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This work has focused on the development of a new analytical alternative based on the laser-induced
breakdown spectroscopy (LIBS) technique for the fast, reliable, and economical determination of the
gold and silver nanoparticle content in a low linear concentration range between 2.9 and 0.058 pg mL™*
and 2.9-0.116 pg mL™%, respectively, without requiring complicated sample pretreatment procedures or
advanced separation techniques. Metallic nanoparticles are currently essential materials for the
development of new technologies in different scientific and technical areas. However, numerous studies
have pointed out these nanomaterials’ toxic and polluting potential and the various health implications
for humans, animals, and the ecosystem. The current reality reflects the lack of analytical techniques
with low economic, environmental, and health impacts and the capacity to quantify the total metallic
nanoparticle content. For this purpose, a novel and simple method for the selective capture of gold and

silver nanoparticles, consisting of a chemically functionalized glass surface, has been custom-developed
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Accepted 6th February 2024 for subsequent analysis with LIBS. The results show that the proposed method, employing

a functionalized sample glass support, presents a suitable analytical performance characterized by
increased sensitivity, specifically 4.7% and 329.2% for Au-NPs and Ag-NPs, and proportionally decreased
error in the slope and intercept of the calibration curves, 68% for Au-NPs and 87% for Ag-NPs, respectively.
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1. Introduction

1.1. The emerging analytical issues and concerns around
gold and silver nanoparticles

Metallic nanoparticles (NPs) are a specific type of nanomaterial,
typically consisting of metal particles between 1 and 100
nanometres in size. Because of their small size, they have
unique physical and chemical properties that differ from those
of larger particles of the same material. These properties are
largely due to the fact that the surface-to-volume ratio of
nanoparticles is much higher than that of larger particles.
Currently, researchers are focusing on metallic nanoparticles
due to their appealing properties, which are useful for
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catalysis,"® preparation of composites such as polymers,*

disease diagnosis and treatment,>” sensor technology, and
labelling of optoelectronic substrates.”®

Within the wide range of solid metallic nanoparticles avail-
able, gold nanoparticles are the most widely studied and used in
the scientific field, given their unique optical, photothermal,
and electronic properties.>'® In addition, solid gold nano-
particles have diversified so much over time that they are now
widely used for novel applications ranging from drug delivery
and therapy strategies to specialized sensors for imaging.” Silver
nanoparticles are another typical example of solid metallic
nanoparticles, which, unlike gold, owe their popularity to their
bactericidal,">** catalytic,"* anti-inflammatory,”'* and other
medical*® properties. However, the widespread use of nano-
particles has led to some opinions and evidence about the
potential of solid metallic nanoparticles as toxic agents**™*” for
human health'*?* and as pollutants in the environment,'*****
especially water.”*

Despite the rapid dissemination of the use of nanoparticles
of gold, silver, and other metals, the quantification of these
nanomaterials is a major analytical challenge, mainly due to
their characteristic size and the lack of highly sensitive detec-
tion systems that guarantee a high degree of precision and
accuracy that this type of analysis requires. One of the main
problems associated with the quantification of metal nano-
particles is the selection of separation and pre-concentration

