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ABSTRACT

The research was carried out with the purpose of functionalizing AuNPs gold nanoparticles prepared by laser ablation for
the detection of heavy metals in contaminated water samples in the province of Tayacaja Huancavelica. The solid state
pulsed Nd: YAG laser was used to produce gold nanoparticles by the laser ablation technique, using as a target a 24 carat
gold plate with dimensions 1 cm x 1 cm with a thickness of 1mm, immersed in 20 ml of ultrapure water contained in quartz
cuvettes. The nanoparticles were characterized by UV-Vis spectrophotometry. The target was ablated with infrared radiation
of wavelength at 1064 nm from the laser equipment, with energy of 60.28 mJ/p and 32.99 mJ/p at a frequency of 10 Hz, for
60 minutes. AuNPs were obtained in colloidal state, whose diameters were 25 nm calculated with the spectrophotometer, ob-
serving an absorption peak centered at 518.12 nm characteristic of spherical gold nanoparticles. It is concluded that AuNPs
in colloidal state allow the detection of heavy metals the concentrations of lead, cadmium and arsenic contained in water, by
changing the color of the AuNPs colloid proportional to the concentration of each heavy metal detected. It is concluded that
AuNPs in colloidal state allow the detection of heavy metals the concentrations of lead, cadmium and arsenic contained in
water, by changing the color of the AuNPs colloid proportional to the concentration of each heavy metal detected. It is con-
cluded that AuNPs in colloidal state allow the detection of heavy metals Cd2+, Pb2+, and As+2 in water.

Keywords: Laser ablation, colloidal, gold nanoparticles, spectrophotometry, heavy metals, L-cysteine.
RESUMEN

La investigacion se realizé con el proposito de funcionalizar nanoparticulas de oro AuNPs preparadas por ablacion laser
para la deteccion de metales pesados en muestras de agua contaminada en la provincia de Tayacaja Huancavelica. Se
utilizé el laser Nd:YAG pulsado de estado sélido para producir nanoparticulas de oro mediante la técnica de ablacion laser,
utilizando como blanco una placa de oro de 24 kilates de dimensiones 1 cm x 1 cm con un espesor de 1 mm, sumergida
en 20 ml de agua ultrapura contenida en cubetas de cuarzo. Las nanoparticulas se caracterizaron por espectrofotometria
UV-Vis. El objetivo fue ablacionado con radiacion infrarroja de longitud de onda a 1064 nm del equipo laser, con energia
de 60,28 mJ/py 32,99 mJ/pa una frecuencia de 10 Hz, durante 60 minutos. Las AuNPs se obtuvieron en estado coloidal,
cuyos didmetros fueron de 25 nm calculados con el espectrofotometro, observandose un pico de absorcion centrado en
518,12 nm caracteristico de las nanoparticulas esféricas de oro. Se concluye que las AuNPs en estado coloidal permiten la
deteccion de metales pesados las concentraciones de plomo, cadmio y arsénico contenidas en el agua, al cambiar el color
del coloide de las AuUNPs proporcional a la concentracion de cada metal pesado detectado. Se concluye que las AuNPs en
estado coloidal permiten la deteccion de metales pesados las concentraciones de plomo, cadmio y arsénico contenidas en
el agua, al cambiar el color del coloide de las AuNPs proporcional a la concentracion de cada metal pesado detectado. Se
concluye que las AuNP en estado coloidal permiten la deteccion de metales pesados Cd2+, Pb2+ y As+2 en agua.

Palabras clave: Ablacion laser, coloidal, nanoparticulas de oro, espectrofotometria, metales pesados, L-cisteina.
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INTRODUCTION

Nanoscience is the discipline dedicated to the study of
the properties of materials with dimensions of the order of
nanometers (Soriano, et al., 2018). Nanotechnology com-
prises the study, synthesis and application of materials
through the control of matter at the nanoscale.

Nanomaterials constitute an important branch in the
growing field of nanoscience. The reduction in size can
lead to a whole host of new physicochemical properties
and a host of potential applications (Kaphle, et al., 2018).
Nanomaterials are defined as materials with a length less
than 100 nm in any of their dimensions. This characteristic
gives them properties and behaviors different from those
exhibited by the same solid material in bulk and with the
same composition (De Mello Donegé, 2014). So, Chen the
size of a material is continuously reduced, from macrosco-
pic dimensions to the smallest, initially the properties re-
main the same and then slight changes begin to appear;
finally, when the size falls below 100 nm, abrupt variations
in its properties appear. If one dimension is reduced to a
nanometric order, while the other two dimensions remain
large, we obtain the structure known as a quantum well
(Bajorowicz, et al., 2018). If two dimensions are reduced,
while the third remains large, the resulting structure is ca-
lled a quantum wire. The extreme case of this size reduc-
tion process, in which all three dimensions become nano-
metric, is known as the quantum dot (Moon, et al., 2019).

