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A highly selective Hg?* colorimetric sensor and
antimicrobial agent based on green synthesized
silver nanoparticles using Equisetum diffusum
extract
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Hassan A. Alhazmi,® Asim Najmi,® Khalid Zoghebi, Mohammed Al Bratty,®
Ali Hanbashif and Hatem M. A. Amin © 1*®

Plasmonic nanoparticles such as Ag have gained great interest in the biomedical domain and chemical
analysis due to their unique optical properties. Herein, we report a simple, cost-effective, and highly
selective colorimetric sensor of mercury(i) based on E. diffusum (horsetail) extract-functionalized Ag
nanoparticles (ED-AgNPs). The ED-AgNPs were synthesized by exploiting the coordination of Ag* with
the various functional groups of ED extract under sunlight exposure for only tens of seconds. ED-AgNPs
(63 nm) were characterized using various techniques such as UV-vis, FTIR, DLS, SEM and EDX. FTIR
spectra suggested the successful encapsulation of the AgNPs surface with ED extract and XRD
confirmed its crystalline nature. This ED-AgNPs colorimetric sensor revealed remarkable selectivity
towards Hg®" in aqueous solution among other transition metal ions through a redox reaction
mechanism. Besides, the sensor exhibited high sensitivity with rapid response and a detection limit of
70 nM. The sensor demonstrated feasibility for Hg(i) detection in spiked tap and river water samples. In
addition, the synthesized ED-AgNPs revealed enhanced antimicrobial activity with higher efficacy against
the Gram-positive bacterium (L. monocytogenes with an inhibition zone of 18 mm) than the Gram-
negative bacterium (E. coli with an inhibition zone of 10 mm). The simplicity and adaptability of this
colorimetric sensor render it a promising candidate for on-site and point-of-care detection of heavy

rsc.li/rsc-advances metal ions in diverse conditions.

Introduction

Heavy metals, such as mercury, lead, cadmium, and arsenic are
persistent pollutants that pose a significant danger to ecosys-
tems and human health.® Hence, the development of reliable
and sensitive methods for the monitoring and remediation of
heavy metals is of utmost importance.>* Conventional analyt-
ical methods for heavy metal detection such as ICP-MS often
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require complex instrumentation, time-consuming sample
preparation and high costs.* Therefore, there is a growing
demand for simple, rapid and cost-effective detection methods
to monitor heavy metal contaminations in various matrices.>®
Among others, colorimetric sensors have attracted considerable
attention due to their simplicity, low cost, and ability to provide
fast and visible readings for heavy metals detection.” In this
regard, plasmonic metal nanomaterials such as silver nano-
particles (AgNPs) have attracted immense attention due to their
distinct optical properties stemming from their localized
surface plasmon resonance (LSPR), which is responsible for
their characteristic color, rendering them promising candidates
for the fabrication of colorimetric sensors.'**> However, many
sensing nanoprobes are based on sophisticated synthesis routes
of AgNPs, toxic chemicals, or complex composite materials,
which would affect the reproducibility and stability of the
analytical results.

The use of plant extracts for the synthesis of AgNPs has
emerged as a green and sustainable alternative approach. This
green approach avoids the use of hazardous chemicals and
instead exploits the reducing and stabilizing capabilities of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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bioactive compounds present in plants, that are normally dis-
carded in the trash.”*™ Various plant extracts with different
compositions and phytochemical profiles, such as those from
Olea europaea L.,”* Pistacia atlantica,*® Citrullus lanatus,"” Myr-
sine africana leaf'® and Spilanthes acmella leaf'® have been re-
ported for the synthesis of Ag NPs. The use of biosynthesized Ag
NPs as sensing probes for heavy metal ions such as Hg>* and
Cu”* has gained enormous interest in the last decade.”” For
example, Citrullus lanatus-based Ag NPs were synthesized and
further functionalized with 3-mercapto-1,2-propanediol
(MPD)."” These particles were utilized for the detection of
Hg>" in the uM level in aqueous solutions based on color
changes accompanied by the chelating ability of MPD with
Hg>". Hyacinth plant leaves were utilized for the biosynthesis of
AgNPs (10 nm), which showed excellent selectivity towards Hg>"
among other monovalent, divalent and trivalent cations with
measurable concentrations down to 10 nM.*® Interestingly,
AgNPs modified with different plant extracts revealed different
selectivity toward metal ions, indicating the key role of the
functional groups of the extract in controlling the selectivity and
performance of the colorimetric sensor.”* We note that the type
of the capping agent and particle size also play a crucial role in
the ecotoxicity and dissolution of AgNPs.”> However, the fate
and environmental safety of nanosilver are still largely unre-
solved. Nevertheless, considering eco-design strategies during
nanomaterials synthesis and application would sustain safer
nanotechnologies.”