This journal is © The Royal Society of Chemistry 2024
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techniques for nanoparticles, although nowadays, there are
several physical separation techniques, such as ultrafiltration,
ultracentrifugation, and centrifugal ultrafiltration. Further-
more, other chemical separation techniques, such as hydrody-
namic chromatography (HDC) and electrophoresis, can have
better or worse performance depending on the characteristics of
the NPs, such as their size, external coating, shape, etc.,>* which
is a major complication in the pre-analytical stage. In this sense,
the development of new analytical mechanisms that allow the
selective trapping of nanoparticles for their subsequent quali-
tative or quantitative determination is key for this type of
analysis, which is so important in the scientific, clinical, and
environmental fields. However, the LODs associated with the
quantification of total Au-NP and Ag-NP content using these
conventional separation techniques, such as liquid or solid
phase extraction, are not as low as those obtained with newer
extraction methods, such as point-cloud extraction (CPE)* or
with the preferred field-flow fractionation (FFF) technique,?®
which are employed with ICP-MS-based detection. The total NP
content is usually determined by using optical emission spec-
trometry techniques, such as inductively-coupled plasma mass
spectrometry (ICP-MS) or surface plasmon resonance (SPR). In
the specific case of ICP-MS, when used with other separation
techniques, such as those mentioned above, it provides appro-
priate sensitivity for the quantification of metallic nano-
particles.** However, the detection limit of this technique is
highly dependent on the efficiency and sophistication of the
separation and sample pretreatment methods, and their use is
a major limitation due to the requirement for highly specialized
and expensive instrumentation, which prevents them from
being an environmentally friendly and economically viable
option, not to mention the significant time that can be
consumed in the use of this advanced technique and their high
cost. All this together makes the detection of metallic NPs by
ICP-MS-based techniques a not very efficient option. On the
other hand, a problem associated with the use of the SPR
technique for the quantification of the total NP content is the
presence of the plasmons of the NPs as a band in the UV-vis
spectral range that allows the determination of the
concentration.

Introducing the use of the laser-induced breakdown spec-
troscopy (LIBS) technique for the quantification of MNPs is an
analytically strategic and viable option due to the almost null
sample treatment” required for the analysis and the high
sensitivity of the technique for the detection of metallic
species,”®* based on the capture of the spectral information of
the plasma that is generated on the surface of the sample when
a pulsed laser is previously incident on it. Relevant studies that
serve as a background for the use of LIBS for the quantification
of NPs have focused on the use of MNPs on the surface of
metallic samples for the study of the improvement of the
analytical signal obtained due to the presence of nanoparticles,
which has allowed the development of a variant of the LIBS
technique known as nanoparticle enhanced laser induced
breakdown spectroscopy, NELIBS.**** In addition to presenting
significant results related to the analytical suitability of the LIBS
technique for the preliminary characterization of Ag-NPs, one of
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the most interesting inferences of these studies refers to the
influence of NP size on the slope of the calibration curve for the
characterization of NPs by LIBS, which has been an important
limitation for the development of the LIBS technique as a viable
alternative for the characterization of real samples, with
unknown content and size of nanoparticles. These results
suggest the need for analytical strategies conveniently designed
to overcome this limitation that has made it impossible to use
the LIBS technique to quantify the total NP content in real
samples.

Thus, this work has focused on the development of a fast,
reliable, and economically easy-to-perform analytical applica-
tion based on LIBS for the analysis of gold and silver nano-
particles by employing, for the first time, a chemically
functionalized glass support that enables selective trapping and
fixation of NPs to the glass sample support surface, without the
need for complex sample pretreatment or the use of advanced
separation techniques.

2. Materials and methods

2.1. Synthesis of citrate-capped Au-NPs

Citrate-capped Au-NPs were prepared according to previous
studies.*® First, 100 mL of an aqueous solution of HAuCl,
(0.01%) (Alfa Aesar) was heated to boiling, and then 5 mL of an
aqueous solution of trisodium citrate (1%) (Sigma-Aldrich) was
added. After 10 minutes of boiling, the mixture was cooled to
room temperature. The Au-NP nominal concentration in the
final solution was 58.0 pg mL .

2.2. Synthesis of citrate-capped Ag-NPs

Citrate-capped Au-NPs were prepared according to Mendi's
approach.*® 5 mL of an aqueous solution of silver nitrate
(0.017%) (Alfa Aesar) was dropped into 50 mL of a stirred
aqueous solution of trisodium citrate (0.155%) and NaBH,
(0.0045%) (Scharlau). After 30 min of stirring, citrate-capped Au-
NPs were collected by centrifugation, washed with trisodium
citrate (0.26%), and finally suspended in 2 mL of trisodium
citrate (0.775%). The Ag-NP nominal concentration in the final
solution was 0.27 mg mL .