The optical properties of metallic nanoparticles, including
Au, have been used since ancient times, such as the
Lycurgus cup (Schaming & Remita, 2015; Alberti, et al.,
2021); containing gold nanoparticles embedded in glass
presenting el green color when the light source strikes
frontally with the cup and ruby color when lit from behind
(Freestone, et al., 2007). Experimentation with nanostruc-
tures began approximately 100 years ago, after Faraday
carried out the first experiment in which he synthesized
pure gold colloids by chemical reduction of a gold chlori-
de solution.

Nanostructures have at least one dimension in the range
of 1 to 100 nm, these are differentiated by sizes at the
nanoscale: nanoclusters are structures that have 1 to 100
nm in each spatial dimension, they are classified as 0D
nanostructures. Nanotubes, nanorods and nanowires also
have a characteristic diameter between 1 and 100 nm and
a length that could be much greater, they are classified
as 1D nanostructures. Likewise, the nanotextured surfa-
ces or thin films have a thickness between 1 and 100 nm,
while the other two dimensions are much greater; These
structures are classified as 2D nanostructures and have
many applications as nanosensors (Wahab, et al., 2019).

Fabrication of nanoscale structures or devices is achie-
ved using a bottom-up or top-down approach. Bottom-up
approaches seek to have smaller components integrated
into more complex assemblies, while top-down approa-
ches seek to create nanoscale devices by using larger ex-
ternally controlled devices to drive their assembly (Isaacoff
& Brown, 2017). The chemical method is associated with
the bottom-up approach and the physical with top-down
(Yu, et al., 2021). In this research, the top-dow approach
was used, generating the nanoparticles from a metallic
gold sample of dimensions 1cm x 1cm with a thickness of
1 mm. Laser ablation was applied with a frequency of 10
Hz at different powers in the range of 50 to 60 mJ/p and
with a duration of 30 to 60 min, achieving spherical nano-
particles of approximately 20 nm in diameter.

Gold nanoparticles are characterized by having a wave-
length and surface plasmon resonance (SPR) in the visible
region, which makes it possible to determine the shape
and size of the nanoparticles and the optical dispersion in
the medium that surrounds them (Freitas de Freitas, et al.,
2018). Metals such as Au, Ag, Cu and the alkali metals are
characterized by an SPR in the visible region of the elec-
tromagnetic spectrum. In contrast, transition metals are
generally characterized by an SPR in the ultraviolet (UV).

Therefore, the present study aimed to establish a simple
and fast colorimetric method for heavy metals in water
samples using gold nanoparticles functionalized with
L-cysteine as a sensor based on the aggregation of gold
nanoparticles, induced by the interaction between Cd?*
and L-cysteine, which resulted in the formation of a new
ultraviolet absorption peak visible at 600 nm and a color
change of the system from yellow-orange to green. The
Cd?* in water samples was detected by UV spectropho-
tometry, being also visible to the eye presenting a purple
color. In particular, this study has the potential to provide a
real-time monitoring method for the different heavy metals
(Cd?*, Pb?*, and As?*) in water samples.

MATERIALS AND METHODS

For the production of the nanoparticles by ablation, the
laser equipment of 450 mJ/p power was used, with repe-
tition rates of 10 and 20 Hz, the energy of 450 mJ genera-
tes wavelength of 1064 nm, 220 mJ generates wavelength
532 nm, 130 mJ generates 355 nm wavelength, 60 mJ
generates 266 nm wavelength, and 10 md generates 213
nm wavelength (Quantel, 2019). Pulse duration for all ca-
ses was 6 ns, with beam divergence of <0.5 mrad. The
control of the production of the nanoparticles was carried
out from the touch panel (Figure 1).
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Figure 1. High power 450 mJ/p laser equipment for the production of AUNPS by laser ablation.

This type of nanoparticle production corresponds to the physical route where the top-dow approach was used, where
the AuNPs were generated by incident laser ablation on a metal plate. The diagram of this approach is presented in

Figure 2.
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Figure 2. Top-down approach to gold nanoparticle production.

The characterization of the nanoparticles was carried out using the Avantes UV-Visible-IR spectrophotometer with a wa-
velength of 200 nm to 1,160 nm, with a deuterium-halogen light source Aval.ight-DH-S with a length range of 200-1700
nm wave. The spectrophotometer incorporates the 2048x64 detector, which covers applications in the UV and IR range,
includes a classification filter to reduce second order effects and purge ports for deep UV measurements. It is configu-
red with FC / PC fiber optic input connectors, uses USB connection for PC, delivering a scan every 2 milliseconds cou-
pled to AvaSoft software(Avantes, 2018), Figure 3 presents the characterization diagram of the AuNPs in colloidal state.
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Figure 3. Characterization diagram of AuNPs in colloidal state.

