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Abstract: Nowadays, Au nanoparticles (AuNPs) capture great interest due to their chemical stability,
optical properties, and biocompatibility. The success of technologies based on the use of AuNPs implies
the development of simple synthesis methods allowing, also, the fine control over their properties
(shape, sizes, structure). Here, we present the AuNPs fabrication by nanosecond pulsed laser ablation
in citrate-solution, that has the advantage of being a simple, economic and eco-sustainable method to
fabricate colloidal solutions of NPs. We characterized the stability and the absorbance of the solutions
by Ultraviolet-Visible (UV-Vis) spectroscopy and the morphology of the AuNPs by Transmission
Electron Microscopy. In addition, we used the AuNPs solutions as colorimetric sensor to detect the
amount of glyphosate in liquid. Indeed, glyphosate is one of the most widely used herbicides which
intensive use represents a risk to human health. The glyphosate presence in the colloidal AuNPs
solutions determines the aggregation of the AuNPs causing the change in the color of the solution.
The variation of the optical properties of the colloidal solutions versus the concentration of glyphosate
is studied.
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1. Introduction

In recent years, the advent of nanotechnology has allowed a widespread use of nanostructures in
the industrial, biological, biomedical, fuel cells, and optical fields, this thank their unique chemical and
physical properties related to large surface/volume ratio respect to bulk materials [1-4]. Particular
interest is directed towards metallic nanoparticles and especially noble metal nanoparticles (Au, Pt, Pd,
Ag, Rh, Ru, Ir, and Os) that show unique properties, such as resistance to corrosion and oxidation,
high melting point, non-reactiveness, and high ionization energy [5-13]. Compared to non-noble
metals, they show antibacterial action and, in the field of catalysis, they increase the yield of redox
reactions [14-19]. In addition, under excitation by electromagnetic radiation, Au and Ag present
localized surface plasmon resonance (LSPR) [2,11,20-22], i.e., collective oscillations of free-electrons.
Consequently, a strong absorption band appears in some region of the electromagnetic spectrum, which
lead to unique properties, such as strong resonant absorption/scattering, intense field enhancement,
ultrasensitive biosensing, which makes them highly interesting for multiple purposes [23,24].
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Nevertheless, the success of such technologies implies knowledge and control over the
nanostructures’ properties (shape, sizes, structure and crystallinity) and therefore the development of
simple, versatile, low cost techniques for their production allowing such a fine control.

Au nanoparticles (AuNPs) can be synthetized by chemical or physical methods. Chemical
approaches as, for example, those based on the reduction of a precursor salt with a reducing agent
(i.e., Turkevich method [25]) are powerful methods to produce AuNPs in solution being cheap, easy,
eco-friendly, and high-throughput, even if these methods often lead to NPs surface contamination.
In fact, some residual anions and the reducing agents could remain on the surface of the synthesized
nanoparticles and, depending on the application, they should be removed by post-preparation process,
which can impact on cost time and money [26]. From another hand, the nanotechnology revolution
needs the continue development of alternative nanofabrication approaches matching the low-cost,
simplicity, eco-friendly, high-throughput requirements. Hence, in addition to chemical-based methods
for the production of AuNPs in solution, also physical-based fabrication methods are continuously
designed and developed so to enhance the versatility strength of the nanofabrication approaches.
As a consequence, depending on the final NPs applications, requiring specific NPs characteristics, the
most suitable fabrication approach can be chosen. In this sense, a physical-based technique for the
direct production of NPs in solution, often alternative to chemical-based methods is the Pulsed Laser
Ablation in Liquid environment (PLAL). Rather than alternative to chemical based methods, PLAL
can be recognized as a physical-based approach for the production of NPs in solution completing
the techniques based on the reduction of a precursor salt with a reducing agent so enhancing the
possibility to produce designed NPs for specific applications. PLAL is, nowadays, widely recognized
as a competitive, versatile, low cost, and green technique that allows to fabricate bare or capped
surface nanoparticles with desired physicochemical and structural properties [27]. A big advantage
of laser-generated NPs is the exclusion of toxic substances or by-products, since chemical precursors
are not needed [28]. In addition, the nanoparticles formation by PLAL is influenced by different
laser parameters (such as wavelength, pulse duration, repetition rate and fluence) and allows the
production of NPs from any base material (metal, alloy, semiconductor, oxides, nitrides, or carbides).
Also, the liquid environments play an important role: Indeed, changing the solvent is possible to
produce NPs with different surface chemistry, surface charge or sizes [28,29]. So, playing on all these
parameters of PLAL, nanoparticles with the desired shape, size, and compositions can be obtained.
In particular, compared to chemical synthesis methods of AuNPs based on the reduction of a precursor
salt with a reducing agent, the PLAL technique is, surely, cost-competitive [28]: The most expensive
part of this setup is the laser system; all the other costs are almost negligibly small, but also depend on
the target you use. Regarding laser ablation of Au (purity of 99.99%) in water the Au target mostly
influences the price. However, for laser ablation not the whole target is, generally, transformed to NPs,
but the remains can be recycled by molding a new target. By laser ablation of a target, the value of
the material can be multiplied up to three orders of magnitude producing several liters of the NPs
colloidal solution. On the other hand, wet chemically AuNPs synthesis requires expensive Au salt
that is mixed with a reducing agent and the excessive amount of organic reactants and by-products
forming ligands on the NPs’ surface, depending on the application, should be removed costing time,
energy, and money. In this regard, purity and simplicity of the PLAL techniques have multiple values.

