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Abstract

In this study, silver nanoparticles (AgNPs) and L-cysteine-capped AgNPs were synthesized separately using
Foeniculum vulgare seed extract as the reducing agent and L-cysteine as the capping agent, which were characterized
by ultraviolet—visible spectrophotometer (UV—vis), Fourier Transform Infrared spectrophotometer (FT-IR), X-ray
diffractometer (XRD), and transmission electron microscopy (TEM). The utilization of the synthesized nanomaterials
as colorimetric sensors for the detection of Hg?" ions was also investigated. In this context, it was determined that L-
cysteine-capped AgNPs exhibited better performance in the colorimetric Hg?* detection in regards to sensitivity,
selectivity, and applicability in real samples. It was observed that the colorimetric detection method was based on the
disappearance of the brown color of the nanomaterial-contained colloidal solution and thus the decrease in the LSPR
peak intensity. The method of the colorimetric Hg?" detection with L-cysteine-capped AgNPs showed the good
regression coefficient with the minimum detection limit of 0.36 uM in the linear Hg*" concentration range of 1.0-10
UM, which indicated the competitive results compared to the latest reported colorimetric sensors in the literature.
According to the obtained results, it has been concluded that the studied method enables to detection of Hg** ions
colorimetrically via L-cysteine-capped AgNPs in a sensitive, selective, applicable in real samples, cheap, and easy
way.
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Kolorimetrik Hg?* Tespiti i¢in Foeniculum vulgare Ekstrakti ile Giimiis
Nanopartikiilleri (AgNPs) ve L-sistein kapli AgNPs’nin Yesil Sentezi ve

Karakterizasyonu

Oz

Bu caligmada, indirgeyici ajan olarak Foeniculum vulgare ekstrati ve kaplayici ajan olarak L-sistein kullanilarak
giimiis nanopartikiilleri (AgNPs) ve L-sistein kaplt AgNPs ayr1 ayr1 sentezlenmistir ve sentezlenen nanomalzemeler
ultraviyole goriiniir spektrofotometre (UV-vis), Fourier Doniistimli Kizildtesi spektrofotometre (FT-IR), X-151n1
difraktometre (XRD) ve transmisyon elektron mikroskobu (TEM) ile karakterize edilmistir. Sentezlenen
nanomalzemelerin Hg*" iyonlarmin tespiti i¢in kolorimetrik sensér olarak kullanimi arastirilmigtir. Bu baglamda, L-
sistein kapli AgNPs’nin kolorimetrik Hg?* tespitinde duyarlilik, segicilik ve gergek orneklerde uygulanabilirlik
acisindan daha iyi performans gésterdigi belirlenmistir. Kolorimetrik tespit yonteminin; nanomalzeme igeren koloidal
¢ozeltinin kahverengi renginin kaybolmasina ve dolayistyla LSPR pik siddetinin azalmasina dayandig: gézlenmistir.
L-sistein kapli AgNPs ile kolorimetrik Hg?* tespit yontemi, 1.0-10 uM dogrusal Hg*" derisim araliginda 0.36 pM
minimum saptama limiti ile iyi bir regresyon katsayis1 gdstermistir ve bu da literatiirde bildirilen giincel kolorimetrik
sensorler ile rekabet edebilir sonuglar elde edildigine isaret etmistir. Elde edilen sonuglara gore; ¢aligilan yontemin,
L-sistein kapli AgNPs ile Hg*" iyonlarinin kolorimetrik olarak hassas, segici, gergek numunelere uygulanabilir, ucuz
ve kolay bir sekilde tespit edilmesine olanak sagladig1 sonucuna varilmstir.

Anahtar Kelimeler: L-sistein kapli AgNPs, yesil sentez, Foeniculum vulgare, Hg** tespiti, kolorimetrik sensor
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1. Introduction

