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ABSTRACT

The work consisted in functionalizing gold nanoparticles to analytically detect heavy metals in contaminated wa-
ter; in Tayacaja-Huancavelica-Peru, using physical method of laser ablation. The 450 mJ/p Nd:YAG was used as
a pulsed laser generator for the production of colloids from AuNPs by the top-down approach; the target was a |
cm x 1.5 cm high purity gold metallic plate with a thickness of 1 mm, inside a 20 ml cuvette of deionized water,
containing 5 ml of L-Cysteine > 75% purity. Nanoparticle colloids were characterized by UV-Vis spectroscopy
from 200 to 1160 nm range. Using a convex lens, the gold metal plate was ablated by the laser equipment, located
10 cm from the focus; with A = 1064 nm and A = 532 nm with energy equivalent to 60.28 mJ/p and 32.99 mJ/p
respectively, with a ratio of 2 Hz, for 30 and 60 min. All the samples produced were subjected to the dispersion
process by sonication at 40 KHz for one hour. The functionalized nanoparticles presented a resonance displace-
ment of the maximum wavelength peak with respect to the reference at approximately 22.51 nm; consequently, the
increase in diameter occurred at 52.10 nm. The sensitive capacity of the functionalized nanoparticles was verified
for different concentrations of analytes in water, made up of divalent heavy metal ions Cd*", Pb*", and trivalent
nonmetal As*". At a concentration greater than 500 uM, the color of the functionalized nanoparticles turned bluish,
due to the presence of positive ions. Therefore, it was stated that the functionalized nanoparticles enable the detec-
tion of heavy metals in water by color variation.

Keywords: functionalize, metallic colloids, AuNps-Cys, pulsed laser, water with heavy metals, sonication dispersion.

INTRODUCTION

Heavy metals are naturally found as contami-
nants in water and are often introduced by anthro-
pogenic activities, becoming a global problem
[Briffa et al., 2020]. The main polluting sources
are: mining, industrial activity, wastewater, hos-
pital and domestic effluents. Likewise, rainwater
that erodes soil and rocks is also a source of heavy
metal contamination [Rahman & Singh, 2019].
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Cadmium (Cd*"), lead (Pb*), mercury (Hg?"),
copper (Cu?"), nickel (Ni*") and chromium (Cr*")
are considered the most toxic heavy metals which
are dissolved in water, in addition to the non-me-
tallic arsenic (As*). The ingestion of heavy met-
als, even in low quantity, causes health problems
in humans [Rahman & Singh, 2019].

Heavy metals have a long half-life, do not
biodegrade and accumulate in different parts of
the body. Therefore, early detection of the trace of
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these metals contained in water samples and the
environment is necessary [Demirak et al., 2006;
Waheed et al., 2018]. There are traditional meth-
ods for metal detection such as: atomic absorp-
tion spectroscopy, ion chromatography, UV-vis
spectroscopy, X-ray fluorescence spectroscopy,
among others [Titus et al., 2019]. Apart from the
high costs, the limitation of these techniques in-
cludes the complicated preparation of samples
and with specialized personnel, with periods of
concentration, which makes it not applicable to
the real-time detection of traces of heavy metals
[Ullah et al., 2018].

Nanoparticles of different metals can be ob-
tained by two methods, the first being physical
and the second chemical. The first requires spe-
cial devices, such as laser radiation with con-
trolled frequency and power on a solvent, obtain-
ing plasmons and when the solvent evaporates,
solid metallic nanoparticles are obtained [Salam
et al., 2022]; the second method are the ones that
are frequently used due to the ease of controlling
the size, shape, location and distribution of nano-
materials [Shin et al., 2022].