2.3. NP characterization method

The concentration of the prepared NP solutions was determined
by the UV-vis spectroscopy method, based on the extinction
coefficient determination for gold* and silver®” nanoparticles,
with an Ultrospec 8000 spectrometer (GE Healthcare Life
Sciences, Buckinghamshire, UK), equipped with a double-beam
monochromator, a deuterium + tungsten light source, and
a dual-silicon-photodiode-based detector. The spectra were
collected with £0.3 nm wavelength accuracy across the wave-
length range, with +£0.1 nm wavelength reproducibility, and
£0.002 photometric reproducibility.

Regarding the particle size, the prepared NP stock solutions
were characterized by the ultra-high resolution transmission
electron microscopy technique (TEM) using an analytical
transmission electron microscope JEM 2100 (JEOL, Ltd, Tokyo,
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Japan) equipped with a LaBg thermionic electron gun, an
accelerating voltage of 200 kV, a built-in scanning-transmission
electron microscopy (STEM) unit with a brightfield detector
with 0.25 nm between spots, and an X-ray energy dispersive
spectroscopy microanalysis system (XEDS-OXFORD INCA). The
images were collected using the built-in CCD ORIUS SC1000
(Model 832) camera. The samples were prepared by depositing
gold and silver nanoparticle stock solution drops, separately, on
a copper grid covered with a carbon film.

2.4. Chemical functionalization of the glass support

Microscope glass slides were chemically functionalized
according to Marques's method by silane coupling reactions.*®
The glass surface was activated by immersion in an aqueous
solution of nitric acid (20%) (Scharlab) at room temperature for
24 hours. After this, the slides were extensively washed with type
1 water (Merck Milli-Q IQ 7000 model ultrapure water system,
Darmstadt, Germany). Then, the slides were immersed in an
H,0, aqueous solution (10%) (Sigma-Aldrich) at 75 °C. After 45
minutes, the slides were cooled at room temperature, and 5 mL
of concentrated NH,OH solution (Scharlau) was added. Then,
the slides were widely washed with type 1 water and finally with
methanol (Sharlau). To graft the silane (-SiO; groups), a solu-
tion of 25% methanol in water, with a previously adjusted pH of
4.5 using acetic acid, was used to dissolve 3-(mercaptopropyl)
trimethoxysilane (Alfa Aesar) to reach a final concentration of
2%. After stirring this solution for 10 min, the glass slides were
immersed in the 2% silane solution for 30 min, and then rinsed
with ethanol (96%, Scharlau) and aged at 110 °C for 30 min.
Additionally, atomic force microscopy images were obtained to
confirm the attachment and distribution of the NPs on the
surface of the functionalized glass support before and after
depositing the nanoparticle solution in the support. For this
purpose, an atomic force microscope AFM multimode Nano-
scope III A (Bruker, Massachusetts, USA) was used with three
scanners of 1 y, 15 p, and 150 p with contact and tapping modes
with nanometric resolution.

2.5. Nanoparticle sample preparation and analysis
procedure

Ten working solutions of known concentration were prepared
from the gold and silver nanoparticle solutions, specifically
2.900, 1.740, 0.580, 0.116, and 0.058 pg mL ™" for gold nano-
particles, and 2.900, 1.740, 1.160, 0.580 and 0.116 pg mL™ " for
silver nanoparticles. Then, with the help of double-sided
adhesive tape, wells of 4 mm were delimited to deposit 4 uL
drops in triplicate for each nanoparticle working solution on
the surface of the glass previously functionalized with the silane
group. In this way, droplet runoff was avoided, and the
concentration of the nanoparticles in the well area was
enhanced. Fig. 1 shows the schematic of the sample
preparation.

Once the drops of the working solutions for gold and silver
nanoparticles were deposited, they were allowed to dry at room
temperature in a clean, contamination-free area. Once the
droplets were completely dried on the functionalized glass
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support, they were analyzed with the pnLIBS imaging technique.
This experiment was carried out on functionalized and non-
functionalized glass supports. The glass support was placed
on the LIBS instrument platform, and the entire surface of the
glass was ablated, except for the frosted area where no nano-
particles were deposited. For each well, 31000 spectra were
obtained, in addition to the spectra of the area of the glass
support surface where no signal was detected for the analytes of
interest.

