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KEYWORDS Abstract Gold nanoparticles (AuNPs) were synthesized using a rapid, single step, and completely
Gold nanoparticles; green biosynthetic method employing aqueous Citrus paradisi (grapefruit) extract, which was used
Citrus paradisi; as both the reducing and capping agent. Au(Ill) ions were rapidly reduced by the aqueous grape-
Biogenic synthesis; fruit extract, leading to the formation of highly stable and crystalline colloidal AuNPs, confirmed
Plasmonic sensors; by the surface plasmon resonance (SPR) peak centered at 544 nm in the UV-Vis spectra. Biogenic
Fluorescent sensors; AuNPs have been evaluated as plasmonic, fluorescent and naked-eye sensors of PbH, Ca”, Hg“,
Metallic ions Zn*>" and Cu®" ions in aqueous media, with a good performance and selectivity. Of the three meth-

ods used for metal ions sensing, fluorescent sensors shows better results, specifically with Ca?™,

Cu?" and Pb>". Copper was detected by both plasmonic and fluorescent methods.

© 2018 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction medicine (Lohse and Murphy, 2012; Giljohann et al., 2010;
Salata, 2004), biology (Giljohann et al., 2010; Salata, 2004),
material science (Niemeyer, 2001), physics (Krueger, 2008)
and chemistry (Handy et al., 2008), among others. They have
exhibited unique physical, chemical, optical and thermo
dynamical properties at nanometric regime, which leads them

Noble metal nanoparticles (MNPs) made of gold, silver,
platinum and palladium, are being widely used nowadays in

* Corresponding author. to many applications such as catalysis, sensors, biotechnology,
E-mail address: arvilchisn(@uaemex.mx (A.R. Vilchis-Nestor). and as surface-enhanced Raman scattering (SERS) as well
Peer review under responsibility of King Saud University. (Prathnaa et al., 2011; Petla et al., 2012). Recently, the search

for greener methods of synthesis has led to develop bio-
inspired approaches. These methods have many advantages
over the synthetic methods due to their cost effectiveness and
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also because they do not involve the use of toxic chemicals,
high pressure, energy and temperature (Prathnaa et al.,
2011). Some of the bio-inspired systems employed in the syn-
thesis of MNPs are constituted of bacteria (Das et al., 2014;
Pantidos and Horsfall, 2014; Ghashghaei and Emtiazi, 2015),
fungus (Pantidos and Horsfall, 2014; Ghashghaei and
Emtiazi, 2015; Syed et al., 2013), and plant extracts
(Pantidos and Horsfall, 2014; Mittal et al., 2013; Ahmed and
Ikram, 2015). Plant extract mediated process is a versatile
and simple method of synthesis for different types of MNPs
such as Au, Pt, Pd, and Ag nanoparticles and metal oxides
nanostructures (Jeevanandam et al., 2016).

Biosynthesis is currently considered as a good alternative for
the designing of greener, safe and environmentally friendly pro-
tocols for the synthesis of NPs compared to the conventional
physical and chemical processes (Petla et al., 2012; Sharma
et al., 2019; Dauthal and Mukhopadhyay, 2016; Hebbalalu
et al., 2013). The use of waste materials not only reduces the
cost of synthesis, but also minimizes the need of using haz-
ardous chemicals, which encourages “green synthesis”.

The biosynthesis of NPs has been suggested to occur
through electrostatic and ionic interactions between the metal
complexes and the functional groups on the biomass (plant
extract). There are several organic compounds in plant systems
such as flavonoids, terpenoids, proteins, reducing sugars and
alkaloids that can be involved as either reducing or capping
agents during the synthesis (Gan and Li, 2012; Yoosaf et al.,
2007). The concentration of the compounds found in the bio-
mass can be related with the shape and size of nanoparticles
(Sinha et al., 2009; Gan and Li, 2012; Montes et al., 2011;
Bankar et al., 2010; Romo-Herrera et al., 2011).

For instance, it has been reported that the synthesis of
triangle-shaped AuNPs, is the result of the interaction between
the metal nanoparticle with the functional groups of the alde-
hydes and ketones present in the Citrus paradisi plant extract,
while the reduction of the precursor salt (HAuCly) is linked to
the —OH moieties present in biomolecules such as sugars and
polyphenols (Sinha et al., 2009). In addition, the pH, temper-
ature, reaction time, and amount of extract, are imperative fac-
tors during the biosynthesic process (Gan and Li, 2012;
Montes et al., 2011).