Hg?" is a stable toxic metal ion released to the environment from natural and anthropogenic
sources which pollutes the environment and affects human health. Natural sources of mercury
contain volcanic eruptions and emissions from the ocean while anthropogenic emissions are
resulting from fuels or raw materials, or from uses in products or chemical, agricultural, and
pharmaceutical industrial processes [1]. Mercury ion is regarded as a global public health risk
due to its high-water solubility resulting to easily accumulation in water bodies. Thus, it gets
into human body via water or food chain, passes through biological membranes, piles up in
their physiological system, and leads to vital health problems including neurological,
immunological, digestive, and cardiovascular diseases (Muhammad et al., 2022). The United
States Environmental Protection Agency (USEPA) has specified the maximum permissible
concentration of Hg?" in drinking water as 10 nM, while it has been set as 30 nM by the world
health organization (WHO) (Jayeoye et al., 2022). The development of high-sensibility
analytical methods is needed for the detection and quantification of Hg?" in water samples
according to such low regulatory limits. It can be detected by conventional methods including
atomic absorption/emission spectroscopy, electrochemical methods, X-ray fluorescence
spectrometry, inductively coupled plasma mass spectroscopy, gas chromatography, and
colorimetric assays [2]. Although high selectivity and sensitivity are provided by these methods,
several disadvantages such as extensive sample pretreatments, complex instruments, and/or
more samples limit their applicability [4]. Therefore, different types of sensors like
colorimetric, electrochemical, fluorescence have been developed for the low-cost, sensitive,
selective, and quick detection of Hg?" in aqueous samples. Among the sensors, colorimetric
sensors necessitate minimal instrumentation and so enable easier on-site detection. Especially
metallic nanoparticles have attracted much attention due to their superior properties such as
extremely high extinction coefficients and strongly distance-dependent optical properties,
which allow being effective colorimetric sensors [5].

The principle of colorimetric detection with metallic nanoparticles is based on Localized
Surface Plasmon Resonance (LSPR) phenomenon related to the collective oscillation of
conduction electrons when interacting with visible light, which makes the metallic
nanoparticle-contained colloidal solution has a characteristic color. Accordingly, an external
intervention like adding heavy metal solution may alter the solution color and thus induce a
shift in the LSPR absorption peak due to interparticle plasmon incorporation [6]. LSPR
electrons on the surface of silver nanoparticles (AgNPs) result in the characteristic absorbance
peak in the visible wavelength region between the range of 400-500 nm, which provides
convenience in the colorimetric detection of Hg?**. The colorimetric detection of Hg?" with
AgNPs is based on the redox reaction between Ag!*/Ag® (E’°=0.799 V) and Hg?"/Hg® (E=0.85
V), which leads to the loss of LSPR absorption peak and thus the decolorization of AgNPs-
contained colloidal solution.

The reaction occurs by means of the superior properties of AgNPs such as solubility in water,
unique optical properties, and stability, which aids the formation of silver—-mercury amalgam
[1, 7]. AgNPs have been widely synthesized by the chemical reduction method; however,
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natural sources such as plants, fungi, algae, yeast, bacteria have been used instead of the
chemical reductants recently due to the high-cost of them.

Although effective Hg?" detection has been made with AgNPs synthesized by chemical
reduction method, the detection with green synthesized AgNPs has been proposed as a more
eco-friendly and cost-effective method recently. There are many advantages of using plants in
the green synthesis such as availability, no need for sterilization, simplicity, and safe to be
processed of plants compared to other natural sources. For these reasons, the effective green
synthesis of AgNPs with plant extract for Hg?" detection under mild conditions is still in demand
both environmentally and industrially [8].

Foeniculum vulgare contains proteins, fats, minerals, fibers, carbohydrates, and phytochemical
compounds [9]. The phytochemical compounds such as amino acids, volatile compounds, fatty
acid, and phenolics, flavonoids play important roles in reduction of silver ion (Ag!") to zero-
valent silver (AgNPs) due to their strong antioxidant effects.

Surface modification improves the stability and analytical applicability of AgNPs for metal ion
detection. Various compounds containing —SH, -NH>, -COOH, and —OH functional groups
such as polyvinyl alcohol [10], calixarene [11], thiol terminated chitosan [12], 3,4-dihydroxy-
L-phenylalanine [13], Riboflavin, 1-dodecanethiol, starch, 2-aminopyrimidine-4,6-diol, citrate,
L-tyrosine, glutathione, casein peptide, L-tyrosine, tartaric acid [14], L-cysteine [15], 3-
mercapto-1,2-propanediol [16] have been applied as capping agents and as well as reducing
agents.

In this work, F. vulgare seed extract was chosen as reducing agent and modification of AgNPs
surface was carried out using L-cysteine. The characterization studies have been carried out
with UV-vis spectrophotometer, FT-IR, XRD, and TEM analyses. The synthesized AgNPs and
L-cysteine-capped AgNPs have been evaluated in the colorimetric detection of Hg?". In this
content; the studies of the sensitivity, selectivity, and applicability in real samples have been
carried out and also the effect of the use of L-cysteine on colorimetric Hg?" detection has been
discussed.