In particular, gold nanoparticles (AuNPs) are
of interest due to their applicability in various
areas due to their biocompatibility and function-
alization with various ligands; they present low
toxicity with characteristic optical properties only
at the nanoscale [Carbajal-Moran et al., 2022;
Naharuddin et al., 2022]. The functionalization of
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AuNPs consists of the incorporation of biomol-
ecules, such as: amino acids, proteins, antibod-
ies, among others; by chemical and/or physical
processes on the surface of metallic nanoparticles
[Seth, 2020; Zhang et al., 2021].

L-Cysteine, known as mercaptopropionic
amino acid, is found in biofluids; as in plants and
human plasma, it is a key molecule for protein syn-
thesis [Arathi et al., 2022]. Especially, functional-
izing nanoparticles with L-Cysteine is used in sen-
sors, for the optical detection of heavy metals and
specific substances in water [Halkare et al., 2019;
Kateshiya et al., 2020]. In the work, L-Cysteine >
97%, manufactured by Sigma Aldrich, was used.

On the basis of what was described above, the
purpose of the work was to generate AuNPs by
using the physical method based on laser ablation
and to develop a functionalization procedure for
AuNPs with the amino acid L-Cysteine, for use as
a sensor to detect analysis of heavy metals in the
samples of contaminated water, at more than 3600
meters above sea level, in the province of Tayacaja.

MATERIALS AND METHODS

The AuNPs were obtained by laser ablation
with the high-power Nd: YAG equipment, with a
ratio of 2 Hz. For a wavelength of 1064 nm, which
corresponds to an irradiance of 450 mJ, for peri-
ods of 30 and 60 min the AuNPs were produced;
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Figure 1. Functionalization diagram of AuNPs with L-Cysteine (a) with 1064 nm laser and (b) with 532 nm laser
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likewise, with a wavelength of 532 nm, which cor-
responds to an irradiance of 220 mJ, the AuNPs
were produced for periods of 30 and 60 minutes,
using for this, the frequency doubler module for
this purpose (2w) [Quantel, 2019]. The duration of
the pulsed laser for all cases was 116 ps.

To functionalize the colloids of AuNPs with
the binding L-Cysteine > 97%, the protocol was
defined so that functionalization occurs at the
time of laser ablation on the 24-carat Au metal
plate submerged in 20 ml of deionized water,
including 5 ml of L-Cysteine. The ablation was
performed with a laser of wavelength A = 1064
nm and A = 532 nm for 30 and 60 minutes each.
Figure 1 shows the diagram of functionalization
processes with lasers of different wavelengths.

During functionalization, the negatively
charged amino acid L-Cysteine is attracted to the
positively charged gold nanoparticles. To opti-
mize the dispersion in this process, the previously
generated colloid was subjected to sonication
for one hour, by means of a 40 KHz ultrasound
source (see Figure 2).
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The functionalized AuNPs were characterized
with the UV-Visible-IR spectroscope manufac-
tured by Avantes with A ranging from 200 nm to
1160 nm; the light source for the detector is deu-
terium and halogen, with a A range of 200-1700
nm. The detector reaches up to the value 2048 oc-
cupying 64 bits; which allows detecting signals
from spectra in the UV and IR range, including
filters for deep UV signal measurements. The
input connectors are fiber optic FC/PC, the con-
nection to a personal computer (PC) is via USB2,
allowing scanning every two milliseconds from
the AvaSoft software [Avantes, 2018]. Figure 3
shows the sequence followed for the characteriza-
tion of the nanoparticles.

The diameter of the non-functionalized (ref-
erence) and functionalized nanoparticles was
calculated with the mathematical expression of
equation 1, based on the Agp- and absorbance of
the nanoparticles [Haiss et al., 2007]:
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Figure 3. Sequence diagram for colloid characterization of functionalized AuNPs
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where: Ag=512 nm, L1 =6.530 and Ly = 0.0216,
with the diameter obtained in equation
1 and the absorbance, the concentration
of the nanoparticles is calculated using
equation 2. Agpy represents the plasmonic
resonance peak absorbance, “d” is the di-
ameter of the nanoparticles and ¢y, con-
centration of nanoparticles mg/l, consid-
ering as experimental values C1 =—4.750
and Cp = 0.314 [Haiss et al., 2007];