Gold nanotriangles might grow by a rapid reduction and
the addition of large amount of biomolecules; so the reductive
biomolecules dictated the formation of gold nanotriangles.
Due to the large amount of reductive biomolecules, all the
nuclei of gold species form at the same time at the beginning
of the reduction with almost none nucleation of smaller parti-
cles. As a consequence, the nucleation process is fast, but the
growth is slow, resulting in gold nanotriangles. With Citrus
paradisi extract the biomolecule known as narangin may be
the one that dictates the formation of the gold nanoparticles
(Huang et al., 2007).

Because of their simple preparation, physical and chemical
properties, and high surface area, the nanoparticles are one of
the most promising nanotechnology approaches on the way to
obtain materials to be employed as sensors. The nanomaterials
with a great potential to build-up sensors could be the MNPs,
as they are able to display localized superficial plasmon reso-
nance (LSPRs) (Noguez, 2005; Gonzalez et al., 2005). The
LSPRs of AuNPs lie within the visible and near infrared range
of the electromagnetic spectrum. Therefore, these type of NPs
are suitable as optical sensors.

Several researchers have stated that the resonance frequency
depends on the size, geometry, composition, and environment
of the MNPs (Noguez, 2005; Gonzalez et al., 2005; Langer
et al., 2015; Polavarapu et al., 2014). For example, the most
remarkable effect of localized plasmon resonance is the strong
electromagnetic near-field enhancement, also known as FE,
which has up to several orders of magnitude and is localized
at a nanometer scale (Langer et al., 2015). FE plays one of
the major roles in absorption, reflection, Raman scattering
and fluorescence processes of molecules located near metal
NPs. This phenomenon has high relevance also for sensor
applications (Langer et al., 2015; Polavarapu et al., 2014).

In order to obtain the fluorophore emission, the electrons
need to be exited from ground state to excited state with electro-
magnetic radiation. These emissions can be altered when the
fluorophore is placed with an entity that possesses an electro-
magnetic field, such as the surface plasmon resonance (SPR).
It has been observed that MNPs can be considered as good can-
didates for this kind of entity, upon receiving optical energy
(Yue et al., 2015). When the fluorophore is at a short distance
from the metal nanoparticle, the electrons of the fluorophore
that are participating in the excitation/emission can interact
with the field of the nanoparticle. This interaction results in
the change of the fluorescence emission level, quenching or
enhancement (Yueetal.,2015; Kangetal.,2011; Heetal., 2008).

Kang et al. (2011) has reported that the main factors that
affect the fluorescence by a metal nanoparticle could be: (1)
The plasmonic field produced around the particle by an inci-
dent light, increases the excitation-decay rate of the fluo-
rophore, which also enhances the level of fluorescence
emission; and (2) The dipole energy around the nanoparticle
reduces the ratio between radiative and non-radiative decay,
as well as the quantum yield of the fluorophore, resulting in
the fluorescence quenching (Kang et al., 2011).

Therefore, the aim of this work is to present a one-pot
biosynthesis of AuNPs using different amounts of Citrus par-
adisi (grapefruit) extract and their influence on the morpholog-
ical ratio between spherical:planar nanoparticles. Also, to
study their application as plasmon resonance sensors for
Hg>*, Ca’>' and Zn®" species and fluorescent sensors for
Ca’*, Cu®" and Pb>" moieties existing in water.

2. Materials and methods

2.1. Materials

Citrus paradisi was obtained from a local store. HAuCly, Rho-
damine 6G (Rh6G), calcium(II) chloride (CaCl,), copper(Il)
chloride (CuCl,) and lead(II) chloride (PbCl,), were acquired
as analytical grade reagents from Sigma-Aldrich. All chemicals
were used without any further purification. Deionized water
was employed in all the steps of the synthesis.

