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Silver nanoparticles (AgNPs) have been synthesized, for the first time, using the pulp of Opuntia joconostle fruit as
reducing reagent of Ag" ions. The reported method is wholly green, since no temperature or infusion preparation
were required. AgNPs with a 428 nm plasmon absorbance, a quasi-spherical morphology, a mean size of 17.7 nm,
and an FCC crystal structure were obtained. These biogenic AgNPs, without further chemical functionalization,
could sense easily (naked eye) and selectively the presence of Hg?" ions in aqueous solution and in tap water.

1. Introduction

Even though many plasmonic and colorimetric nanometric-sensing
systems have been reported in recent years, there is still plenty of
room to continue investigating in this field, mostly, to create novel
sensors which could be easily prepared, with a low-cost, and having a
simple way of noxious chemicals detection [1]. Noble metal nano-
particles have been one of those novel sensing systems which can offer
relatively simple, selective, and sensitive detection of metal ions,
particularly of heavy-metal ions. One of the easier and greener ways to
synthesize metal nanoparticles is the so-called bio-reduction method-
ology using plant or fruit extracts, where the biomolecules present in
these eukaryotic products function as both, reducing reagents of the
metal ions and passivating agents of the nanostructures [2]. Although
some Opuntia spp. species, such as Opuntia ficus-indica [3], have been
employed to produce AgNPs, there are no reports regarding the use of
Opuntia joconostle for such purpose. Opuntia joconostle grows in central
regions of Mexico, and its fruit has an acidic taste due mainly to the high
content of ascorbic acid [4]. Detection of Hg?>" are amid the most
described metal ion detection experiments using AgNPs; nonetheless, in
many of the reported studies the AgNPs are activated, or functionalized,
with different chemicals to work properly as sensors of Hg2+ [5].

Herein, AgNPs were formed throughout a green bio-reduction of Ag™
ions methodology using Opuntia joconostle fruit, and these, non-
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functionalized, biogenic nanoparticles were successfully proved as effi-
cient sensors for the colorimetric and selective detection of Hg?" in
water.

2. Experimental
2.1. Materials

The fruit of Opuntia joconostle was obtained in Jocotitlan, State of
Mexico, Mexico. AgNO3, Cu(NO3)s, Pb(NO3)2, Co(NOs)s, ZnCly, Hg
(CH3COO)2, Cd(NOg)z, Ni(NOg)g, FeClz, A5205 and K2Cr207, were ac-
quired as analytical-grade reagents from Sigma-Aldrich and used
without further purification.

2.2. Preparation of aqueous extract of Opuntia joconostle

The fruit was washed with tap water, the peel and the central part of
the fruit were removed, leaving only the pulp, which was macerated. 10
g of pulp was weighed in a beaker, followed by the addition of 90 mL of
deionized water. The solution was kept under stirring for 20 min, then it
was filtered to remove suspended solids.
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Fig. 1. UV-vis spectra of biogenic AgNPs and the interaction of AgNPs with the different metal ions surveyed. Pictures of vials containing (1) AgNPs and (2-11) the

mixture of biogenic AgNPs with the different metal ions probed.

2.3. Biosynthesis of AgNPs

An aqueous solution of 10~> M AgNOs3 was prepared. The volume
ratios of 10”3 M AgNOjs solution to extract were 1:1 and 1:2. An aliquot
of the admixture was sampled at given times to monitor the progress of
AgNPs biosynthesis by UV-vis spectrophotometry. The biosynthesis was
carried out under ambient conditions.

2.4. Characterization

Absorption spectra were measured using a Thermo-Scientific UV-vis
spectrophotometer Evolution 220. TEM observations were performed in
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a JEOL 2100 microscope. For IR studies, an aliquot of 20 mL Opuntia
joconostle extract and biogenic AgNPs was allowed to dry at ambient
conditions. The powders were analyzed from 4000 to 500 cm ™" using a
Bruker Tensor 27 spectrophotometer.

2.5. Sensing studies

Selectivity sensing experiments were performed by adding 1 mL of
100 ppm solution of Cu(NOs), Pb(NOs)2, Co(NOs)s, ZnCly, Hg
(CH3COO0)3, Cd(NO3)2, Ni(NO3),, FeCly, As;Os and KoCrp07, separately,
to 1 mL of the AgNPs solution, at room temperature. For sensitivity
studies, solutions with different concentrations of Hg2+: 1, 10, 25, 50

Fig. 2. A) Tem image of biogenic AgNPs with average diameter of 17.7 nm accordingly to histogram (inset). b) HRTEM micrograph of a biogenic AgNPs; SAED

pattern (inset).
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Fig. 3. A) UV-vis spectra of AgNPs colloidal solution after addition of various concentrations of Hg?* ions; AgNPs solution color loss with increasing Hg?" ion
concentration (picture). b) Change in absorption intensity as a function of concentration of Hg>* showing the linear behavior in the concentration range 10-100 ppm.

¢) TEM image of biogenic AgNPs after contact with Hg>" ions.

and 100 ppm, were added to the AgNPs solutions. Selectivity and
sensitivity sensing studies were performed by UV-vis spectroscopy.

2.6. Colorimetric and plasmonic detection in tap water

Tap water samples were collected and filtered, separately, before
use. Known concentration of HgZJr solutions (1, 10, 25, 50, 75 and 100
ppm) were added, individually, to these tap water samples. Then, each
one of these solutions were combined with 1 mL of freshly prepared
10~3 M AgNPs. Absorption spectra were recorded using a UV-vis
spectrophotometer.