During PLAL, a beam laser is focused by an optical system on a solid target in liquid environment,
then the radiation absorbed by the target leads to the formation of an expanding plasma plume,
which contains the ablated material. When the plasma cools down, heat is released environment and
transformed into hot vapor. So, an oscillating cavitation bubble is formed, that contains both the
ablated matter and the liquid vapor. Later, the cavitation bubble collapses and the particles are released
into the solvent, forming a nanoparticles colloidal solution [28,30,31]. The produced NPs have highly
active surface allows a better biocompatibility for in vivo applications or their functionalization with
the desired ligands for their use as nanostructured sensors [26,32-35].
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Recently, various nanostructured systems have been explored as sensing elements for
the detection of glyphosate content in various systems [36—42] and metallic nanoparticles are
widely used in this regards in particular to fabricate colorimetric sensors [43-47]. Glyphosate
(N-(phosphonomethyl)glycine) is an organophosphorous pesticides (OPPs) which is used worldwide
for weed and vegetation control in cultures and gardens. The intensive use of glyphosate represents a
risk to human health: Indeed, recent studies suggest that it affects cell cycle regulation, determines
a loss of fertility in men, and increases tumor incidence. In addition, the OPPs inhibit the activity
of acetylcholinesterase, the enzyme required to breakdown the neuro-transmitter acetylcholine
at cholinergic synapses, affecting the human nervous system [48]. Residuals of glyphosate
were found in food (cereals) and in natural waters [49-52]. For these reasons, the request to
design fast and cost-effective methods for the detection of glyphosate content in water samples
is continuously increasing.

The use of colloidal solutions of Au nanoparticles as a colorimetric sensor meets this request,
since it is a simple, low cost and quickly detectable method, even with the naked eye. Indeed, in this
technique, by coherently customizing the functional groups of the nanoparticles, the target analyte
binds to the particles creating a controlled aggregation; this effect changes the characteristic absorption
spectrum of the solution and therefore its ¢, letting analyte detection [45,49].

In recent years, for example, R. E. De Goes et al. [46,47] used citrate-stabilized laser ablated silver
nanoparticles for glyphosate detection. Starting from these results and taking into account the simplicity
of the laser ablation nanoparticles production technique and the easy and speed method for glyphosate
sensing, in this work, we aim to extend the investigation to laser ablation-fabricated AuNPs reporting
some additional insights. In particular, we report on the fabrication of AuNPs by PLAL in citrate
solution. Sodium citrate was used as capping agent to prevent AuNPs aggregation. We characterized
the stability and the absorbance of the solutions by UV-Vis (UltraViolet-Visible) measurements and the
morphology of the NPs by Transmission Electron Microscopy (TEM). Moreover, as a preliminary study
towards in-depth future investigations, we report on the use of the citrate-capped AuNPs in water
solution to detect the amount of glyphosate in water exploiting the color change of the solutions and
their absorbance spectrum due to glyphosate’s presence. The limit of detection (LOD) and sensitivity
value for glyphosate detection in water are quantified.