2.2. Preparation of Citrus paradisi extract

The grapefruit was washed with water. The peel was cut, weight
(90 g) and boiled for 20 min in 90 mL of deionized water; upon
cooling the infusion was vacuum-filtered. The resulting aque-
ous extract was stored on a flask at room temperature for an
hour and used for further experiments as the bioreducing agent
(Nolasco-Arizmendi et al., 2012; Li et al., 2008).
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2.3. Biosynthesis of Au-NPs

The biological synthesis of gold nanoparticles was carried out
by using 5 mL of a 107> M HAuCl, solution and pouring 2, 3
or 4 mL of Citrus paradisi extract, respectively. This synthesis
is an adaptation of a method previously reported (Nolasco-
Arizmendi et al., 2012; Li et al., 2008).

2.4. Characterization of Au-NPs

UV-Vis spectroscopy was performed using a Lambda 650
Perkin-Elmer spectrophotometer.

For transmission electron microscopy (TEM) analyses, the
samples were prepared by placing drops of the reaction mix-
ture over carbon-coated grids and allowing evaporation.
TEM observations were performed on a JEOL 2100 micro-
scope operated at 200 kV of accelerating voltage with a LaBg
filament. For calculating the distribution size of nanoparticles
in one sample, at least 25 representative micrographs were
taken for each sample, and approximately 400 nanoparticles
per sample were considered for measurements. Particle size
diameters were calculated with the equation d.., = P(nd;)/
Pn;, where n; is the number of particles of diameter d;.

2.5. Fourier transform infrared spectroscopy (FTIR) analysis

Both the grapefruit extract and the biogenic AuNps were left
to dry at room temperature for 48 h. They were analyzed by
using a Bruker spectrophotometer Tensor 27 with MIR source,
ATR accessory (model ATR Platinum) and diamond crystal.
An aliquot of 40 mL of the grapefruit extract and the biogenic
AuNps solution were separately allowed to dry at room tem-
perature. The powder obtained was tested by the spectropho-
tometer for solids.

2.6. Sensing

Sensing studies were performed with the AuNPs synthesized
using 2 mL of reducing agent (Citrus paradisi aqueous extract).
An aliquot of 1 mL of each 107> M aqueous solutions of
Mg>", Hg?", Sr**, Pb?*, Ca®", Cu®" and Zn>" were added
to 1 mL of the AuNPs suspension at room temperature. The
sensing performance and selectivity towards the Pb*>*, Ca**
and Cu®>" metal ions by the AuNPs suspension were tested
by using the UV-Vis and fluorescence spectroscopies. Initially,
1 mL of Rh6G (107¢ M) was gradually added to 1 mL of bio-
genic AuNPs and stirred for 30 min. After that, 1 mL of 1073
M of Cu®*, Ca®* and Pb*" aqueous solutions were added
separately to the solution. The performance of AuNPs with
Rh6G as sensor was monitored using a Horiba Jobin-Ivon,
FluoroMax-P spectrofluorometer.

3. Results and discussion

3.1. Synthesis and characterization of AuNPs

The addition of Citrus paradisi aqueous extract to a 107> M
aqueous HAuCly, solution led to the appearance of a dark pur-
ple color in the solution after one hour of reaction. This color
change indicates the AuNPs formation. Fig. 1A shows the

characteristic surface plasmon resonance band of AuNPs cen-
tered between 540 and 544 nm in the UV—Vis absorption spec-
tra. It can be observed that as the reaction time advances, the
absorbance intensity increases. This also can be related with a
greater number of formed NPs due to the behavior on the UV—
Vis spectra profiles, which are characteristic of aggregated
nanoparticles (Shipway et al., 2000) or anisotropic nanostruc-
tures when changing dimensions during the time (Shiv Shankar
et al., 2005). Inset on Fig. 1A shows an image of the NPs sus-
pensions at different times during the reaction of 2 mL of
Citrus paradisi extract and 5 mL of a 107> M HAuCl, solution.
The large color variations oscillate in ranges from light yellow
to dark purple as the time passes. In this figure, the colloidal
solutions display color changes due to the excitation of the sur-
face plasmon vibrations in AuNPs (Song and Kim, 2009). In
addition, it is well known that the width and shift of the plas-
mon band can be also associated to the shape and size of the
NPs, respectively (Noguez, 2005; Gonzalez et al., 2005).