The functionalization of the gold nanoparticles in a colloidal state with L-cysteine > 97% purchased from Sigma Aldrich,
was carried out at the same instant of laser ablation on a metallic gold sample of purity > 99.99%. The laser was ablated
with wavelengths of 1064 nm for 30 and 60 minutes, as well as by the 532 nm laser for 30 and 60 minutes (Figure 4).
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Figure 4. Functionalization of gold nanoparticles with L-cysteine.

The mathematical equation that allowed to theoretically determine the diameter in nm of the nanoparticles, is described
by the relation of the absorbance and the concentration of the AuNPs (Haiss, et al., 2007). This relationship is presented
in equation 1.

) In (lap::-?‘n-) (1)

d=
Ly
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Having as adjustment parameters: nm, and, while the re-
lationship that allows the concentration to be calculated is
given by the diameter and concentration of equation 2, .

(2)

1

-6y /e,

_ (Aspr(s.sg + 10 6)) 2
CaueXp (C;)

Where: is the absorbance value at the peak position of the

plasmonic resonance, d is the diameter of the AuNPs and

is the estimated concentration in particles/cm?, while the
experimental values are and (Haiss, et al., 2007).

For the detection of heavy metals in water, Sigma-Aldrich
chemicals were used: cadmium nitrate tetrahydrate with
chemical formula Cd(NQO,), * 4H,0 with purity 98%, lead
nitrate with formula Pb (NO,), with molecular weight 331.21
with 99.999% purity, arsenic oxide of formula As,O, with
trace base metals of 99.995% . These products were used
in the experiments without any modification.

RESULTS AND DISCUSSION

The AuNPs in colloidal state were obtained by the pulsed
laser ablation technique, using the YAG: 450 laser equi-
pment, for different energy levels and ablation times. For
the parameters: delay 110 ps than equivalent in energy of
64.04 md/p, wavelength 1064 nm, frequency: 10 Hz, abla-
tion time 30 min and in 20 ml of water. Analyzed with the
spectrometer, as shown in Figure 5, the colloid presents
a spectrum with a single maximum absorbance peak
around 521.37 nm, which is why it is established that the
AuNPs are spherical of approximately 25 nm in diame-
ter, as found by Kumari & Meena (2000), in the study of
synthesis of gold nanoparticles.
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Figure 5. Absorption spectrum of AuNPs, prepared by the
Pulsed Laser Ablation technique in water, corresponding
to the colloids produced with 64.04 mJ/p in 30 min.

For the parameters: delay 115 ps, energy equivalent of
60.24 mJ/p, wavelength of 1064 nm, frequency 10 Hz,
ablation time 30 min and 12 ml of water. Analyzed with the
spectrometer, as shown in Figure 6, the colloid presents
a spectrum with a single maximum absorbance peak
around 520.19 nm, which is why it is established that the
AuNPs are spherical of approximately 25 nm in diameter.
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Figure 6. Absorption spectrum of AuNPs, prepared by the
Pulsed Laser Ablation technique in water, corresponding
to colloids produced with 60.24 mJ/p in 30 min.

» For the parameters: delay 115 ps equivalent in energy
of 60.27 md/p, wavelength of 1064 nm, frequency 10
Hz, ablation time 50 min and 12 ml of water. Analyzed
with the spectrometer, as shown in Figure 7, the colloid
presents a spectrum with a single maximum absorban-
ce peak around 521.95 nm, which is why it is establis-
hed that the AuNPs are spherical of approximately 25
nm in diameter.
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Figure 7. Absorption spectrum of AuNPs, prepared by the
Pulsed Laser Ablation technique in water, corresponding
to colloids produced with 60.27 mJ/p in 50 min.

Volumen 14| S1 | Febrero, 2022

379



UNIVERSIDAD Y SOCIEDAD | Revista Cientifica de la Universidad de Cienfuegos | ISSN: 2218-3620

For the parameters: delay 120 us equivalent in energy of
56.50 mJ/p, wavelength of 1064 nm, frequency 10 Hz,
ablation time 60 min and 12 ml of water. Analyzed with
the spectrometer, as shown in Figure 8, the colloid pre-
sents a spectrum with a single maximum absorbance
peak around 523.43 nm, for which it is established that the
AuNPs are spherical of approximately 25 nm in diameter.
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Figure 8. Absorption spectrum of AuNPs, prepared by the
Pulsed Laser Ablation technique in water, corresponding
to colloids produced with 56.50 mJ / p in 60 min.