A 1/C2
= )

To detect heavy metals in polluted water, the
following chemical compounds were used as ana-
lyte: 98% cadmium nitrate (Cd(NO,),*4H,0),
99.999% lead nitrate for trace metal analysis
(Pb(NO,),) and formula arsenic oxide 0f 99.995%
for trace analysis (As,O,) [Sigma-Aldrich, 2019].

opr(5:89 % 1076)
cauexp(C1)

2

RESULTS AND DISCUSSION

AuNPs colloids were produced by pulsed
laser ablation with the Q-Smart 450 equipment,

configured for different irradiance powers and
ablation periods. With a delay of 116 pus, which
is equivalent to 64.04 mJ/p of power, A = 1064
nm, ratio: 2 Hz, ablation period of 30 min (3600
pulses) and 60 min (7200 pulses), the gold metal
plate was irradiated with a rotation by means of
a servomotor at 6 rev/min in 20 ml of deionized
water, controlled by an Arduino module; refer-
ence AuNPs colloids were obtained. When ana-
lyzed with a spectrometer, for A= 532 nm it pre-
sented the spectrum of Figure 3, and for A= 1064
nm it presented the spectrum of Figure 4.

The peak absorbances for the AuNPs in Fig-
ure 4 are 523.13 nm and 523.72 nm; from Figure
5 the peak absorbances are 521.95 nm and 522.54
nm. These wavelengths, for different absorbance
levels, vary by 1.77 nm, which is not significant;
this indicates that the AuNPs obtained have a
spherical shape, on average, 23 nm in diameter,
which is consistent with that obtained by Kumari
and Meena [2020].

Likewise, the nanoparticles are measured by
Transmission Electron Microscopy (TEM) at dif-
ferent scales: 2 pm and 50 nm (Figure 6); 100 nm
and 200 nm (Figure 7).
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Figure 4. Absorbance spectrum of reference AuNPs produced by wavelength laser
ablation wave 532 nm in deionized water (a) for 30 min and (b) for 60 min
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Figure 5. Absorbance spectrum of reference AuNPs, produced by ablation, with
wavelength laser 1064 nm in deionized water (a) for 30 min and (b) for 60 min

2m (a) v S 0 (b) $0i e
Figure 6. TEM measurement of the reference AuNPs: (a) 2 um and (b) 50 nm

In figures 6 and 7, the reference nanoparticles diameter and concentration of the nanoparticles
present rough surfaces with diameters close to 23 were determined using equation 3:
nm, which allows them to be functionalized with

L-Cysteine. In (lspr6 ;3512) 3
With the absorbance and wavelength val- d= 0 02.16 ©

ues obtained from the experiments, the average
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The concentration of the AuNPs (cg,) de-
pendent on the diameter was calculated with
equation 4:

1
. _ ASpT(5'89 % 10—6) /0.314- (4)
Au d x exp(—4.75)

Table 1 shows, based on the data found in
Figures 4 and 5, the wavelengths of the laser,
generation time of nanoparticles, absorbance and
wavelengths of the nanoparticles in maximum
peaks. Replacing these data in equations “3” and
“4”  the values corresponding to the diameter
and concentration of the reference AuNPs are
obtained. It is noted that the average maximum
peak wavelength is 522.84 nm; which indicates
that they are spherical AuNPs with an average di-
ameter of 23.37 nm.

The gold nanoparticles were functionalized
with the amino acid L-Cysteine in the same pro-
cess of generating the nanoparticles. For this
process, for each experiment, 5 ml of previously
diluted L-Cysteine was added to 15 ml of pure
deionized water obtaining a total of 20 ml of lig-
uid, on which the high purity gold metal plate was
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Figure 7. TEM measurement of the reference AuNPs: (a) 100 nm and (b) 200 nm

placed for its irradiation with a laser of wave-
lengths of 532 nm and 1064 nm for 30 min and
60 min. As a result, the spectra that are presented
in Figures 8, 9, 10 and 11 where obtained. These
Figures graphically compare the absorbance and
wavelength of the spectrum generated by the ref-
erence gold nanoparticles and the gold nanopar-
ticles functionalized with L-Cysteine.