Fig. 1B shows the UV—Vis absorbance spectra of AuNPs
synthesized with different amounts of Citrus paradisi aqueous
extract and recorded after 24 h of reaction. The spectra 1 (540
nm), 2 (549 nm), and 3 (568 nm) correspond to 2 mL, 3 mL,
and 4 mL of extract, respectively. All the AuNPs exhibited a
strong absorbance bands. However, as the amount of Citrus
paradisi extract increases in the reaction medium, the band
shifts to a larger wavelength weakening its intensity. This
behavior could be attributed to the increase of NPs size. This
behavior agrees with the studies of Gonzalez et al. (2005) and
Langer et al. (2015). They theoretically and experimentally
proved that the plasmon oscillation of metal nanoparticles
are optically coupled to each other when they are brought in
proximity (Noguez, 2005; Langer et al., 2015; Yoosaf et al.,
2007).

Fig. 2A and C shows the UV-Vis absorbance spectra of
AuNPs that have been synthetized by reacting aqueous
HAuCly with 3 mL and 4 mL of Citrus paradisi extract at dif-
ferent times, respectively. The presence of the surface plasmon
resonance indicates the reduction of gold ions by the aqueous
Citrus paradisi extract in order to form the nanoparticles,
which were verified by the Transmission Electron Microscopy
(TEM). The micrographs showed the formation of gold nano-
plates (triangles and hexagons), and also smaller spherical-
shaped NPs (Figures B and D). It was also observed that
unlike the triangular-shaped NPs, when the amount of aque-
ous extract increases, the size of the spherical-shaped NPs also
increases (Fig. 2B, D). The size range of the spherical AuNPS
was between 10 and 90 nm (Fig. 2B), while the range edge
length of hexagonal and triangular AuNPs was estimated to
be between 75 and 325 nm (Fig. 2D). According to Shiv
Shankar et al. (2005) if the amount of extract added to the
HAuCl, solution increases, the average size of the triangular
and hexagonal particles decreases, and the ratio of the number
of spherical nanoparticles to triangular/hexagonal particles
increases with a larger amount of extract (Shiv Shankar
et al., 2005).

As can be observed in Fig. 2, with the increment of the
extract volume employed for the synthesis, a shift of the absor-
bance band is observed, which can be related to changes of the
particle shape and size. This behavior was also reported by
Ahmed et al. (2016).

Fig. 3 shows the TEM micrographs of the synthesized
AuNPs using different amounts of Citrus paradisi aqueous
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Fig. 1 (A) UV-Vis spectra of biogenic AuNPs measured at different times during the reaction of 2 mL of Citrus paradisi extract with 5

mL of a 107> M HAuCl,. Curves profiles correspond to 1 (30 min), 2 (1 h), 3 (1.5h), 4 (2h), 5 (4 h), and 6 (24 h), respectively. (Inset)
Image of AuNPs obtained at different reaction times. (B) UV-Vis spectra of biogenic AuNPs formed after 24 h of reaction of 5mL of a
1073 M HAuCl, with different amounts of Citrus paradisi extract. Spectra 1, 2 and 3 correspond to 2 mL, 3 mL, and 4 mL of Citrus

paradisi extract, respectively.

extract: 2 mL (Fig. 3A and B), 3 mL (Fig. 3C and D), and 4
mL (Fig. 3E and F). It can be seen that by increasing the
amount of aqueous extract in the reaction medium, the poly-
dispersity decreases, and the morphology of AuNPs change.

The TEM analysis Fig. 3A and B, reveal the formation of
spherical, hexagonal planar, and larger triangular nanoparti-
cles with dimensions between 25 and 325 nm.

However, as the amount of Citrus paradisi aqueous extract
is increased to 3 mL in the reaction medium, the sample shows
a higher percentage of planar-shape leading to the formation
of triangle-shape (Fig. 3C, D). The same trend is also followed
when the amount of extract is increased to 4 mL (Fig. 3E and
F). This tendency is clearly reflected in the UV—Vis absorbance
spectra in Fig. 1B, which shows an increase in the intensity and
a bathochromic shift of the band.

With the increase of triangular AulNPs in the solution, the
maximum absorbance undergoes a bathochromic shift. This
behavior can be correlated with the results of the UV—Vis spec-
tra showed in Fig. 2A (red-2 and blue-3) (Noguez, 2005;
Gonzalez et al., 2005; Shiv Shankar et al., 2005). The batho-
chromic shift (red shift) can be related to shape of the nanopar-
ticles; or it can also be associated with nanoparticles with fewer
faces and sharper vertices (Noguez, 2007).