Equisetum diffusum (also known as Himalayan horsetail) is
a species of the Equisetum that is the only living genus in the
Equisetaceae family of vascular plants.** It is widely spread
along the Himalayan mountains from Shimla to Tibet, Sikkim,
Assam Meghalaya and India, and it is also found in Bhutan,
Nepal, Pakistan and Japan.** Various types of Equisetums are
utilized for medicinal purposes.*® For example, it is used for
barren women and antibacterial and antioxidant agent. It is
used in traditional medicine to treat low blood pressure and
inflammation, as a diuretic and homeostatic, and for lead
detoxification.”® Hence, the green fabrication of AgNPs using E.
diffusum extracts via a simple synthetic approach would help to
reduce the expenditure of consumables and costs of colori-
metric sensors.

Furthermore, silver nanoparticles have gained significant
interest as antibacterial agents against a wide range of bacterial
strains.”” For instance, AgNPs synthesized using Equisetum
arvense leaf extract demonstrated significant antibacterial
activity for Staphylococcus aureus and Escherichia coli, with
inhibition zones of 24 and 18 mm, respectively.”® However, the
applied synthetic route was time-consuming (24 h).

Herein, we report a facile and environmentally friendly
biosynthesis method of AgNPs using a polar extract of E. dif-
fusum (ED) leaves as reducing and stabilizing agents and with
the help of sunlight exposure for a very short time (30 s). The
synthesized AgNPs were in situ functionalized with phyto-
chemicals from the ED extract in one step. The successful
synthesis of AgNPs capped with ED was evidenced using various
techniques including UV-vis, FTIR, SEM, and EDX. Further, the
sensing performance of the developed AgNPs-based sensor was
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evaluated for the detection of various metal ions such as Cd, Pb
and, Co ions. The results revealed excellent selectivity toward
only Hg ions among other ions. The obvious change in the color
of ED-AgNPs with the addition of only Hg ions enabled naked-
eye monitoring of Hg ions. We also delve into the mechanism
underlying the selective colorimetric response of ED-AgNPs
toward Hg ions. Further, the suitability of the sensor for real
water samples was demonstrated. Additionally, the antibacte-
rial potential of these ED-AgNPs against a Gram-positive
bacterium (Listeria monocytogenes) and a Gram-negative bacte-
rium (Escherichia coli) was assessed. Thus, the unique optical
properties of ED-AgNPs, combined with the reducing and
stabilizing capabilities of plant extracts, enable the develop-
ment of a simple and cost-effective sensing platform for
potential applications in the industrial and health sectors.

Experimental
Preparation of E. diffusum leaves extract

The current research used Equisetum diffusum leaves that were
gathered in the month of August from the Tehsil Mirali district,
Khyber Pakhtunkhwa, Pakistan. Taxonomists from the Botany
Department of the University of Sargodha confirmed the spec-
imens' identities. The leaves were thoroughly washed with
deionized water and then shade dried for ten days at 25 °C
before grinding to powder and then passing through a fine sieve
(US standard mesh number 70). The powder (5.0 g) was dis-
solved in deionized water (100 mL) for 5 h at room temperature
in a volumetric flask. Afterward, the lipophilic compounds were
eliminated from the filtered extract using n-hexane solvent. The
aqueous extract was dried at 45 °C in an air-drying oven for
further use. All extractions and solution preparations in this
study were made using deionized water.