2.6. pLIBS-imaging instrumentation and technical
parameters

The pLIBS-imaging instrument consisted of a multimode
1064 nm IR laser source with a pulse duration of 8 ns,
a maximum pulse energy of 2 mJ, and a repetition frequency of
100 Hz. The analysis sequence was adjusted to a pulse resolu-
tion of 35 um, and all measurements were performed at room
temperature and assisted with a 0.8 L mm™" flow of ultra-high
purity compressed argon gas. The detection system consisted
of a Shamrok 500 spectrometer with an intensified charge-
coupled device (ICCD), with a delay and gate acquisition
setting of 1 us and 5 ps, respectively, and a grating adjusted to
2400 L mm . This configuration results in 31 000 spectra per
well, each at different locations of the glass surface to avoid
depletion or crater formation in the sample surface. The spec-
tral window selected was 257.60 nm-277.50 nm and 327.07 nm-
336.50 nm for Au-NPs and Ag-NPs, respectively, according to the
NIST LIBS database® for the Au and Ag emissions lines.

2.7. Data treatment and analysis

The acquisition and data analysis were performed using
a custom-developed LabVIEW software (National Instrument,
Ireland). During the pLIBS-imaging analysis, the following
approach was used to process the spectra. Initially, all spectra
obtained were subjected to a baseline adjustment pretreatment.
Next, the spectra corresponding to each droplet were averaged
(n = 31 000). Then, the mean spectra for each triplicated drop
were averaged (n = 3) for the five concentration levels used in
the working solutions for gold and silver nanoparticles. The
average spectrum quantitative data for each concentration level
were determined by using the average intensity (n = 3) of the
emission lines corresponding to gold and silver, i.e., 267.59 nm
and 328.15 nm, respectively, according to the NIST LIBS data-
base.* The calibration curves were constructed with this
intensity information as a function of gold and silver
concentration.

3. Results and discussion

3.1. Au-NP and Ag-NP characterization and their interaction
with the functionalized glass support

The NPs prepared for this research were characterized using the
procedure described in Section 2.3. The average metallic
concentration results obtained with the UV-vis spectroscopic
method for Au-NPs* and Ag-NPs*” were 58 &+ 3 ug mL ™" and 27
+ 2 mg mL%, respectively. The UV-vis spectra of the

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 A schematic of the custom-designed silane-functionalized glass support and sample preparation procedure was developed in this

research for the LIBS-based nanoparticle analysis.

nanoparticles are shown in Fig. 2. For the gold nanoparticle
suspension, it is observed that the maximum absorbance at
520 nm is congruent with the particle size observed in the
subsequent TEM analysis results (Fig. 3). According to the
bibliography, gold nanoparticle solutions with diameters
between 12 and 41 nm show an absorption maximum between
520 and 530 nm.* On the other hand, the UV-vis spectrum of
the prepared silver nanoparticle suspension shows a maximum
at 391 nm, consistent with the particle size observed in the
subsequent TEM images (Fig. 3). These results are also in line
with previous studies that have experimentally established that
a silver nanoparticle suspension with an absorption maximum
at 390 nm is due to particle sizes averaging around 20 nm.*

a)
AuNPs
520 nm
//T\
// E
e N\
T T s T 1
400 500 600 700
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The size characterization results of the prepared nano-
particles, presented in Fig. 3, were obtained with the procedure
described in Section 2.3. These results show the high sphericity
and homogeneity among the prepared nanoparticles, with an
average particle size of 19 = 1 nm and 23 £ 2 nm for Au-NPs and
Ag-NPs, respectively.