2. Material and Methods

2.1.  Green Synthesis and Characterization of AgNPs and L-cysteine-capped AgNPs
For the synthesis of AgNPs and L-cysteine-capped AgNPs, the aqueous extract of F. vulgare
seeds was firstly prepared. With this scope, F. vulgare seeds were purchased from a herbalist
in Mersin, Turkey. The purchased seeds were firstly rinsed with tap water and then washed with
distilled water. After that, they were dried in an oven at 50 °C for 3.0 h. The aqueous extract of
F. vulgare seeds was prepared by heating of 10 g of the seeds in 300 mL distilled water at 60
°C for 2.0 hours. The prepared aqueous extract was cooled to room temperature, and then the
seeds were separated from the extract with Whatman #1 filter paper. Lastly, the prepared
aqueous extract was stored in the refrigerator at +4 °C for further the nanomaterial synthesis
experiments.

The as-prepared aqueous extract was then utilized as a reducing agent for reducing +1 valent
silver ion (AgNO3) to zero-valent silver (AgNPs). For the synthesis of both nanomaterials, 5.0
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mL of the aqueous extract was added to 45 mL of 10 mM AgNOs; solution. Differently from
AgNPs, the desired amounts of L-cysteine were poured into the mixture for the synthesis of L-
cysteine-capped AgNPs.

Lastly, the as-prepared mixtures were kept overnight at room temperature at dark. The mixtures,
which changed color from yellow to brown overnight, were stored in the refrigerator at +4 °C
to be used for the colorimetric detection [17].

The schematic illustration of L-cysteine-capped AgNPs formation was presented in Figure 1.

Green synthesis
Aglt > Ag®

AgNO3

HS OH
NH.

L-cysteine /

Figure 1. The schematic illustration of L-cysteine-capped AgNPs formation

L-cysteine-capped AgNPs

The UV-vis spectroscopy measurements of the nanomaterials were recorded in a wavelength
ranging from 300 to 800 nm for the observation of the LSPR absorption peak. The functional
groups present in the nanomaterials were investigated using FTIR. The sizes and morphologies
of the nanomaterials were performed by TEM. For the investigation of the crystal phases of the
nanomaterials, XRD analysis was performed in 28 value ranging from 20 ° to 80°.

2.2.  Colorimetric Hg** Detection with AgNPs and L-cysteine-capped AgNPs

In conducting Hg** detection with the synthesized nanomaterials, 1.0 mL aliquot of the
nanomaterial-contained colloidal solution and 1.5 mL of distilled water were added sequentially
into an UV—vis spectrophotometer cuvette and its UV—vis absorbance spectrum was recorded
as blank. The characteristic LSPR absorption peaks of AgNPs and L-cysteine-capped AgNPs
were determined as 465 nm and 450 nm, respectively. After that, 1.5 mL of a certain
concentration of Hg?" solution was added to the mixture of 1.0 mL of nanomaterial-contained
colloidal solution and 1.5 mL of distilled water, and the resulting solution was thoroughly mixed
manually. The absorbance value of the mixture of 1.0 mL of nanomaterial-contained colloidal
solution and 1.5 mL of distilled water was named Ao while the absorbance value after adding
of 1.5 mL of a certain concentration of Hg?" solution was named A;. A; values were recorded
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5.0 minutes later after adding of 1.5 mL of a certain concentration of Hg** solution. The
difference of these two absorbance values (AA=Ao-A1) was collected as experimental data.
The sensitivity of the procedure was tested by adding of 1.5 mL of Hg?" solutions at different
concentrations to each mixture of 1.0 mL of nanomaterial-contained colloidal solution and 1.5
mL of distilled water. In order to investigate the selectivity of the as-synthesized nanomaterials
in detecting Hg?", 1.5 mL solutions of representative metals ions at 1000 uM concentration
were each added to the mixture of 1.0 mL of nanomaterial-contained colloidal solution and 1.5
mL of distilled water. The color changes of the mixtures were observed with naked-eye and the
corresponding absorbance changes were affirmed with the UV—vis spectrophotometer [1].