Synthesis of E. diffusum-mediated silver nanoparticles
(ED-AgNPs)

A polar extract of E. diffusum (22.2 mg) was added to 50 mL of
deionized water. Then, 10 mL of this extract suspension was
added to 10 mL of 1.0 mM AgNO; solution (99.98%, Merck,
Germany). This mixture was then exposed to direct sunlight on
clear sunny days outdoors for different time intervals and the
reaction's development was frequently monitored. The color of
the solution was turned from yellow to brownish throughout the
growth of AgNPs. Afterward, the obtained solution was centri-
fuged at 10 000 rpm for 30 min. The solid precipitate of AgNPs
at the bottom of the falcon tube was then washed with water
and centrifuged again. This washing process was repeated five
times to remove unreacted material. Some of these obtained
pure solid AgNPs were used for characterization while the
remaining part was sonicated after the addition of distilled
water to obtain a suspension of pure AgNPs. This suspension
was used as a stock solution of AgNPs for further experiments.

Physico-chemical characterization of AgNPs

Fourier-transform infrared (FTIR) spectra of the ED abstract
alone and the ED-capped AgNPs were recorded using the
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Shimadzu FTIR-8400S spectrometer and KBr pellets method. To
improve the signal-to-noise ratio, each spectrum reflects an
average of 20 scans at a resolution of 2 cm™" in the range of
4000-500 cm~'. The morphology, particle size, elemental
composition of ED-AgNPs were investigated using a scanning
electron microscope SEM (JEOL JSM-5910) equipped with an
energy-dispersive X-ray (EDX) unit. The SEM images were taken
at an acceleration voltage of 15 kV. For the ED extract alone, the
sample was coated with a thin gold layer to avoid charging the
sample during SEM/EDX analysis. Image] software was used to
measure the particle size from SEM images. For SEM
measurements, the sample was drop cast on a clean glassy
carbon plate and was then dried before imaging. Dynamic light
scattering (DLS) and zeta potential measurements were carried
out using a Zetasizer Nano ZS (Malvern Panalytical).

Colorimetric sensing of heavy metal ions using ED-AgNPs

Different metal ion (Pb**, Cu®’, Ni**, Cd**, Na*, Ca®>*, Co*" and
Hg>") solutions were added to ED-AgNPs suspension to examine
the potential of synthesized ED-AgNPs for the selective detec-
tion of heavy metal ions in an aqueous solution. Separate test
tubes containing ED-AgNPs suspension (1 mL) and different
metal ion solution (1 mL of 1 mM) were used for this experi-
ment. Directly afterward, UV-vis spectrum of each solution
containing ED-AgNPs and metal ions was recorded. Any
noticeable alteration in the UV-vis spectra or colour of ED-
AgNPs suspension following the addition of metal ions may
serve as the basis for the selective detection of that metal ion.
For Hg”", a considerable color shift was noticed. Additionally,
a calibration curve was created by recording the spectra for
various concentrations of Hg>" (10-120 uM) to determine the
minimal concentration of Hg>" that can be measured using the
ED-AgNPs.

To assess the application of ED-AgNPs nano-probe for the
quantification of Hg”>" in real water samples, spiked river and
tap water samples were tested. The river water sample was
collected from Jhelum River near Sargodha, Pakistan, whilst tap
water was collected from the Chemistry Laboratory, University
of Sargodha. Different concentrations of Hg>* (40, 70 and 100
uM) were added to river and tap water samples and the
proposed colorimetric sensor was applied to measure the Hg”"
levels in these samples. Each experiment was carried out in
triplicate (n = 3).