These promising results concerning the low size dispersion
in the prepared NPs and their significant spherical homogeneity
are the result of the use of NP preparation methods that have
been extensively studied and whose effectiveness has been
validated in several previous studies: the Turkevich***® and
Mendi's*** methods for Au-NP and Ag-NP preparation,
respectively.

b)
—— AgNPs

391 nm

b ommm ey

r T
300 400 500
Wavelength (nm)

Fig.2 NP concentration determination by the UV-visible method for gold*® and silver®” nanoparticles: (a) Au-NP stock solution spectrum. (b) Ag-
NP stock solution spectrum. The average concentration results obtained with the UV-vis spectroscopic method for Au-NPs*® and Ag-NPs*” were

58 + 3 ug mL~* and 27 + 2 mg mL™?, respectively.
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Fig. 3 NP characterization using the analytical transmission electron
microscopy (TEM) technique. (a) UHR-TEM image of the prepared Au-
NPs and (b) TEM image of the prepared Ag-NPs used in this research.
The results showed an average particle size of 19 + 1 nm and 23 +
2 nm for Au-NPs and Ag-NPs, respectively.

On the other hand, about the study of the interaction of the
prepared nanoparticles with the functionalized glass surface,
Fig. 4 shows the atomic force microscopy (AFM) images of the
silane-functionalized glass support, custom-designed for the
LIBS-based metallic nanoparticle analysis, with and without Au-
NP and Ag-NP colloidal solution deposition. These results
evidence the attachment of the nanoparticles to the glass
support, regardless of size, enabled by prior functionalization
with silane groups.

This is perhaps one of the most important results of the
study since it is the first time that this type of functionalized
sample support has been applied for the analysis of nano-
particles by LIBS. This simple yet analytically strategic mecha-
nism for nanoparticle attachment based on surface
functionalization is widely employed for constructing optical
and electrochemical-based biosensors and sensors today,**-*
among other relevant applications.*** In the case of this study,
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thiol groups chemically bonded to the glass support have been
used to enable the selective capture of gold and silver nano-
particles on the surface support, as shown in Fig. 5, by inter-
action with the terminal sulfhydryl (-SH) functional groups in
thiol (R-SH) groups on the surface of the designed support.*>’

Incorporating functionalities on the glass surface, composed
of silica, is possible using different routes.”” However, the
traditional techniques of silica surface modification involve the
use of the grafting method (Fig. 5), widely used for the immo-
bilization of metallic nanoparticles for the development of
sensors and biosensors, employing compounds such as sila-
zanes, chlorosilanes, or organosilanes,*” as the thiol-terminated
3-(mercaptopropyl) trimethoxysilane coupling agent used in
this study.

This silane grafting enables the chemical reaction of free
terminal sulfhydryl (-SH) functional groups in the grafting
molecule (3-(mercaptopropyl) trimethoxysilane) used for the
functionalization of the surface of the designed support®>’
(Fig. 5d) which in turn functions as a “chemical adhesive” for
the Au-NPs or Ag-NPs on the functionalized glass surface, as
presented in Fig. 5e, due to the high chemical affinity between
sulfur and gold***® and silver®”* nanoparticles, which results in
strong and stable Au-S* and Ag-S bonds®* indistinctly regard-
less of their NP size. More detailed information about the
surface functionalization strategy used in this work can be
found in ref. 57, 63 and 64.

Since the surface grafting procedure performed as part of the
glass surface functionalization allows a homogeneous distri-
bution of the terminal -SH functional groups on the surface of
the material (Fig. 5c¢), the distribution of the entrapped nano-
particles is also mainly homogeneous® (Fig. 5e), as shown in

Functionalized glass support
surface with Ag-NPs-23nm
sample deposition
1.0

22 nm 73 nm

0nm

22 nm
0nm

Fig. 4 Representative atomic force microscopy (AFM) images of the silane-functionalized glass support, custom-designed in this research for
the LIBS-based metallic nanoparticle analysis. The left part shows the functionalized surface without nanoparticles. The middle part shows the
surface once the Au-NPs have been deposited. Finally, the functionalized surface with the deposited Ag-NPs is observed in the right part.
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Fig. 5 Graphical representation of the glass surface functionalization process and the selective trapping mechanism of metal nanoparticles
detailed in Section 2.4. (a) Glass surface support activation by immersion in an aqueous nitric acid solution. (b) Hydroxylation of the activated glass
surface by treatment with H,O, and NH4OH. (c) Glass surface silanization by treatment with 3-(mercaptopropyl) trimethoxysilane. (d) Elec-
trostatic interaction of terminal sulfhydryl (=SH) groups with the surrounding metal nanoparticles. (e) Metallic nanoparticle assembly on the
functionalized glass surface by Au-S bond formation. (f) Metallic nanoparticle self-assembled monolayer formation on the functionalized glass

surface.

