10 nm). The sample solution was 1 pl of 1 ppm PbCl,, laser fluence 16.3 J cm’
2

FIG.3: Critical surface density and corresponding number of NPs deposited on substrate surface as
functions of NP diameter in NELIBS experiment.

FIG.4: Total emission images of LIBS and NELIBS plasma of 1 pl of 1 ppm PbCl, (delay time
from the laser pulse: 1.3 ps, gate width: 500 ns, laser fluence: 16.3 J cm™). In the case of NELIBS,
1 pl of Au-NPs solution 0.04 mg ml" was used.

FIG.5: Comparison between the NELIBS and LIBS spectral line of Pb I (405.7 nm) for 1 pl of 500
ppb a) PbCl, and b) Pb(NO3), solutions. Experimental conditions: laser fluence 16.3 J cm™, 1 ul of
0.04 mg mI" Au-NPs.

FIG.6: Calibration curve of Pb in the range of 0.5 ppm to 8 ppm in the case of a) PbCl, and b)
Pb(NOs),. Experimental conditions: 1l of sample solution, laser fluence 16.3 J cm™, 1 pl of Au-
NPs 0.04 mg ml™.

FIG.7: Calibration curve of Pb in the range of 0 ppb to 250 ppb in the case of PbCl,. Experimental
conditions: 1l of sample solution, laser fluence 16.3 J cm™, 1 pl of Au-NPs 0.04 mg ml™.

FIG.8: Comparison between the NELIBS and LIBS spectral line of Ag I (328.07 nm), for 1 pl of
100 ppb AgNO; solution. Experimental conditions: 1 pl of sample solution, laser fluence 12. J cm™,
1 ul of Au-NPs (diameter of 20 nm) 0.03 mg ml™.

Fig.9: Calibration curve of Ag in the concentration range between 0 and 6 ppb. In the inset the
spectral line of Ag I at 328.07 nm at Ag concentrations of 11.7 ppb and 0.35 ppbare shown.
Experimental conditions: 1 pl of AgNO; sample solution, laser fluence 12. J cm?, 1 pl of Au-NPs
(diameter of 20 nm) 0.03 mg ml™.
11
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FIG.10: Comparison between the NELIBS and LIBS signal of Li in 1 pl of solution of the protein
Reaction Center (RC) from the purple bacterium Rhodobacter sphaeroides at concentration 10° M.

Experimental conditions: laser fluence 20.4 J cm™, 1 pl of Au-NPs (diameter of 20 nm) 0.06 mg mlI
1

FIG.11: NELIBS spectra of human serum artificially contaminated with PbCl, at different
concentration: 74 ppb, 740 ppb and 7400 ppb. The detector gain is different for each measurement
in order to maximize the emission signal. Experimental conditions: laser fluence 20.4 J cm™, 1 ul of
Au-NPs (diameter of 20 nm) 0.08 mg ml™.
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