Antibacterial activity of ED-AgNPs

To investigate the antibacterial activity of the synthesized Ag
particles, the well diffusion method was applied for two
common bacterial strains, namely E. coli (ATCC19115) and L.
monocytogenes (ATCC13932) which were provided by the
Microbiology Laboratory of Government College University in
Faisalabad, Pakistan. The following procedure was used to
determine the antibacterial properties of AgNPs: in 120 mL
water, 6.3 g of nutritional agar was dissolved. Next, the agar
solution and the Petri plates were autoclaved for 15 min at 121 °
C. Each Petri dish was sterilized, then 40 mL of agar solution
was placed into it and frozen for 20 min. Afterward, using the
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stick/spread plate method, the chosen bacterial strains were
individually distributed into each Petri dish. The well diffusion
method was used here where five wells were carved on the agar
film using a sterile cork borer after the sticking. 30 uL aliquot of
the following solutions were added separately to the wells and
the wells were marked as follows: A: water (negative control), B:
1 pg mL~" erythromycin (positive control), C: ED-AgNPs (1 mg
mL ™), D: ED plant extract, or E: 1 ug mL ™" AgNO; solution. The
agar Petri plates were then incubated at 37 °C for 24 h to allow
bacterial growth. The antibacterial activity of all samples was
then determined by measuring the diameter of the inhibition
zones around the wells. The entire antibacterial measurements
were carried out in a clean, sterile laboratory with laminar flow
cabinets. The experiments were performed three times, and
data were analyzed by a Student's ¢-test, and a value of p < 0.05
was considered significant.

Further, the minimum inhibitory concentration (MIC) of
green synthesized ED-AgNPs was determined using the method
described in the guideline of the Clinical and Laboratory Stan-
dards Institute (CLSI).? In this study, L. monocytogenes and E.
coli were used as Gram-positive and Gram-negative model
strains, respectively. Both strains were cultured in Mueller
Hinton (MH) broth media and incubated in a shaking incubator
at 37 °C for 24 h with 200 rpm agitation. The bacterial inocu-
lums were adjusted to the concentration of 10> CFU mL™". The
MIC test of the green-synthesized AgNPs was performed using
the standard broth microdilution method. For the MIC test,
1 mg mL ™" stock solution of the synthesized AgNPs was initially
prepared and then from it, the following series of diluted
concentrations ranging from (200-20 pg mL™ ") were examined
to identify the MIC. In addition, negative control experiments
were performed: the first negative control tube contained only
nutrient broth while, the second negative control experiment
tube contained nutrient broth and AgNPs (200 pug mL™") and,
the positive control was performed using a nutrient broth
medium inoculated with only bacterial inoculums without
AgNPs. Afterward, all tubes were incubated at 37 °C for 24 h.
After the incubation step, the MIC value was taken as the lowest
concentration of AgNPs (antibacterial agent) that makes
complete inhibition to bacterial growth.

Results and discussion
Biosynthesis of E. diffusum-mediated AgNPs

In this work, we employed a polar extract of E. diffusum as
a green reducing and capping agent to produce AgNPs with the
aid of direct sunlight in a very short time, as illustrated in Fig. 1.
When 1 mM AgNO; solution was mixed with the ED extract
under diffused sunlight exposure, electrons could be trans-
ferred from the ED to Ag'. As a result, Ag" ions in the solution
were reduced to metallic silver (Ag°), and thus mainly the
hydroxy and carboxylate groups in the extract bound to the Ag
nuclei forming stable ED-capped AgNPs, as shown in Fig. 1.
This procedure can thus be used as an alternative to the clas-
sical chemical and physical methods, thus avoiding the use of
hazardous reducing agents or high temperatures which are
harmful to the environment. By observing the color change of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 llustration of the green synthesis of ED-functionalized AgNPs

using sunlight-mediated route.

the reaction mixture over time, we were able to track the growth
of ED-AgNPs using the naked eye. In less than 60 s of sunlight
exposure, the color of the solution containing ED extract and
AgNO; mixture went from colorless to reddish brown, and then
dark brown, indicating the formation of AgNPs and inferring
the reduction of all Ag" ions, as displayed in Fig. 2a-c. We point
out that when the reaction was carried out in the dark or at
room temperature, no obvious reduction took place, indicating
the essential role of sunlight irradiation in the completion of
this reductive synthesis process.