2. Materials and Methods

2.1. Synthesis of Colloidal Nanoparticles

Colloidal solutions of gold nanoparticles have been synthetized by pulsed laser ablation from a
metal target made by Au (thickness of 1.0 mm, purity of 99.999%). The scheme of the pulsed laser
ablation process is shown in Figure 1. In particular, a beam of Nd: Yttrium Aluminum Garnet YAG
Laser (Quanta-ray PRO-Series pulsed Nd: YAG laser (Spectra Physics, Santa Clara, CA, USA), 10 ns
pulse, A = 1064 nm, fluence 5 J/cm?, frequency of 10 Hz, laser spot 2 mm) was focalized by means
of a 20 cm focal length lens on the target at the bottom of a teflon vessel, filled with 8 mL of citrate
solution 0.1 mM. A stock citrate solution was prepared dissolving 1.47 g of sodium citrate (CAS number
6132043, www.sigmaaldrich.com) in 50 mL of deionized Milli-Q water (resistivity 18 M() cm) and
stored at standard temperature (25 °C). After the stock solution was diluted down to 0.1 mM by adding
deionized Milli-Q water. Three samples were prepared by changing the ablation times to 5, 8, and
12 min.

During the irradiation of the target, the solution’s color becomes red wine, going from light red
(5 min of ablation time) to dark red (12 min). The color depends on the scattering and absorption
contributions. Indeed, the solution of gold nanoparticles strongly absorbs light at 520 nm (green light)
and 450 nm (blue light), while red light (~700 nm) is reflected; therefore, the red color of the solution
represents a composite of all colors transmitted (i.e., not absorbed) by the particles. To increasing the
nanoparticles concentration the color change from light to dark red [50].
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Figure 1. Schematic of the pulsed laser ablation process used for the synthesis of colloidal nanoparticles
(NPs).

To prevent the NPs agglomeration all samples have been kept in glass vials in the fridge at
3°C[29,31].

2.2. Morphological Characterizations of the Nanoparticles

In order to determine the morphology and the shape of the obtained colloidal NPs, for each
sample, a drop of the colloidal solution has been casted on TEM grid and left drying in air. The analyses
were carried out by using a TEM 2010 JEOL instrument (Jeol Ltd., Tokyo, Japan) operating at 200 KeV
accelerating voltage and the images were analyzed by Gatan Digital Micrograph software to determine
the NPs size distribution. For the samples obtained by 5 (5" AuNPs) and 8 (8’ AuNPs) minutes of
ablation time, the mean value of the NPs diameter, <D>, has been calculated on a statistical population
of 300 NPs, the standard deviation on the mean value is associated as error. Instead, the nanostructures
produced by 12 min of ablation time (12" AuNPs) had not spherical shape but multifaceted (this caused
by their agglomeration), so their average diameter has not been estimated.

2.3. Optical Characterizations of the Nanoparticles

To evaluated the position of LSPR and the stability of colloidal solutions a PerkinElmer Lambda
45 UV-Vis spectrophotometer (PerkinElmer, Inc., Waltham, MA, USA) was used, equipped with a
halogen lamp for measurements in the VIS region and a deuterium lamp for measurements in the UV
region, operating in the wavelength range of 190-700 nm with a resolution of +0.1 nm.

For UV-Vis measurement the colloidal solutions were diluted in sodium citrate solution 0.1 mM
by a factor of 1:10 directly inside the plastic cuvettes (optical path length 1 cm). The zero measurement
(blank) was taken in citrate solution without colloids.