On the other hand, the single crystalline nature of the bio-
genic AuNPs is revealed in the selected area electron diffrac-
tion (SAED) rings. Fig. 4A shows the SAED of the AuNPs
synthesized by using 2 mL of Citrus paradisi aqueous extract.
The diffraction rings on the image could be indexed based
on the face centered cubic (FCC) structure of gold, and are
assigned to the family planes {1 11}, {200}, {220} and {3
1 1}, respectively (Germain et al., 2003). Fig. 4B and C also
presents the ring-like diffraction pattern, which indicates that
the particles are crystalline. The diffraction rings could also
be indexed based on the FCC structure of gold assigned to
the family planes {111}, {220}, {311} and {400} for the
AuNPs synthesized with 3 mL of Citrus paradisi aqueous

extract; while the family planes {1 11}, {200}, {220} and
{311} correspond to the AuNPs synthesized with 4 mL of
plant extract.

Germain et al., (2003) states that ““A unique (1 1 1) stacking
fault model which is parallel to the flat (1 1 1) disk surface has
been proposed to explain the observed 1/3{4 22} forbidden
reflections in [1 1 1] SAED pattern and the corresponding 3-
{422} image”. Therefore, the hexagonal arrange of the
diffraction spots indicate that gold nanoprisms are highly [1
1 1] oriented with the top normal to the electron beam, and
the presence of the 1/3{4 2 2} Bragg reflection (squared box
spot) shows the flat nature of the gold nanostructures, as can
be observed in the SAED patterns of Fig. 4 (Shiv Shankar
et al., 2004; Germain et al., 2003).

Additionally, further studies have shown that the presence
of defects (twin planes) leads to the formation of anisotropic
metal nanoparticles, such as planar triangles and hexagons
(Lefton and Sigmud, 2005). In a similar way, it is possible that
multiple twinned particles (MTPs) that are initially formed in
the reaction, undergo a shape transformation and evolve into
Au nanotriangles or hexagonal particles because of the
shape-directing effect of the constituents of the Citrus paradisi
extract (Wiley et al., 2005; Prathap Chandran et al., 2006).
This phenomenon of growth can be seen in our system since
the ratio between spherical:planar particles directly depends
on the quantity of Citrus paradisi extract used in the synthesis.
It was also observed that with a greater amount of extract, the
amount of spherical NPs slightly decreases from 84% to 81%,
while the proportion of planar particles increases from 8% to
18%. In addition, the size of the spherical NPs increases from
5 nm to 10 nm when using higher amounts of aqueous extract,
while the size of the nanotriangles decreases from 75 nm to 25
nm.

The grapefruit aqueous extract and the colloidal suspension
containing the biogenic AuNPs were characterized by FTIR
spectroscopy. The major constituents of these peels are
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Fig. 2

(A) UV-Vis spectra of biogenic AuNPs measured at different times during the reaction of 3 mL of Citrus paradisi extract with 5

mL of a 107> M HAuCl, solution. Curves profiles correspond to 1 (30 min), 2 (1 h), 3 (1.5 h), 4 (2 h), 5 (4 h), and 6 (24 h), respectively. (B)
TEM micrographs of AuNPs of 3 mL of Citrus paradisi extract with 5 mL of a 107> M HAuCl, solution. (C) UV-Vis spectra of biogenic
AuNPs measured at different times during the reaction of 4 mL of Citrus paradisi extract with 5 mL of a 107> M HAuCl,. Curves profiles
correspond to 1 (30 min), 2 (1 h), 3 (1.5 h), 4 (2h), 5 (4 h), and 6 (24 h), respectively. (D) TEM micrographs of AuNPs of 4 mL of Citrus

paradisi extract with 5 mL of a 107> M HAuCl, solution.

protein, pectin, cellulose, and pigments (Nolasco-Arizmendi
et al., 2012). Usually, the broad band located at 3640-3510
cm ! corresponds to the stretching bond O—H of an alcohol
or a phenol moiety. The band located between 3000 and
2800 cm™! corresponds to stretching vibrations of C—H, while
the bands observed in the region of 1747 cm™' and 1647 cm ™!
are usually endorsed to the stretching vibrations of COO™ and
C=0, respectively. The bands that appear around 1300-1000
cm ! (circled in blue on the two spectra of Fig. 5) can corre-
spond to the vibrations of C—O—C and O—H in the polysac-
charides (Nolasco-Arizmendi et al., 2012; Li et al., 2008).
These molecules may be the ones that help in the reduction
and interact with the metal ions (causing different symmetrical
and asymmetrical vibrations depending on the anchorage)
(Nestor, 2006).