Further, UV-vis spectrophotometry was used to evaluate the
efficiency of E. diffusum extract in the mediated synthesis of ED-
AgNPs, and consequently monitor the particles’ growth. As
depicted in Fig. 2d, the UV-vis spectra revealed a single char-
acteristic peak centered at around 420 nm, which corresponds
to the localized surface plasmon resonance (LSPR) of AgNPs.
With the progress of time, absorbance maxima were recorded at
413, 435, 443, and 450 nm after 10, 15, 30, 45 and 60 s of
exposure, respectively. This red shift of the absorption peaks in
concurrent with an increase in the absorption indicates the
progressive nucleation and growth of ED-AgNPs forming rela-
tively larger particles with time. The mechanism of the forma-
tion of AgNPs using plant extract includes reduction, nucleation
and growth steps, as described in detail in our previous work.*®
These results agree with our previous work on sunlight-
mediated synthesis of AgNPs.”>** Hence, only a few tens of
seconds of sunlight irradiations were needed to synthesize

Absorbance (a.u.)

400 500
Wavelength (nm)

Fig. 2 Photographs of 1 mM AgNOsz + ED extract mixture after
exposure to sunlight for (a) O s (start), (b) 30 s, and (c) 60 s showing
color changes with time. (d) UV-vis spectra of ED-AgNPs suspension
after different reaction times.
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AgNPs via a simple, sustainable and cost-effective synthetic
route, rendering our approach favourable over other classical
chemical reduction or vapor deposition methods.

Characterization of the synthesized ED-AgNPs

FTIR and XRD analysis. To analyze the functional groups
and biomolecules present in the plant extract-modified nano-
particles and thus, confirm the involvement of phytochemicals
in nanoparticle formation and stabilization, the FTIR spectrum
of the bare ED extract was compared with that of the ED-AgNPs,
as shown in Fig. 3a. We note that the synthesized sample was
washed and centrifuged before analysis to isolate the AgNPs
from free ED extract or other compounds present in the solu-
tion. The spectra of both samples are very similar with only
slight shifts in the peak positions, as can be noticed from the
peak wavenumbers. This similarity in peaks with the marginal
peak shift proves the presence of the ED extract as a modifier of
the AgNPs. For example, the C-H stretching band of alkanes at
2920 cm™ " for the ED extract was shifted to 2945 cm™" for the
ED-AgNPs. The hydroxyl groups (-OH) of phenols or carboxylic
groups in the ED extract appeared as a broad band between
3346 and 3510 cm ', whilst the ~-OH groups in the ED-AgNPs
occurred at 3518 cm™.%° The peaks at 1622 or 1614 cm™* for
both samples could be assigned to N-H amide bending, C=0
stretching vibration or the stretching of aromatic rings.**** The
bands recorded at 1085 and 1112 cm ™" for ED and ED-AgNPs,
respectively, mostly correspond to C-N stretching of aliphatic
amine.* The bands at 1381 and 1413 cm ™" for the two materials
could be assigned to C-N of an amine group or C-O of phenol.**
The appearance of a peak at 651 cm ™" might be related to O-Ag
interaction in the ED-AgNPs. It is observed that some of the
bands in the IR spectrum of ED-AgNPs were scaled down and
slightly shifted as compared with the pure extract, which is an
indication of the binding of Ag" with the respective functional
groups of the extract.*” Thus, the bioactive compounds in the
extract are possibly coordinated through hydroxyl and carbonyl
groups or T-electrons to the metal.

Using GC-MS analysis, it is reported that ED extracts contain
tens of potent bioactive compounds, including mainly pheno-
3334 These phyto-
compounds are recognized to bind effectively with metal ions

lics, flavonoids, saponin and tannin.
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Fig. 3 (a) FTIR spectra and (b) XRD patterns of the bare ED extract and
ED-AgNPs synthesized after 60 s exposure to diffused sunlight;
asterisks mostly represent phases from the extract or a few AgCl
deposits.
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through their multiple functional groups. Thus, they are effi-
cient in stabilizing AgNPs and are also desired for the selective
detection of specific metal ions in water samples, as will be
discussed below.