Fig. 6 below, which presents the results of the images generated
by pLIBS.

By studying the effect of functionalization of the glass support,
interesting results can be seen concerning the distribution of the
NPs on the functionalized glass support, with respect to the
increase in the analytical sensitivity of the method for detecting
Au-NPs and Ag-NPs. Specifically, observing the pLIBS images of
the non-functionalized glass support (Fig. 6 left), it is evident that
for both Au-NPs and Ag-NPs, there is a mainly irregular distri-
bution of NPs, characterized by the crowding of the NPs at the
edges of the wells of the support. This is due to weak nanoparticle
interfacial adhesion on the glass surface, where Brownian motion
is the main NP surface diffusion mechanism.*”® On the other
hand, comparing the LIBS images of gold and silver nano-
particles on the functionalized glass support (Fig. 6 right) pres-
ents a completely different scenario. The results show a more
uniform distribution of the NPs on the wells of the functionalized
glass support. This is because the chemical functionalization of
the support promotes the adhesion of the NPs to the surface of
the support due to the electrostatic attraction with the terminal -
SH groups and the subsequent formation of the sulfur bonds.
This situation causes the attachment of the NPs on the surface of
the functionalized glass support, promoting their ordered and
structured diffusion, as previously presented in Fig. 5. All this
evidence justifies the strategic nature of the use of the pLIBS
technique, not only for the quantification of NPs but also to study
the distribution of metallic nanoparticles on functionalized or
non-functionalized surfaces.

Given the difficulties inherent to the analysis of the NPs of
interest, especially those related to the sample treatment

This journal is © The Royal Society of Chemistry 2024

procedures that involve the use of sophisticated separation
techniques, this custom-designed functionalized glass support
represents an important technological development since it
allows the capture of the NPs of interest in a selective manner,
completely eliminating the complicated sample treatment
procedures and enabling rapid and direct analysis by the LIBS
technique, as we present later. It is important to highlight that,
for the functionalization of the glass support, a great diversity of
functional groups can be used, which enables a very wide possi-
bility for the development of analytical strategies for the selective
and specific capture of NPs of different metals, with no size
restrictions, using different functional groups on the surface of
the glass support. The main advantage of using this type of
functionalized glass support is that, in the case of sample anal-
ysis, it can be used in several ways: (1) by directly immersing the
support in the liquid samples or (2) by depositing liquid samples
in the wells of the support. This also makes it possible to study
solid matrices such as soil samples and ashes of biological
samples dissolved in aqueous solutions or, alternatively, gaseous
samples previously dissolved in water. The metal nanoparticles
present in the samples will be captured by the active functional
groups on the surface of the support, so the quantification result
is a direct result of the presence of the sample nanoparticles, due
to their selective and specific trapping.

3.2. LIBS spectra of the functionalized glass support with
Au-NPs and Ag-NPs

The spectrum obtained in the LIBS analysis of the Au-NPs is
shown in Fig. 7. It is clearly observed that at a wavelength of
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Fig. 6 Functionalized glass support pLIBS images. (Top-left) Au-NPs in a non-functionalized glass support. (Bottom-left) Ag-NPs in a non-
functionalized glass support. (Top-right) Au-NPs in a functionalized glass support. (Bottom-right) Ag-NPs in a functionalized glass support.

267.59 nm, specific for one of the main emission lines of gold
(Au I: *p°-*s),% it is possible to detect the Au-NPs without
interference from other elements that could be in the sample,
either in the nanoparticle solutions or in the glass support
functionalized with silane groups. Note the intense signal at
263.12 nm, which is characteristic of Si (Si I: 'p°-"s),*® one of the
main constituents of the functionalized glass support.