2.4. Glyphosate Sensing Test Through Ultraviolet-Visible (UIV-Vis) Measurements with Analyte Sample

For the glyphosate sensing test, glyphosate (CAS number 1071836, analytical standard, www.
sigmaaldrich.com) has been added to the colloidal solutions so to obtain solutions with decreasing
concentration of glyphosate (2 mM, 1.8 mM, 1.5 mM, 1.2 mM, 1 mM, 0.5 mM, and 0.1 mM). In particular,
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a primary solution of glyphosate at concentration of 60 mM was prepared dissolving glyphosate
powder in deionized Milli-Q water (resistivity 18 M() cm) and the analyte samples with different
concentration of glyphosate were prepared directly in disposable plastic cuvettes. First, the cuvettes
were filled with 0.2 mL of the NPs colloidal solution. Then, to each analyte sample was added a chosen
volume of the primary solution previously prepared. After that, the cuvettes were filled with citrate
solution 0.1 mM to a final volume of 2 mL in order to maintain the same concentration of Au NPs
among the samples with and without glyphosate.

To ensure the reproducibility of the experiment, the whole processes and measurements were
repeated about ten times over a time of six months.

3. Results and Discussion

The TEM images of the produced NPs are shown in Figure 2. In particular, for 5 AuNPs (Figure 2a)
and 8 AuNPs (Figure 2b) it is easily visible that the nanoparticles have almost a circular section,
indicating a three-dimensional spherical shape. Instead, the nanoparticles obtained from 12 min of
ablation time present a multifaceted shape, indicating possible agglomeration process between the
particles (see Figure 2c).
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Figure 2. TEM images of synthesized 5" Au nanoparticles (AuNPs) (a), 8 AuNPs (b) and 12" AuNPs
(c). Diameters distribution of 5’ AuNPs (d) and 8’ AuNPs (e).

The size distributions of spherical NPs, displayed in Figure 2d for 5 AuNPs and Figure 2e for
8 AuNPs, reveal that most of them present a diameter in the range 3-7 nm, while for 12" AuNP
agglomerates exhibit a much wider size distribution, ranging from a few to tens of nm.

The colloids’ stability over the time was checked by UV-Vis spectrophotometry, the absorbance
spectra were measured immediately after the ablation process, 30 and 60 days after the NPs production.
As shown in Figure 3, all spectra have a LSPR lying in the visible region, centred at 516 nm and the
peak intensity decreases over the days until it stabilizes after 60 days. In particular, after 60 days for
5" AuNPs the intensity decreases by 13% (Figure 3a), for 8 AuNPs by 19% (Figure 3b) and by 13%
for 12" AuNPs. This intensity decrease is explained by the occurrence of nanostructures aggregation
process which is complete after about 60 days from the NPs production and resulting in stable solutions.
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Figure 3. UV-Vis (Ultraviolet-Visible) absorbance spectra of laser synthesized Au nanocolloids
immediately after the ablation process and 30 and 60 days after the production step. In particular,
5’ AuNPs (a), 8 AuNPs (b), and 12" AuNPs (c).
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Glyphosate at different concentrations was added to the colloidal solutions after 60 days from the
colloidal solution preparation. Increasing the glyphosate concentration, the colors of the solutions
change from red to purple. An example is shown in Figure 4: The as-prepared solution of 5* AuNPs
(on the left) presents a light red color which slightly changes by adding glyphosate and completely
turns to purple at the highest concentration of 2 mM (on the right of the picture).

As-
prepared

- . .
¥

0.1mM | 0.5 mM 1.0 mM 2.0 mM

e ——

Figure 4. Picture of colloidal solutions with increasing glyphosate content from left to right.

The reason for this color change is shown in Figure 5: On the left side of the picture, the shown
nanoparticles are surrounded by citrate anions, determining the formation of double layer on the
surface of the nanoparticles, which by electrostatic repulsion avoids their aggregation and stabilizes
the solutions. In the case of chemical synthesis of AuNPs by citrate reduction of auric acid, citrate
molecules with negatively charged -COO~ groups cover the Au colloid, thus creating an NP with a
highly negative-charged surface [53] determining the NPs electrostatic repulsion and the stabilization
of the solutions. Similarly, Riabinina et al. [29] demonstrated, by Zeta potential measurements, that
for laser ablated AuNPs in water in presence of citrate, a significant increase of Zeta potential (from
—42 mV to —89 mV in their specific case) occurs with increasing the ablation duration. This indicates a
strong interaction between freshly synthesized AuNPs and the surrounding solution and suggests
that citrate molecules actively bond to the Au surface, similar to that found for Au colloids chemically
prepared by citrate reduction method. In addition, the authors conclude that the variation in Zeta
potential is most likely associated with the surface chemistry modification of the produced AuNPs in
the sense the increase of the ablation time effectively results in the increase of the negative charge on the
NPs surface. Regarding the effect of the glyphosate, first of all, we have to consider that an important
point concerning the glyphosate interactions on surfaces is the molecule protonation states [54,55]:
Glyphosate can form zwitterionic structures, which can be a monoanion (GLYP™) at a middle pH,
which is our present case. Then, as schematically depicted in Figure 5, the mechanism of the AuNPs
aggregation in presence of the monoanionic glyphosate, following, also, the considerations by De Goes
et al. [46], can be qualitatively summarized as follows: Upon conversion of the zwitterion glyphosate
to the monoanionic form, it can interact with the negatively charged AuNPs capped with citrate anions.
In fact, the presence of the citrate anions attached to the AuNPs surface determines the formation of an