Furthermore, XRD analysis was performed to investigate the
crystalline structure, phase, and purity of the synthesized ED-
AgNPs. Fig. 3b presents a comparison of the XRD patterns of
the sole ED extract and ED-AgNPs. XRD reflections at 26 of
38.1°, 46.3°, 46.5° and 75.9° corresponding to (111), (200), (220)
and (311) crystal planes, respectively, were observed, which are
the common characteristic reflections of the face-centered
cubic (fcc) structure of AgNPs (JCPDS, Card No. 04-0783).%*3°
This pattern, therefore, confirms that the AgNPs formed via the
reduction of Ag" by ED extract have crystalline nature. A few
additional sharp peaks, marked with asterisks in the XRD
pattern, were observed. The Bragg angles at 27.7 and 32.1°,
match well the (111) and (200) planes of chlorargyrite fcc phase
(JCPDS Card No. 31-1238), respectively, mostly suggesting the
nucleation and growth of a few AgCl deposits onto or next to the
main AgNPs. The remaining reflections are mostly attributed to
the ED extract surrounding the NPs as they also appeared in the
spectrum of the bare extract. XRD was also used to determine
the crystallite size of the prepared NPs using Scherrer's
equation:

K2
b= B cos 0 (1)

where, D represents the crystallite size of the nanoparticle, A
denotes the wavelength of X-ray (A = 0.154 nm for Cu K,), § is
the full width at half maximum intensity (FWHM), and 6
accounts for Bragg's angle. The crystallite size obtained by
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Fig. 4 (a and c) SEM images of ED-AgNPs with different magnifica-

tions. (b) Size distribution histogram with the longnorm curve; the
average size + standard deviation is given. EDX spectrum of (d) ED-
AgNPs and (e) ED extract; inset shows the elemental analysis from EDX.
(f) DLS data of as-prepared ED-AgNPs.
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analyzing various XRD peaks in the pattern was found to be 8-
19 nm from different reflections.

SEM-EDX characterization. The morphology of the synthe-
sized ED-AgNPs was examined using SEM, as shown in Fig. 4a
and c. The recorded SEM images revealed the formation of
spheroidal particles with no significant aggregation but with
a few larger particles. To evaluate the particle size distribution,
193 particles from three independent micrographs (two are
shown here) were analyzed and the corresponding histogram is
displayed in Fig. 4b. An average particle size of 62.6 = 19.6 nm
was obtained. This particle size agrees with the UV-vis data,
where particles of tens of nanometers are expected for a plas-
monic peak around 420 nm. Furthermore, the hydrodynamic
particle size of the as-prepared ED-AgNPs was determined using
DLS, as displayed in Fig. 4f, and a value of 76 nm was obtained.
The hydrodynamic size is slightly larger than the size obtained
from SEM analysis. This is expected and is attributed to the
working principle of DLS measurement, where the solvation
shell of the particles in solution is considered in the hydrody-
namic size and DLS is an intensity-based measurement, whilst
SEM gives a number distribution. Hence, DLS sizes should not
involve a simple superposition with particle sizes from
microscopy. Furthermore, a zeta potential of —31 + 3 mV for the
particles was obtained, indicating the colloidal stability of the
pristine particles in water.

In addition, EDX spectra of the ED extract and the ED-AgNPs
samples were recorded to identify the composition of the
synthesized particles. EDX spectra (Fig. 4b) revealed the pres-
ence of strong signals of the Ag element in the ED-AgNPs
sample, verifying the AgNPs formation. The EDX elemental
analysis is given in the inset of Fig. 4b. In contrast, the Ag signal
was absent for the bare plant extract. Notably, a strong ClI signal
was detected in the EDX spectrum of AgNPs, while the ED
spectrum did not exhibit such a strong ClI signal, likely sug-
gesting the presence of minor chlorargyrite deposits. Besides,
signals S, K, Ca, and Mg could be detected, which are most likely
from phytochemical moieties in the extract. The intensity of C
and O signals decreased for the capped AgNPs compared to the
bare extract.