3.2. Plasmonic colorimetric studies

The plasmonic colorimetric assays are based on the color
change that occurs in the NPs solutions when there is a shift

in the plasmonic response due to the interactions between
the NPs and certain analytes such as biomolecules. The AuNPs
have a high extinction cross section in the visible region of the
electromagnetic spectrum that made them suitable for colori-
metric assays based on naked-eyed detection. Some advantages
of this kind of detection are that it is instrument free, simple,
sensitive, selective, portable, and fast, characteristics that can
be applicable to a wide range of analytes, in the clinical, bio-
logical and environmental arena (Polavarapu et al., 2014). In
addition, the introduction of metal ions in a biogenic noble
metal NPs solution can induce their aggregation through the
carboxylic groups of the biomolecules present in the surface
of the NPs and ions. This metal-ligand interaction can cause
a color change (Polavarapu et al., 2014; Ding et al., 2010) mak-
ing visible the presence of metal ions.

Fig. 6A and B shows the UV-Vis spectra of AuNPs synthe-
sized with 2 mL of Citrus paradisi extract and the image of
AuNPs solutions after being in contact with several metal ions,
respectively. It can be observed that the addition of different
metal ions such as Mg®", Hg?", Sr2", Pb>", Ca?", Cu®"
and Zn®>" to the AuNPs system had a small color change from
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Fig. 3 (A-B), (C-D), (E-F) Representative TEM micrographs of biogenic AuNPs measured at different reaction volumes of 2, 3 and 4
mL of Citrus paradisi extract with 5mL of a 107> M HAuCly, respectively.
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Fig. 4 SAED pattern of biogenic AuNPs collected after 24 h of reaction using 5 mL of a 107> M HAuCl, solution with (A) 2 mL, (B) 3
mL and (C) 4 mL of Citrus paradisi aqueous extract, respectively. Insets in each SAED pattern show TEM micrographs of the

corresponding biogenic AuNPs.

4000 3500 3000 2500 2000 1500 1000 500

—— (1) AuNPs poen e pm
8t -OH C-OHC, -
8 O-H
E
E 1 n 1 n 1 n 1 n 1 1 1
@ | (2) Citrus paradisi\

o
'_ - -
C-H
COO-
C=0

| -OH C-0-C,

L O-H |

n 1 " 1 n 1 L 1 I 1 n 1 I 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)
Fig. 5 (1) FTIR spectrum of colloidal suspension of biogenic

AuNPs obtained from the reaction of 2mL of Citrus paradisi
extract and SmL of a 107>M HAuClsolution, (2) FTIR
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dark purple to light purple. In this case, the surface plasmon
sensing and fluorescent sensing had better response (Fig. 6B).

3.3. Surface plasmon sensing

Localized Surface Plasmon Resonances (LSPR) sensing fre-
quencies depend on the environment, inter-particle distance,
size, shape and composition of the NPs (Noguez, 2005;
Gonzalez et al., 2005; Langer et al., 2015). These parameters
have been explored for LSPR sensing applications (Langer
et al., 2015). Sensing strategies via shifts or changes in LSPR

are considered attractive because of the simple implementa-
tion, easy handling of the instrument, and the eco-friendlier
method. For instance, Langer et al. (2015) reported that sur-
face plasmons can be measured by an extinction spectrum
using UV-Vis spectroscopy. Therefore, the nanoplasmonic
sensors can directly work in aqueous solutions. A phenomenon
called ‘dimer’ appears when two individual nanoparticles are
close to each other and become optically coupled due to the
interaction of their dipoles. The coupled dimer exhibits and
additional resonance with a lower energy which depends on
the gap between the particles. With a smaller gap, the electric
field becomes stronger and confined, which leads to a larger
red shift of the plasmon resonance mode, observed by a color
change (Langer et al., 2015).