Micromachines 2020, 11, 989 8 of 14

electric double layer on the surface of the AuNPs, with the negative charges being the citrate anions
attached to the AuNPs surface and a layer of positive charges on the surface of the AuNPs. In addition,
the citrate anions attached to the AuNPs surface are easily displaceable by the monoanionic glyphosate
molecule which can bind on the AuNP surface from a side and on the surface of another AuNP from
the other side, and so on. The overall results is the decrease of the average AuNPs surface charge,
which would break up the balance between electrostatic force and van der Waals’ force, leading to the
aggregation of the citrate-capped AuNPs.

Citrate-capped AuNPs aggregates

Stable citrate-capped AuNPs caused by glyphosate
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Figure 5. Schematic representation of the glyphosate detection strategy with citrate-capped AuNPs,
not in scale.

This causes an appreciable change in the color of the solutions, phenomenon probably due to
a hybridization of the plasmon modes of the AuNPs, resulting in higher energy (antibonding) or
lower energy (bonding) plasmon modes [46,56,57]. As the concentration of glyphosate increases, more
and more nanoparticles aggregate, in gradually larger nanostructures. This involves a change in the
absorption properties of the colloidal solutions, which we have investigated by UV-Vis measurements.
The obtained absorbance spectra are shown in Figure 6: (a) 5 AuNPs, (b) 8’ AuNPs and (c) 12" AuNPs.
In the figure, it can be clearly seen that as the concentration of glyphosate increases, the intensity
of the peak centered at 516 nm decreases and the component of the radiation absorbed at longer
wavelength increases. Only the spectra of the solutions without glyphosate (red line), with glyphosate
concentration of 1.2 mM (light blue line) and concentration 2 mM (blue line) are reported; the other
spectra with different concentrations of glyphosate are not reported because they are very similar to
those shown in the Figure 6.

For each sample, 10 different measurements were performed in order to increase the statistical
population and, for each point, the standard deviation on the mean value is associated as error.
From these data we extracted the colorimetric sensor calibration curves AAggp (Awith glyphosate —
Awithout glyphosate at 660 nm) vs. glyphosate concentrations C (Figure 7), being AAggo = (Awith glyphosate —
Awithout glyphosate) at 660 nm with Ayith glyphosate the absorbance value corresponding to the wavelength
of 660 nm for the colloidal solution containing glyphosate and Ayithout glyphosate the absorbance value
corresponding to the wavelength of 660 nm for the colloidal solution without glyphosate. The chosen
wavelength value, A = 660 nm, represents the wavelength of the diffused radiation for which there are
the greatest differences, in the absorbance spectra, between the solutions with and without glyphosate
and the wavelength value which ensures the best linearity in the calibration curves.
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Figure 6. UV-Vis (Ultraviolet-Visible) absorbance spectra of 5 AuNPs (a), 8 AuNPs (b), and 12" Au
NPs(c) colloidal solution with different concentration of glyphosate.