3. Results and discussion
3.1. Synthesis and characterization of AgNPs

Opuntia joconostle species contain several compounds such as ascor-
bic, protocatechuic, malic, citric, fumaric acids, besides other poly-
phenolic compounds [3]. These biomolecules contribute to favor the
synthesis of AgNPs under ambient conditions, throughout the bio-
reduction of Ag™ ions and passivating the AgNPs formed. Although each
ratio of 10"> M AgNO5 solution to fruit extract seem to produce AgNPs,
the best proportion was 1:2 due to the larger amount of AgNPs pro-
duced, accordingly to the higher intensity of the surface plasmon reso-
nance (SPR) obtained. Under these conditions the resultant colloidal
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Fig. 4. UV-vis spectra of biogenic AgNPs and of AgNPs after addition of different concentrations of Hg>" ions in tap water. AgNPs solution color loss with increasing
Hg?" ion concentration (picture). Change in absorption intensity as a function of concentration of Hg>" showing the linear behavior in the concentration range

10-100 ppm (right hand plot).
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solution of AgNPs had a brown color (inset picture Fig. 1). The ab-
sorption maximum at 428 nm observed in the UV-vis spectrum (Fig. 1,
black line spectrum) evidences the presence of AgNPs, this signal can be
related to the SPR of AgNPs.

AgNPs are mostly quasi-spherical (Fig. 2a) with an average size of
17.7 + 6.9 nm (inset Fig. 2a). The SAED pattern (inset Fig. 2b) denotes
the formation of monocrystalline AgNPs. An interplanar distance of
2.35 A was obtained from HRTEM micrograph in Fig. 2b, which can be
associated to the lattice plane (111) of the crystalline silver with face-
centered cubic (FCC) structure (JCPDS 004-0783).

3.2. Sensing studies

The sensing capability of the biogenic AgNPs was probed with ten
ions, of which Zn%*, Pb%>", Ni%T, Fe?", Ccu®*, Co?", Cd*" and As®*
showed small spectral changes and slight reductions in the SPR intensity
(Fig. 1); conversely, for Hg>" and Cr®* the loss of the characteristic
AgNPs SPR absorption is observed (Fig. 1). Consequently, there is a
colorimetric response in the AgNPs colloid in the presence of Hg>",
changing from a brown color solution to a discolored one (inset pictures
in Fig. 1). In many reported studies [5], the AgNPs need to be activated
with different chemicals, such as calixarene-capped [6] or AgNPs sta-
bilized with sodium 3-mercapto-1-propanesulfonate [7], to work prop-
erly as sensors of Hg?>'. There are only few examples where no
functionalization of AgNPs was performed to achieve the sensing of
Hg?" [8]. A preliminary sensitivity study of the AgNPs capability for
detection of the Hg?" was performed by UV-vis spectroscopy, and the
results are shown in Fig. 3a. Hence, as the concentration of Hg?" in-
creases from 1 to 100 ppm the SPR absorbance diminishes until prac-
tically disappear. Colorimetrically, a complete fading of the solution
color is observed at a Hg2+ concentration of 25 ppm (inset picture
Fig. 3a). In Fig. 3b, the plot of Ao-Ax, which is the difference in the
absorbance of the sample without and with Hg?* at SPR peak maximum,
versus the [Hg?"] shows a linear relationship in the 10 to 100 ppm in-
terval. In analogous sensing studies using biogenic AgNPs, the reported
detection limits of Hg2+ varies from 2.00 to 0.85 uM [9,10,8]. TEM
image in Fig. 3¢ was obtained after addition of a 25 ppm Hg?* solution
to a AgNPs solution. The nanoparticles lost their quasi-spherical shape,
and they are no longer separated, rather they are aggregated forming
rodlike-shape structures. This is in agreement with the observed disap-
pearance of the SPR absorption (Figs. 1 and 2). Therefore, it is possible
that a spontaneous oxidation-reduction reaction is being generated,
provoking that the solution changes from a brown color to colorless.
Comparable results and mechanism proposals for the Hg?" sensing by
AgNPs have been described by other authors [6].

It was also possible to detect colorimetrically, and plasmonically,
Hg?* ions added to tap water samples by means of the biogenic AgNPs.
Fig. 4 shows the SPR absorbance of AgNPs, which tends to diminish, and
practically disappear as the concentration of Hg>" augments. The fast
colorimetric change from brown to colorless of the AgNPs solution can
be detected (inset picture Fig. 4); therefore, it seems that the metal ions
existing in tap water do not interfere with this facile naked eye method
of detection of Hg?". AgNPs produced by Garcinia indica (Kokum fruit)
were able to detect Hg?" in tap water until reaching a concentration
above 120 ppm [8], whereas our AgNPs can detect, both colorimetri-
cally and plasmonically, Hg?*ions in tap water at lower concentrations.

Materials Letters 333 (2023) 133614
4. Conclusions

Crystalline FCC AgNPs with an average size of 17.7 nm, and a quasi-
spherical shape, can be obtained by a facile and green biosynthesis using
the pulp of Opuntia joconostle fruit straight, without the need of an
infusion preparation. Furthermore, aqueous dispersion of these biogenic
nanoparticles demonstrated to be an efficient probe for Hg?" sensing in
water, both colorimetrically and plasmonically. Thus, this detection
method of Hg2+ is simple (naked eye), selective, low-cost and portable;
it is also worth stating that, unlike other reported methods, additional
chemical functionalization of the AgNPs was not required in the sensing
experiments.
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