The polyphenolic compounds that can be present in the
aqueous extract of Citrus paradisi are known to form com-
plexes with heavy metal cations. The addition of the metal ions
to the AuNPs suspension results in a light bathochromic shift
in the SPR band (Fig. 6A). For instance, with the addition of
7Zn>", the shift of the band goes from 554 nm to 546 nm; with
Cu’" and Hg>" moves from 554 nm to 557 nm. According to
Yoosaf et al., the extent of the shift depends on the concentra-
tion of ions in the solution or the type of aggregates that are
formed with each metal ion (Yoosaf et al., 2007). The batho-
chromic shift in the SPR band and the visual color change
(Fig. 6A and B) could be attributed to the formation of smaller
aggregates of NPs in the presence of metal ions such as Hg> ",
Cu?", and Zn>".

The addition of different metal ions (Mg?", Hg?", Sr**,
Pb>", Ca?", Cu®* and Zn®") to the system after the AuNPs
biosynthesis using 2 mL of Citrus paradisi, causes a moderate
color change of the original colloidal solution. The color
change goes from purple to light purple, enough to differenti-
ate between the metallic ions tested by naked-eyed inspection.

It has been experimentally proven that the plasmon oscilla-
tion of metal NPs can be coupled to each other when they are
brought in proximity (Langer et al., 2015; Yoosaf et al., 2007).
In this work, the proximity of the NPs induces the coupling of
their SPR, resulting in the shift to higher wavelengths (batho-
chromic shift). This behavior was visible with the addition of
Hg?", Cu®" and Zn®>" to the AuNPs solution (Fig. 6A).

Fig. 7 shows a schematic model of the formation of
nanoparticle-ligand (capping agent)-metal ion that leads to
the AuNPs aggregation. This figure can explain the color
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Fig. 7 Schematic representation of the formation of the metal-ligand complex leading to NPs’ aggregation.

change in the solutions (Fig. 6B) and the behavior presented in
Fig. 6A.

3.4. Fluorescence sensing

Fluorescence spectroscopy is usually used for sensing applica-
tions due to the high cross section of the emission process. This
emission can be affected when a dye molecule is near a

plasmonic nanoparticle, giving the NPs better properties in
sensing applications. Fluorescence emission properties are
not always enhanced by SPR, but the distance between the flu-
orophore and the NPs surface determines the effect, which
ranks from quenching up to enhancement (Langer et al., 2015).

In this study, AuNPs-Rh6G complex was tested as probe
for detection of different metal ions. Joseph Kirubaharan
et al. (2012) has indicated that the involved heavy metal
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perception mechanism could occur in two steps: (1) fixation of
Rh6G dye molecule over the surface of the biogenic gold
nanoparticle and, (2) replacement of the dye by metallic ions.
Therefore, the released dye molecule acts as a visual colorimet-
ric sensor. For example, Rh6G dye exhibits a pink color, while
the AuNPs exhibits a purple color (Fig. 8B vial 1). When the
Rh6G is attached to the biogenic AuNPs, the solution changes
to a pink-brownish color (Fig. 8B vial 2). However, with the
addition of the metal solutions (calcium (II) chloride, copper
(II) chloride and lead(I) chloride) which provide Ca®",
Cu®" and Pb*>” ions, respectively, there is not a visual color
change. These ions can start to adhere on the surface of the
AuNPs by replacing some of the Rh6G dye molecules. Then,
the fluorescent detection has a better result because the color
change is not remarkable (Joseph Kirubaharan et al., 2012).

Sensing studies were further evaluated using a fluorescence
spectrometer, where the Rh6G fluorophore exhibited a strong
fluorescent emission peak (Fig. 8A-peak 1). When the Rh6G
was added to the AuNPs solution and attached to the surface
of the NPs, the spectrum presented a quenching in the fluores-
cent emission (Fig. 8A-peak 2) through the fluorescence reso-
nance energy transfer which could promote also a small blue
shift of around 20 nm. After the addition of 1 mL of 107> M
solution of metal ions (Ca“, Cu?" and Pb2+), the fluores-
cence emission was restored (Fig. 8A-peaks 3, 4 and 5). The
restoration of the fluorescent emission ensures the detachment
of the dye by the metal ions, which proves the sensing ability of
the AuNPs towards several cations such as Ca’>", Cu** and
Pb>".