The plots in Figure 7a (5 AuNPs), Figure 7b (8" Au NPs) and Figure 7c (12" AuNPs) show common
trend: For glyphosate concentration values in the range from 1 mM to 2 mM the AAggy enhances with
increasing concentration of glyphosate, exhibiting a linear correlation. The linear fits (dashed lines)
of the experimental data (dots) allow to evaluate the sensitivity value for the glyphosate detection,
represented by the slope of the straight line, the coefficient of linear determination R? and the Limit
of Detection (LOD). The LOD is obtained by 3.3 times the standard deviation of the y- intercept of
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regression line (Sy), divided by the regression slope of the curve (S), LOD = 3.3(Sy/S) [47]. In particular,
the LOD for 5" AuNPs is 0.188 mM (31.7 mg/L); instead, it is 0.489 mM (82.6 mg/L) for 8" AuNPs and
0.458 mM (77.4 mg/L) for 12" AuNPs.
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Figure 7. The plots of AAggp (Awith glyphosate — Awithout glyphosate) at 660 nm at different glyphosate
concentrations for 5 AuNPs (a), 8 Au NPs (b), and 12" AuNPs (c).
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According these values, the produced Au colloidal solutions can be used as colorimetric sensors
with a sensitivity on the glyphosate concentration detection of the order of 0.07 a.u./mM. The samples
with the better linear trend are represented by Au 5" NPs and 8’ AuNPs colloidal solutions, this could
be due to the presence of more monodisperse nanoparticles than the others solution (12" AuNPs),
as shown in Figure 2. In fact, since the Au 12" NPs solution is composed of nanoparticles already
partially aggregated (Figure 2c), the aggregation process due to the presence of glyphosate is less
evident than that of the other two colloidal solutions because larger NPs could aggregate slower than
the smaller NPs. In fact, the starting concentration of the Au NPs in the 12’ sample is much higher than
in the 5’ and 8’ samples, due to the prolonged ablation time [31]. So, in the starting condition, the Au
NPs are more closely spaced in the 12’ solution and the very short distance makes ineffective the citrate
stabilizing effect. Hence, the unstable AuNPs aggregate, despite the effect of the capping agent and
despite the increase of the negative Zeta potential on the surface of the NPs increasing the ablation
time, resulting in the complex-morphology large Au aggregates recognized by Figure 2c. So, on the
basis of the proposed aggregation mechanism of the AuNPs in presence of the glyphosate, the large
Au structures observed in the 12’ sample, for each fixed concentration of the capping agent, are less
and less reactive to the presence of glyphosate with respect to smaller AuNPs. This reduced reactivity
results in a slower aggregation and, so, in a worst response to the presence of glyphosate.

4. Conclusions

In this work, citrate-capped AuNPs have been produced by PLAL at different ablation times.
The NPs present almost a spherical shape and their average size is around 6 nm as estimated by TEM
images. The stability of the solutions was evaluated by UV-Vis and the NPs are stable after 60 days.
The Au colloidal solutions appear red and present a LSPR centered at 516 nm.

After the fabrication and the characterization, the colloidal solutions were used as colorimetric
sensors to detect different concentrations of glyphosate.

In fact, the presence of citrate determines the formation of double layer on the surface of the
nanoparticles stabilizing the solutions, instead, the presence of glyphosate determines electrostatic
disorder on the surface of the Au nanoparticles and their aggregation in solution. As the concentration
of glyphosate increases, more and more nanoparticles aggregate, in gradually larger nanostructures.
This involves a change in the absorption properties of the colloidal solutions, in which the fraction of
visible radiation absorbed at higher wavelengths increases, causing an appreciable change from red to
purple in the color of the solutions.

The sensitivity on the glyphosate concentration was determined to be of the order of 0.07 a.u./mM.
Also, the LOD for each solution was evaluated.

Based on these results, the use of gold nanoparticles, produced through a simple and low-cost
method, allowed us to easily detect the presence of glyphosate without the use of advanced
instruments. Anyway, this work can be considered a preliminary study, which in the next future
will be expanded with selectivity tests (for example by testing the response to a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA)) and tests on real water samples will be checked. In fact,
the permitted glyphosate levels in drinking water are lower than those found, for this reason we will
improve the colloidal solutions, e.g., we will change the pH solution, the shape and morphology of
the nanostructures, in order to increase the exposed surface of the detection structures for the analyte.
Also, Zeta potential measurements for measuring the AulNPs surface charge are a key perspective
of the present work to definitively support the proposed aggregation mechanism for the AuNPs in
presence of glyphosate.
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