All functionalization processes were car-
ried out at a temperature of 13 °C; which is
characteristic in the optics and lasers labora-
tory of the Faculty of Electronic Engineering
and Systems of the UNH, located more than
3600 meters above sea level in the province of
Tayacaja-Huancavelica-Peru.

On the basis of the experimental data ob-
tained in Figures 8, 9, 10 and 11, Table 2 presents
the wavelengths of the laser, generation time of
functionalized and non-functionalized nanopar-
ticles, the wavelengths of the nanoparticles in
maximum peaks, the values of the diameters and
the differences between them. The diameter of the
functionalized AuNPs increased by approximate-
ly 52.10 nm, due to the adhesion of the ligand (L-
Cysteine) to the surface of the AuNPs.

Table 1. Diameter and colloid concentration of non-functionalized AuNPs

Laser Time Absorbance in Wavelength at Diameter (nm) Concentration
wavelength (nm) (min) maximum peak (A.U.) | maximum peak (nm) (mg/l)

532 30 0.65 523.72 27.08 1.03

60 1.31 523.13 24.70 1.37

30 1.36 522.54 22.18 1.92
1064

60 1.69 521.95 19.52 2.88

Average 522.84 23.37
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Figure 8. Absorbance spectra of AuNPs, produced by 532-nm laser ablation: (a) non-
functionalized and (b) functionalized with 5 ml of L-Cysteine in deionized water in 30 min

2.00 —

150 — %

Deionized water
—— 60 min AuNPs with laser 532 nm
—— 60 min AuNPs with laser 532 nm + L-Cysteine 5 ml

(323.13269, 1.31148)

= ] W (543.72903, 1.09149)
«- o
= 100 -
%]
g NW“”“*MM”’ /(
<
T 075 - m’"“'w*
wv
a -
< \
050 — N
T
T \\\\
025 — Ay
] TR “""\m
0.00 —w T e S W ‘WWWMP(\MW%
'0-25 L] I L) I L) l L) l L) I I L) I L) l L} I L) l L} l L) l L] l
250 300 350 400 450 500 550 600 650 700 750 800 850 900

Wavelength [nm]

Figure 9. Absorbance spectra of AuNPs, produced by 532 nm laser ablation: (a) non-
functionalized and (b) functionalized with 5 ml of L-Cysteine in deionized water in 60 min
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Figure 10. Absorbance spectra of AuNPs, produced by 1064 nm laser ablation: (a) non-
functionalized and (b) functionalized with 5 ml of L-Cysteine in deionized water in 30 min
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Figure 11. Absorbance spectra of AuNPs, produced by 1064 nm laser ablation: (a) non-
functionalized and (b) functionalized with 5 ml of L-Cysteine in deionized water in 60 min
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Table 2. Wavelengths at maximum peaks and average diameters calculated for AuNPs in colloidal state non-

functionalized and functionalized with L-Cysteine

Maximum peak Maximum peak
Laser ) wavelength of the wavelength of the Diameter of non- Diameter of Diameter
Time ) . ) . -

wavelength (min) spectrum of non- spectrum of non- functionalized functionalized increase

(nm) functionalized AuNPs | functionalized AuNPs AuNPs (nm) AuNPs (nm) (nm)
(nm) (nm)

530 30 523.72 545.49 27.08 75.69 48.61
60 523.13 543.73 24.70 73.19 48.49
1064 30 522.54 546.08 22.18 76.50 54.31
60 521.95 546.08 19.52 76.50 56.98
Average 522.84 545.35 23.37 75.47 52.10