The addition of metal ions turns-on the fluorescence making
a colored highly fluorescent complex (De la Cruz-Guzman,
2014). Therefore, fluorescent enhancement could be attributed
to the formation of Rh6G-AuNPs-metal ions complex. Metal
ions can either enhance the fluorescence or quench it, but some
of them have no effect. For example, Cu’®" exhibits a

prominent enhancement of the band with a blue-shift (Pal
et al., 2014).

Hence, the enhancement of the fluorescence depends of the
metal ion nature and the dye. In this case, the Pb>" exhibits
the higher enhancement followed by Ca?™, as observed in
Fig. 8A. The presence of some metal ions may induce a com-
plementary complex that can recover the fluorescence of the
AuNPs2mLCP-Rh6G, these in between complexes turn-on
the fluorescence (Guo et al., 2016).

The main difference between LSPR sensing and fluores-
cence sensing is that LSPR depends directly of the NPs prop-
erties, specifically the inter-particle distances and the
polarization of the incident light. Meanwhile, in the florescence
sensing, it seems to depend on the distance of the fluorophore
respect to the surface of the NPs, which determines the effect.
Because of these differences, diverse ions are perceived by the
studied methods (Langer et al., 2015). Although, it is notewor-
thy to mention that in both sensing methodologies, Ca®>* can
be detected relatively easy. It is known that high concentra-
tions of calcium in the body present higher risks of cardiovas-
cular disease (Anderson and Klemmer, 2013). Also, high
intakes of calcium, approximately >2500 mg per day, can
result in a disease called hypercalcemia, that presents itself
with excessive thirst, excessive urination, pain between your
back and upper abdomen on one side, arterial calcification,
among others (Anderson and Klemmer, 2013). Therefore,
the detection of calcium present in the water has a great signif-
icance, and the method developed in this work is an excellent
alternative to know easily the calcium concentration in water.

It is also important to detect and eliminate other kind of
hazardous metals from water such as copper and lead. If a
human being ingest an excess of copper, He/She can get a dis-
ease called Wilson, affecting the liver and nervous system.
Also, lead poisoning can affect the liver, thyroid, hematopoi-
etic and immune systems, among others.
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(A) Fluorescence spectra of biogenic AuNPs obtained with 5mL of a 107> M HAuCl, solution and 2 mL of Citrus paradisi

aqueous extract as sensors of metal ions with Rhodamine-6G (Rh6G). Spectrum 1 — Rh6G, Spectrum 2 — AuNPs2mLCP-Rh6G,
Spectrum 3 — AuNPs2mLCP-Rh6G-Ca®™, Spectrum 4 — AuNPs2mLCP-Rh6G-Cu? ", Spectrum 5 — AuNPs2mLCP-Rh6G-Pb>*. (B)
Pictures of biogenic AuNPs solutions of the corresponding spectra 1-5 in (A).
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4. Conclusions

The biological synthesis of AuNPs using Citrus paradisi extract
provides a simple and efficient route for the synthesis of nano-
materials with tunable optical properties directed by shape and
size.

During the bioreduction of gold ions, not only the ability of
the carboxylic groups in the compounds of the Citrus paradisi
extract can be associated to the shape-tuning of gold nanotri-
angles, but also is responsible for the supra-arrangement of
gold nanoparticles.

The size of the synthesized Au nanotriangles varied from
25nm to 325 nm, while the Au nanospheres varied from 5
nm to 85 nm. HRTEM analysis of the sample prepared with
2 mL of Citrus paradisi extract shows FCC AuNPs with trian-
gular, hexagonal and spherical shapes. When the amount of
extract increased, the shape changes.

AuNPs synthesized by adding 2mL of Citrus paradisi
extract possess a unique ability to detect Hg?", Ca®>" and
Zn>* through LSPR method. There was no visual color
change, but the linear shift in the plasmon absorption was
notable. Moreover, fluorescent sensing through fluorescence
enhancement opens a new prospect for metal ions sensing,
where the bio-synthesized AuNPs had good sensitivity to
detect Ca>*, Cu®>" and Pb>" in water.
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