3. Results and Discussions
3.1. Characterization of AgNPs and L-cysteine-capped AgNPs

AgNPs and L-cysteine-capped AgNPs were synthesized in different proportions of the
components as can be seen in Table 1. The characteristic LSPR absorption peaks of the
synthesized nanomaterials were observed via UV-vis spectrophotometer and the related spectra
were given in Figure 2. Accordingly, it was determined that the presence of more than 1.0 mL
of L-cysteine in the medium at the constant volume of the aqueous extract caused the
characteristic LSPR absorption peaks to disappear. It was also observed that the intense of the
characteristic LSPR absorption peak was increased with increasing the amount of the aqueous
extract, indicating the increase in the amount of the formed nanomaterial. Thus, the colorimetric
Hg?* detection experiments were performed with the nanomaterials synthesized at the
proportions of a, b, e, and f. Then, the colorimetric Hg?" detection performance of the
nanomaterials decided to be studied was examined. Although nanomaterial formation was high
at high aqueous extract volumes, it was decided to continue the detection experiments with the
nanomaterials synthesized at the proportions of a and b since higher colorimetric detection
efficiencies for especially Hg?" concentration of 10 M were obtained with these nanomaterials.

Table 1. The proportions of the components in the synthesis of AgNPs and L-cysteine-capped

AgNPs
Aqueous Colorimetric detection
Nanomaterial extract of . efficiency (%)
code AgNOs F. vulgare L-cysteine LSPR For 2x10* M yFor 10°M
seeds Hg?* Hg?*
a 10 mM, 45 mL 5.0 mL - 465 nm 57.14 23.12
b 10 mM, 45 mL 5.0 mL 1.0 mM, 1.0 mL | 450 nm 63.05 23.82
c 10 mM, 45 mL 5.0 mL 1.0 mM, 3.0 mL - - -
d 10 mM, 45 mL 5.0 mL 1.0 mM, 5.0 mL - - -
e 10 mM, 45 mL 10 mL - 465 nm 45.72 2.12
f 10 mM, 45 mL 10 mL 1.0 mM, 1.0 mL | 465 nm 51.12 3.84
g 10 mM, 45 mL 10 mL 1.0 mM, 3.0 mL - - -
h 10 mM, 45 mL 10 mL 1.0 mM, 5.0 mL - - -
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Figure 2. The UV-vis spectra of the synthesized nanomaterials in different proportions of the
components (a) nanomaterial code: a-d, (b) nanomaterial code: e-h

The functional groups of the nanomaterials synthesized at the proportions of a and b were
analyzed by FT-IR and the obtained spectra were presented in Figure 3. Accordingly, the
spectra of L-cysteine-capped AgNPs exhibited a peak at 2250 cm™!, related to the presence of
mercaptans —SH. This peak for —SH was not observed in case of AgNPs, demonstrating the
formation of S—Ag covalent interaction [18, 19]. Moreover, differently from AgNPs, L-
cysteine-capped AgNPs showed a peak at 2979 cm™! corresponding to —NH3* stretching, a
bending band of N-H at 1502 cm™!, and two bands at 1620 and 1367 cm™' related to the
asymmetric and symmetric stretching of COO, respectively [19]. The peak at around 1600 cm
! related to C=0 stretching vibration. The peak at around 1300 cm™ was related to the O-H
bending and affirmed the presence of an aromatic group, while the absorption peak at around
1000 cm™ originated from C-O-C and secondary -OH group. The aforementioned peaks, which
were common to both nanomaterials, stemmed from the extract structure [5].

Figure 4 displayed XRD patterns of the nanomaterials synthesized at the proportions of a and
b. The XRD patterns designated that the five characteristic diffraction peaks were obtained at
20 =38°,44°, 64°, 77°, and 81°, which can be indexed to (111), (200), (220), (311), and (222)
planes of the face-centered-cubic structure of silver nanoparticles [19]. The sharpness of
reflection peaks proves the crystallinity level of the materials; accordingly, L-cysteine-capped
AgNPs had higher crystallinity than AgNPs due to its sharper reflection peaks [20].
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Figure 3. FT-IR spectra of the nanomaterials synthesized at the proportions of a and b
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Figure 4. XRD patterns of the nanomaterials synthesized at the proportions of a and b

The morphological characteristics were evaluated using TEM analysis and the obtained TEM
images for the nanomaterials synthesized at the proportions of a and b were presented in Figure
5 (a) and (b), respectively. Randomly selecting 25 particles from TEM images with the Image
J program, the particle sizes of AgNPs and L-cysteine-capped AgNPs were calculated to be
11.84£1.92 nm and 7.82+1.20 nm, respectively. Accordingly, less agglomeration and lower
particle size were observed in the TEM image of L-cysteine-capped AgNPs. The enhanced
monodispersity could be ascribed to the capping of L-cysteine on the surface of Ag NPs, which
was further affirmed by the peak for —SH in FT-IR spectra of L-cysteine-capped AgNPs.