The AuNPs were characterized by Transmission Electron
Microscopy (TEM) with measurements at scales of 2 nm
(Figure 9a), 50 nm (Figure 9b), 100 nm (Figure 10a), and
200 nm (Figure 10b).

— (@) po———— (b)

Figure 9. (a) TEM characterization of the AuNPs at 2 nm
and (b) TEM characterization of the AuNPs at 50 nm.
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Figure 10. (a) TEM characterization of AuNPs at 100 nm
and (b) TEM characterization of AUNPs at 200 nm.

From the results characterized by TEM, it is found that the
AuNPs present a rough surface with lengths close to 25
nm and are suitable for functionalization with a group of
amino acids.

The absorbance and wavelength of the different experi-
ments allowed to calculate the average diameter and the
concentration of the AuNPs. Replacing the data and fit
parameters in equation 3, the diameter is obtained.

(3)

Agpr—512
In L)

6,53

d="00216

Replacing the experimental values and clearing from
equation 2, we calculate the concentration () in equation
4,

(4)

_ Aspr(5-39 * 11‘.]_'5] Yoa14
T\ d«exp (—475)

The result for five experiments it is presented in Table 1.
Replacing the experimental data obtained in equations
“8” and “4”, the values of Table 1 are obtained; where the
AuNPs have a maximum peak wavelength close to 520
nm, which indicates that they are spherical gold nanopar-
ticles of approximately 25 nm.
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Table 1. Absorbance and wavelength at the maximum
peak, average diameter and concentration of AuNPs, in

colloidal state.

Wave- . o

Maximum length rage
Experiment / peak at maxi- dig- Concen-

Sample absorbance | mum meter tration
(u.a.) peak

(nm) (nm)
one 0.645 520.78 |13.71 |8.81E-06
two 0.701 521.37 |16.72 | 4.70E-06
3 0.249 520.19 | 10.49 | 2.06E-05
4 0.066 523.43 |25.92 |1.18E-06
5 0.874 52195 |[19.50 |2.89E-06

By functionalizing AuNPs with the amino acid L-cysteine,
the ability to detect heavy metals in water was studied.
From the characterization of the synthesized material, the
formation of nanoparticles encapsulated with L-cysteine
presents characteristics that allow the detection of metal
ions. The selectivity of the materials depends on the inte-
raction of the adsorbent with the ions of the analyte mate-
rial due to the specificity of the functional group present
in the nanoparticles (Awual, et al., 2015). Electron relay
in the optical properties of AuNPs depends mainly on the
principle of localized surface plasmon resonance (LSPR).
The functionalized AuNPs tend to interact with the ions of
the analyte and give rise to the aggregation of the nano-
particles causing the color change from wine red to violet
(Figure 11). In this study, cysteine participated as a redu-
cing, stabilizing and chelating agent due to the presen-
ce of functional groups. Tripathi, et al. (2019)rapid, highly
sensitive, and selective detection of lead. Colorimetric de-
tection of lead using gold nanoparticles (AuNPs, reported
that the zeta potential value of the free carboxylic group
available on the surface of AuNPs can generate a net ne-
gative potential of -41.2 mV.

Figure 11. (a) Functionalized AuNPs and (b) AuNPs with
analyte ion interactions.

The net negative charge caused by the functional group
in AuNPs has an affinity towards the cationic nature of
the analyte metal ions. For a better understanding, a UV-
Vis analysis of the functionalized AuNPs activated by the
analytes was carried out, having as a result that this amino
acid tends to be absorbed with metal ions, especially with
ions of Cd?*, Pb?*, and As?* ions in high times. about 180
min, with Pb?* being the one with the highest affinity (Han,
et al., 2016).

CONCLUSIONS

The conclusions of this work are directed to the specific
experimental conditions that were used for the production,
and characterization of the colloids with gold nanoparti-
cles produced, using the pulsed laser ablation technique
in liquids, its characterization by UV-Visible spectrosco-
py, allows to conclude that the maximum absorbance of
AuNPs is 520.78 nm, as it has only one maximum, then itis
spherical nanoparticles. The bandwidth of the absorption
spectrum shows that the nanoparticles are not homoge-
neous. The maximum peak centered at approximately 520
nm makes it possible to determine that the nanoparticles
have a diameter of 25 nm, on average. From the results
characterized by TEM, it is concluded that AuNPs present
a rough surface with lengths close to 25 nm and are suita-
ble for functionalization with a group of amino acids.

The gold nanoparticles were functionalized with L-cysteine
at a 97% concentration, for applications in the detection of
heavy metals in water: Cd?*, Pb?*, and As?*. In the presen-
ce of these positive ions the color change of the colloids
occurs, with which we can affirm that the heavy metals
present in water are effectively detected.
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