The LIBS spectrum obtained in the analysis of Ag-NPs is
shown in Fig. 8. Note that at 328.07 nm, the characteristic signal
for the Ag (Ag I: *p°-?s)®® emission is obtained without inter-
ference from other elements. This showed and supported the
high selectivity with which the signals are detected, one of the
advantages of using the LIBS technique to analyse the MNPs of
the metals used in this study.

Given the presence of other chemical elements in the matrix
of the colloidal solutions of nanoparticles prepared in this

968 | J Anal. At. Spectrom., 2024, 39, 962-973

study, in addition to the Au and Ag line emission signals pre-
sented in the spectra in Fig. 7 and 8, the variation of other
elemental lines with respect to the concentration of the
substances constituting the matrix is expected to be observed.
Since LIBS can detect specific and selective emission signals
for each chemical element, this variation in the signals of
elements other than the analyte of interest is not a major
concern.

3.3. Au-NP and Ag-NP calibration curves

The calibration curves obtained for Au-NPs and Ag-NPs attached
to the functionalized glass support by the LIBS technique, using
the functionalized and non-functionalized glass supports, are
shown in Fig. 9. Functionalizing the glass support (Fig. 9b and
d) was observed to give significantly better results than those

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Au-NP LIBS spectra of the glass support previously function-
alized with silane groups. The figure shows the spectrum in the
spectral range of 257.60-277.50 nm and the region of interest of
267.50 nm is broadened, specific to one of the main emission lines of
gold, for each of the working solutions of five different concentration
levels used.
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Fig. 8 Ag-NP LIBS spectra of the glass support previously function-
alized with silane groups. The figure shows the spectrum in the
spectral range of 327.07 nm-336.50 nm, and the region of interest of
328.07 nm is broadened, specific to one of the main emission lines of
silver, for each of the working solutions of five different concentration
levels used.

obtained with the non-functionalized glass support (Fig. 9a and
c¢). When visually comparing the calibration curves, we clearly
observed that the calibration curves obtained from the
measurements made on the functionalized glass support show
much narrower confidence bands (dark pink bands) and
prediction bands (light pink bands), associated with greater
precision and accuracy than the calibration curves made with
the measurements obtained on the non-functionalized glass
support.

By analysing the statistical results of the -calibrations,
compiled in Table 1, some interesting inferences can be made
about the advantages of silane-functionalization on the glass
support. Specifically, in the case of Au-NPs, an increase in the

This journal is © The Royal Society of Chemistry 2024
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linearity of the calibration is observed in terms of the coefficient
of determination, which increases from 0.9694 to 0.9966 when
performing the detection on the functionalized glass support.
In terms of sensitivity, we observe that the calibration slope
obtained with the functionalized glass support increases by
4.7% compared to the slope obtained with the non-
functionalized glass support, representing a slight increase in
sensitivity due to functionalization.

In the case of Ag-NPs, it is observed that by using the func-
tionalization of the glass support, the linearity of the calibration
is tremendously improved. This is observed in an increase of up
to 3.8 times in the coefficient of determination obtained in the
calibration with the non-functionalized glass support, which
increased from 0.2640 to 0.9973 on functionalization of the
support. Similar results are observed with respect to sensitivity
since the slope of the calibration curve with the non-
functionalized glass support (106.00 [pg mL™']) increased to
455.13 (ug mL™"), which constitutes an increase of 329.2% due
to functionalization. Additionally, due to the functionalized
glass support, a tremendously important decrease in the slope
error and intercept of the calibration curves is observed.
Specifically, the functionalization allows a 68% improvement,
or decrease, in the error of both the slope and the calibration
intercept for Au-NPs. The decrease in the slope and intercept
error of the calibration of Ag-NPs was 87%. These inferences
provide an analytical justification of relevance to support the
increased detection capability of Au-NPs and Ag-NPs with the
LIBS technique, using the functionalized glass support
designed for nanoparticle capture.