TEM images of the nanomaterials synthesized at the proportions of a and b after Hg** detection
were given in Figure 5 (c¢) and (d), respectively.
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Randomly selecting 25 particles from TEM images with the Image J program, the particle sizes

of AgNPs and L-cysteine-capped AgNPs after Hg?" detection were obtained as 12.7142.43 nm
and 10.49+1.62 nm, respectively. The related figures showed that the nanomaterials
agglomerated and so their sizes increased after the colorimetric detection reaction between
Ag!"/Ag® and Hg?"/Hg® due to the formation of solid like an amalgam of silver and mercury.

(c) and (d) TEM images of the nanomaterials synthesized at the proportions of a and b after
Hg?* detection, respectively

3.2. Colorimetric Hg?* Detection with AgNPs and L-cysteine-capped AgNPs

The colorimetric Hg?* detection performances of AgNPs and L-cysteine-capped AgNPs were
presented in Figure 6 (a) and (b), respectively. The characteristic LSPR absorption peaks of
AgNPs and L-cysteine-capped AgNPs were determined as 465 nm and 450 nm, respectively.
The addition of Hg?* ions led to remarkable decreases of the LSPR absorption peaks and
decolorization of the solutions from brown to colorless, enabling the colorimetric detection of
Hg?" via the redox reaction between Ag'"/Ag’ (E°=0.799 V) and Hg?"/Hg" (E’=0.85 V). The
color change was evaluated a visual output, and the absorbance difference in the LSPR peak
was used as experimental data in the colorimetric Hg?" detection system. Accordingly, the
absorbance difference in the LSPR peak of L-cysteine-capped AgNPs (AA=0.67) was higher
than that of AgNPs (AA=0.62), indicating that L-cysteine-capped AgNPs could be used as a
more effective sensor for the colorimetric Hg** detection.
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The proposed detection mechanism was resulting from Hg?* induced-deprotection followed by
spontaneous oxidation of Ag’. When Hg?" ions were added to L-cysteine-capped AgNPs-
contained colloidal solution, they interfered the interaction of AgNPs and L-cysteine and
carboxyl or hydroxyl groups in the extract. L-cysteine and the functional groups in the extract
provided capping and stabilizing the AgNPs during the synthesis process. These capping and
stabilizing groups were separated from AgNPs due to the strong affinity of Hg?", resulting in
the destabilization of AgNPs. Then, Hg?* spontaneously oxidized the destabilized-AgNPs as it
had a higher reduction potential than Ag!*. The oxidation of AgNPs caused the disappearance
of LSPR absorption peak, as well as the decolorization of L-cysteine-capped AgNPs-contained
colloidal solution [6]. This proposed detection mechanism of Hg?* with L-cysteine-capped
AgNPs was illustrated in Figure 7.
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Figure 6. The colorimetric Hg?" detection performance of (a) AgNPs and (b) L-cysteine-
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Figure 7. The proposed detection mechanism of Hg?* with L-cysteine-capped AgNPs
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The limit of detection (LOD) is important for colorimetric sensors, that is used for
distinguishing the detection method as well as explicating the experimental data. In order to
determine the LOD value of AgNPs and L-cysteine-capped AgNPs for the colorimetric Hg?"
detection, calibration lines were created by plotting the different Hg** concentrations versus the
absorbance differences (AA=Ao-A1) at these concentrations. The changes of absorbance
differences with Hg?" concentrations for AgNPs and L-cysteine-capped AgNPs were presented
in Figure 8 (a) and (b), respectively. Accordingly, two linear portions in the ranges of 1.0-10
uM (AA = 10855C+0.2185, R? = 0.901 for AgNPs; AA=17805C+0.2384, R*=0.9047 for L-
cysteine-capped AgNPs) and 20-400 uM (AA=1247.8C+0.347, R?>=0.9697 for AgNPs;
AA=1377.6C + 0.406, R?=0.9683 for L-cysteine-capped AgNPs) were obtained, where C was
the Hg?* concentration in molar. The limit of detection (LOD= 3c/s) was calculated in regard
to the signal which was equivalent to 3 times the standard deviation of the blanks, where s was
the slope of the calibration line in the Hg?" concentration range of 1.0-10 uM and ¢ was the
standard deviation of the control solution. Accordingly, LOD values of AgNPs and L-cysteine-
capped AgNPs were obtained to be 1.58 uM and 0.36 uM, respectively. The LOD values of the
synthesized nanomaterials were compared with the AgNPs in the latest reported works as can
be seen in Table 2. The literature survey indicated that L-cysteine-capped AgNPs exhibited
relatively competitive Hg?" colorimetric sensing activity when compared to the AgNPs in the
latest reported works.
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Figure 8. The changes of absorbance differences with Hg?* concentrations for (a) AgNPs and
(b) L-cysteine-capped AgNPs