R e e T e e R | [

§§% §§%

1
1
1
1
1
1
1
1
: AuNPs + L-Cysteine
1
1
1
1
1
1
1
1
1

w3 ¢ %?@

Heavy % 5 g
metal ion in =
water “m '\N\N% ﬂ\N\N

e

T e M

Figure 12. (a) AuNPs functionalized with L-Cysteine, (b) interaction of the
functionalized nanoparticles with heavy metal ions in water

Once the functionalized nanoparticles have
been obtained, the autors proceeded with the study
of the sensitivity in the presence of divalent and
trivalent ions in water, analytically. From Figure
12, the binding element that is L-Cysteine encap-
sulated the nanoparticles (Figure 12a); and in the
presence of metal ions in water, the interaction is
generated (Figure 12b) [Awual et al., 2015].

The electrons of the functionalized AuNPs are
relieved by the presence of analyte ions, altering
their optical properties of plasmon resonance, due
to the aggregation of elements in the nanoparticle,
for which it undergoes color changes (see Figure
13). In addition, the surface potential of the plas-
mon undergoes changes generating negative po-
tentials of up to -41.2 mV, which was determined
by Tripathi et al. [2019].

Amino acids, such as L-Cysteine, are not se-
lective for a particular metal ion [Darbha et al.,
2008; Slocik et al., 2008]. To determine the sen-
sitivity of functionalized AuNPs colloids, they
were tested with various metal ions, initially with

96

concentrations of 50 pM and 100 pM divalent
metal ions Cd*", Pb* and the trivalent nonmetal
ion As*"; the color of the 10 ml functionalized
nanoparticles remained at the initial color without
significant changes. With 250 uM Cd**, Pb*" and
As*'; the color of functionalized nanoparticles for

Figure 13. (a) AuNPs + L-Cysteine and (b) AuNPs
+ L-Cysteine with analyte ion interactions
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Figure 14. Result of the detection of divalent metal ions and non-trivalent metal ions in water

Cd?* turns slightly bluish, while for Pb?* and As**
it maintains its characteristic color. For more than
500 uM of Cd**, Pb* and As**; the color of the
functionalized nanoparticles becomes more clear-
ly bluish after 60 min of the addition of the ions;
and when analyzed by UV-Vis spectroscopy, the
absorbance peaks range from 518 nm to 700 nm.
These results are presented in Figure 14.

The negative potential generated by the ana-
lytes in the nanoparticles is due to the cationic
nature of the analytes and that L-Cysteine, as a
ligand tends to be absorbed with metal ions in
times greater than 60 min [Han et al., 2016].

CONCLUSIONS

The production of non-functionalized or refer-
ence AuNPs by laser ablation in liquid medium,
characterized by UV-Visible spectroscopy, allowed
obtaining AuNPs with optical resonance at an av-
erage wavelength of 522.84 nm and a diameter of
23.37 nm; presenting a single absorbance maxi-
mum peak; therefore, they are spherical nanopar-
ticles [Shafiga et al., 2018]. From the TEM charac-
terization, it was determined that the nanoparticles
have rough surfaces, which makes them suitable
for functionalizing with amino acids.

When functionalizing the AuNPs with the
linking amino acid L-Cysteine > 97%, there was
a resonance displacement of the maximum peak
of the wavelength of the spectrum of the function-
alized nanoparticles at approximately 22.51 nm;

consequently, the increase in diameter at 52.10
nm was produced by the adhesion of the ligand
on the metallic surface of the nanoparticles, dis-
persed by a sonication source at a frequency of 40
KHz for one hour.

The sensitivity of the functionalized nanopar-
ticles was tested for different concentrations of
analytes in water; made up of divalent heavy
metal ions Cd**, Pb?', and trivalent nonmetal As>".
At a concentration greater than 500 uM, the color
of the functionalized nanoparticles turned bluish,
due to the presence of positive ions; therefore, it
was stated that the functionalized nanoparticles
detect heavy metals in water.
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