As we discussed in the introduction, some relevant studies in
the field of the use of LIBS for the detection of metallic nano-
particles have shown a dependence of the slope of the calibra-
tion curve on the size of the nanoparticles analyzed.**?*%
However, the results of this work, specifically those presented in
Fig. 6, imply that the use of the functionalized glass support
allows the surface consolidation of a metallic monolayer con-
sisting of the nanoparticles so that at the time of analysis, the
nanoparticles will behave as a metallic film or monolayer®**-%*
instead of individual nanoparticles, thus obviating the limita-
tions related to slope dependence on the particle size to be used
for the calibration. Another important aspect related to this is
that when using the functionalized glass support for the capture
of metal nanoparticles in real samples, it is understood that the
size distribution of the nanoparticles may vary significantly, i.e.,
real samples may contain nanoparticles of various sizes, which
would make it difficult to select the nanoparticle size to be used
for calibration, which is a major difficulty when using LIBS for
this type of analysis. However, the use of the functionalized
glass support for the entrapment of nanoparticles, which
favours their subsequent consolidation into a monolayer or
metal film, constitutes a key strategy to facilitate LIBS analysis
since instead of analysing nanoparticles suspended in an
aqueous medium, analysis is performed on thin metal films for
which the LIBS technique has demonstrated its analytical
suitability and convenience,**”® without the problem of the
dependence of the slope of the calibration curve on the particle
size.
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Fig. 9 Calibration curves for metallic nanoparticle quantification. (a) Scatterplot of the average intensities (n = 3) of working solutions at
267.59 nm as a function of the Au-NP concentration (ug mL™), adjusted with the linear model fit (* = 0.9694), obtained with the non-func-
tionalized glass support. (b) Scatterplot of the average intensities (n = 3) of working solutions at 267.59 nm as a function of the Au-NP
concentration (ug mL™Y), adjusted with the linear model fit (* = 0.9966), obtained with the functionalized glass support. (c) Scatterplot of the
average intensities (n = 3) of working solutions at 328.07 nm as a function of the Ag-NP concentration (ug mL™?), adjusted with the linear model
fit (> = 0.9973), obtained with the non-functionalized glass support. (d) Scatterplot of the average intensities (n = 3) of working solutions at
328.07 nm as a function of the Ag-NP concentration (ug mL™?), adjusted with the linear model fit (> = 0.9973), obtained with the functionalized
glass support. In all graphs, the dark pink shadow shows the confidence band, and the light pink shadow shows the prediction band.

Table 1 Statistical information of the calibration curves for quantification of Au and Ag solid metallic nanoparticles

Functionalized glass Determination

Slope (raw sensitivity)

Intercept (intensity,

support coefficient (%) I(pg mL™1) a.u.) Sensitivity increase” (%)
Au-NPs 19 nm No 0.9694 365 + 37 697 4+ 57 4.7

Yes 0.9966 382 + 12 698 + 19
Ag-NPs 23 nm No 0.2640 106 + 102 3339 £ 165 329.2

Yes 0.9973 455 + 13 2688 + 22

4 Calculated for a comparison of the slopes obtained with functionalized and non-functionalized glass supports.

4. Conclusions

This research shows that the LIBS technique offers high selec-
tivity for identifying Au and Ag nanoparticles immobilized on

970 | J Anal At. Spectrom., 2024, 39, 962-973

silane-functionalized glass slides and a conveniently low linear
range for quantifying the nanoparticles of interest. The
proposed method, based on the LIBS technique, provides, in
addition, excellent analytical results in a fast and

This journal is © The Royal Society of Chemistry 2024
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straightforward manner, and does not require the use of
complex sample pretreatment or the use of expensive instru-
mentation and solvents/reagents commonly used with ICP-MS-
based techniques, nor does it require complex chemometric or
statistical treatments for data processing. On the other hand,
the functionalized glass support designed in this research
constitutes a simple and easy technological development to
directly collect samples in the liquid state without the need for
special pre-concentration treatments conventionally required to
analyze metallic nanoparticles with other methods such as ICP-
MsS-based techniques. These results contribute to paving the
way for the future development of LIBS-based sensors and
biosensors, opening a new field of applications based on this
application technique. Overall, the results reveal the potential
suitability of LIBS as an emerging and analytically strategic
process for the rapid, economical, and easy-to-perform analysis
of metallic nanoparticles with this custom-designed function-
alized glass support.
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