Table 2. The comparison of linear ranges and LOD values of AgNPs and L-cysteine-capped
AgNPs with the previously reported AgNPs
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The binding stoichiometries of Hg?* and the synthesized nanomaterials were evaluated by
continuous variation analysis via Job’s plot. In the Job’s plot, the absorbance differences vary
with molar ratios of Hg?* and the synthesized nanomaterials while the total molar concentration
remains constant. Job’s plot proposes 1:1 stoichiometry between the reactants (Hg?" and the
synthesized nanomaterials for this study) by molar ratio of 0.5, where the maximum binding is
achieved. The binding stoichiometries of Hg?* and the synthesized nanomaterials were analyzed
by the graph plotted between 1/(A¢-Ai1) versus 1/[Hg?], depending upon the Benesi—
Hildebrand Equation given below [31]:
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1 _ 1 1
(Ao—A1) (Ar—Ao) (Af—Ao).Kac.[Hg?t]

)]

where A,, Ai, and Ar are absorbances of Hg?'—the synthesized nanomaterials at 450 nm for
AgNPs and at 465 nm for L-cysteine-capped AgNPs, at each added Hg?* concentration, and at
infinite Hg?" concentration, respectively, whereas [Hg?'] and K. are various added Hg?"
concentrations and association constant, respectively. The good linear relationships based on
the Benesi—Hildebrand Equation were presented in Figure 9 (a) and (b) for AgNPs and L-
cysteine-capped AgNPs, respectively. Accordingly, the association constants for Hg>*—AgNPs
complex and Hg?"—L-cysteine-capped AgNPs complex were determined as 242.887x10° M™!
and 226.112x10° M"!, respectively. The obtained Ka. values indicated that AgNPs exhibited
better bonding affinity to Hg?" ions than L-cysteine-capped AgNPs.
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(a) 1/[Hg*'] (b) 1/[Hg*']

Figure 9. The linear relationship based on the Benesi—Hildebrand Equation for the formation
of (a) Hg?>'—AgNPs complex and (b) Hg?'— L-cysteine-capped AgNPs complex

In order to investigate the selectivity of the synthesized nanomaterials for the detection of Hg?",
1.5 mL solutions of the representative metal cations were each added to the mixture of 1.0 mL
of nanomaterial-contained colloidal solution and 1.5 mL of distilled water. The Hg?>"
concentration was maintained at 100 pM whereas other metal cations were at 1000 uM. The
color changes were observed with the naked-eye and the corresponding absorbance differences
were affirmed with the UV—vis spectrophotometer. The corresponding absorbance differences
and the recovery values were given in Figure 10 and Table 3, respectively.
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The recovery values were calculated with Equation 2 given below:

AA;
aa X 100 )

Recovery % =

where A; is the absorbance change in the presence of the metal cation i, A; is the absorbance
change in the presence of reference that is distilled water.

As shown in Figure 10 (a) and (b), the highest absorbance differences were observed for only
the addition of Hg?" ion even when other metal cations were at ten-fold concentration higher
than Hg?". Moreover, as seen in Table 3, the recovery values for metal cations were between
89.32 % and 97.54 % for AgNPs while they were between 91.21 % and 101.80 % for L-
cysteine-capped AgNPs. These results showed that L-cysteine-capped AgNPs could be more
effectively utilized in the colorimetric Hg?" detection in the presence of various metal cations.
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Figure 10. The selectivity of (a) AgNPs and (b) L-cysteine-capped AgNPs
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Table 3. The recovery values of the metal cations for AgNPs and L-cysteine-capped AgNPs

. Recovery (R %)
Metal cations .
AgNPs L-cysteine-capped AgNPs

K* 93.18 96.18
Cd** 97.54 98.11
Ba?* 95.29 92.22
Pb** 91.27 98.29
Mn?* 92.48 93.76
Ni2* 90.97 101.80
Co*" 92.58 92.88
Ca** 95.24 91.21
Zn** 90.97 96.92
Mg?** 89.32 95.61

The colorimetric Hg** detection performances of the synthesized nanomaterials were examined
with the use of various water samples such as drinking water, tap water, treated tap water, and
distilled water via standard recovery method. Accordingly, different Hg?* concentrations were
spiked into the water samples, and the experiments of the colorimetric Hg?" detection were
carried out in regards to the method given in Material and Method subsection 2.2. The obtained
absorbance differences were converted to concentrations using the calibration lines in the
related Hg?* concentration range [2]. The recovery values were calculated with Equation 3
given below:

Experimental Hg?* concentration value

Recovery % (R %) = x 100 3)

Theoretical Hg2* concentration value

The calculated recovery values given in Table 4 ranged between 91.85 and 110 % for AgNPs
while they were between 96 and 109.46 % for L-cysteine-capped AgNPs. Accordingly, the
recovery values proved better performance of L-cysteine-capped AgNPs for the colorimetric
Hg?* detection in the real water samples, which showed the negligible effect of other interfering
agents in the real samples on the validation of the method.
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Table 4. The experimental concentrations and the recovery values of AgNPs and L-cysteine-
capped AgNPs for real water samples

. AgNPs L-cysteine-capped AgNPs
Real water Theoretlc.a !
concentration :

sample (uM) Experimental Experimental

concentration R % concentration R %
(uM) (uM)

Drinking 10 9.82+0.17 98.20 9.77+0.13 97.73
water 40 40.79+£0.15 101.98 39.42+0.11 98.54
200 206.20+0.21 103.10 204.78+0.19 102.39
10 9.18+0.44 91.85 9.72+0.31 97.22
Tap water 40 41.91+0.19 104.78 38.40+0.12 96.00
200 215.42+0.66 107.71 216.54+0.43 108.27
10 11.00+£0.35 110.00 10.95+0.26 109.46
[reated fap 40 41755015 | 10438 | 38.62£0.08 | 96.54
wate 200 215.66+0.71 107.83 217.84+0.54 108.92
10 10.82+0.22 108.15 10.88+0.17 108.79
Distilled water 40 40.79+0.18 101.98 39.71+0.14 99.27
200 211.01£0.52 105.51 193.38+0.41 96.69

4. Conclusions

The favorable green synthesis of nanomaterials under mild conditions for various applications
is still in demand both industrially and environmentally in regards to saving energy, operating
safely, and avoiding the use of hazardous chemicals. From this point of view, this study has
reported the results of the green synthesis of AgNPs and L-cysteine-capped AgNPs using F.
vulgare seed extract as the reducing agent in a simple, environmentally friendly, and efficient
route for the colorimetric Hg?" detection. L-cysteine was used as a capping agent in the
synthesis of the nanomaterials and the obtained results were evaluated in terms of the effect of
L-cysteine use on the nanomaterial structure and colorimetric detection. The characterization
results showed that L-cysteine was capped successfully on AgNPs and L-cysteine-capped
AgNPs exhibited higher crystallinity and improved monodispersity. Thus, the enhanced
properties of L-cysteine-capped AgNPs provided better colorimetric Hg?* detection.
Accordingly, L-cysteine-capped AgNPs had lower minimum detection limit value than that of
AgNPs (LODr cysteine-capped AgNPs=0.36 pM<LODagnps=1.58 uM). In the studies of selectivity
and applicability in real waters, the recovery values of L-cysteine-capped AgNPs exhibited
lower variation than that of AgNPs, which indicated that L-cysteine-capped AgNPs could be
used more effectively in presence of various metal cations and other interfering agents in the
real samples. In this study, for the first time in the literature, L-cysteine-capped AgNPs were
synthesized using F. vulgare seed extract and utilized as a sensor for the colorimetric Hg?*
detection. Unlike some reported studies of the colorimetric Hg?" detection where hazardous
chemicals have been used for the synthesis of nanomaterial, this study offered a practical
approach to the synthesis of selective, sensitive, and applicable colorimetric sensor of L-
cysteine-capped AgNPs by converting a green resource (F. vulgare) into economic value.
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