Selective colorimetric detection of Hg>* using ED-AgNPs as
a sensing assay

Colorimetric detection of mercury(u) and analytical perfor-
mance. The ability of the synthesized ED-AgNPs to selectively
detect heavy metal ions in an aqueous solution was achieved by
utilizing the redox chemistry between Hg>* and AgNPs. This
interaction led to a significant change in the optical properties
of the resulting AgNPs suspension, which was observable by the
naked eye. Herein, we investigated the interaction of the
synthesized ED-AgNPs with solutions containing various indi-
vidual metal ions separately (namely, 1 mM of Cd**, Co**, Pb*",
Ni**, Cu**, and Hg>"). Interestingly, the color of the suspension
of AgNPs was unaffected with the addition of Cd**, Co**, Ni*",
Cu”', and Pb** solutions, see Fig. 5a. On the other hand,
a striking rapid color change from reddish brown to colorless
was observed by the naked eye only after the addition of Hg>*

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Photographs of ED-AgNPs after the addition of 1 mM of
Cd?*, Co?*, Pb?*, Ni%*, Cu?*, and Hg?* solutions. Control refers to ED-
AgNPs suspension without metal ions. (b) Respective UV-vis spectra of
the ED-AgNPs suspensions, showing the loss of color only with the
addition of Hg?*. (c) UV-vis spectra of AgNPs solution containing
a binary mixture of 80 pM Hg?* and 1 mM of other interfering metal
ions. (d) Interference results in a bar chart diagram: red columns
represent the absorbance change of AgNPs + metal ions from the
blank, and the blue columns indicate the absorbance change of AGNPs
+ metal ions + ng+. Error bars represent the standard deviation of
three repeated measurements.

solution into the suspension of ED-AgNPs. The color change
was further monitored using a UV-vis spectrophotometer. The
UV-vis spectra of the corresponding solutions (Fig. 5b) clearly
show the drastic decay and disappearance of the LSPR peak of
AgNPs suspension at about 420 nm only upon the addition of
Hg>" solution, whereas the addition of Cd**, Co**, Ni**, Cu*",
and Pb>" didn't show much change. Other ions such as Ca*",
Na', and Fe*" were also tested and no interaction was observed.
This demonstrates the high selectivity of the synthesized ED-
capped AgNPs toward the detection of Hg>".

To further explore the influence of interfering metal ions on
the selectivity of our sensing platform, an interference study
was performed. Briefly, 1 mM of various metal ions (namely,
cd*, co™', Ni**, cu®, Pb*", Na*, Ca**, and Fe*") were added to
the AgNPs suspension in the absence and presence of 80 uM
Hg”" and UV-vis spectra were recorded, as shown in Fig. 5¢c. The
spectra show that in the presence of other metal ions, even with
a higher concentration (13 molar equivalent), the interaction
with Hg”" didn't change, suggesting that other metal ions do
not interfere with the detection of Hg>*. Fig. 5d displays the
change of absorbance of AgNPs + other metal ions solution
from the blank in the absence (red bars) and presence (blue
bars) of Hg*". The results revealed that only in the presence of
Hg>" in the AgNPs suspension an intensity change was observ-
able and this change (i.e. interaction) wasn't influenced by
interfering ions.

Furthermore, to create a calibration curve, the optical
properties of ED-AgNPs suspension were studied after the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) UV-vis spectra of ED-AgNPs solution after the addition of
different concentrations of mercury(i) ions. (b) Corresponding linear
plot of the relative absorbance intensity difference at peak maxima
versus Hg?* concentration. Error bars represent the standard deviation
of three repeated measurements. Inset: photograph of respective
solutions at different concentrations.

addition of various concentrations of Hg”* ions in the range
from 10 to 120 uM, as displayed in Fig. 6. By the naked eye, one
can clearly observe a dilution of the brownish color as the
concentration of Hg*" in the solution increases, see inset of
Fig. 6b. Besides, the UV-vis spectra were recorded for these
different concentrations as shown in Fig. 6a. Notably, the
intensity of the LSPR band around 420 nm of the AgNPs
suspension decreased significantly as the concentration of Hg**
increased. In addition, a blue shift of the LSPR band was
observed upon the gradual increase of concentration. The
observed blue shift is related to the Mie phenomenon, in which
an increase in the Mie resonance frequency (i.e. a decrease of
the LSPR wavelength) occurs with a decrease in the AgNPs size.*®
A similar effect was observed for AgNPs in previous works.*”*
Even 10 pM Hg”* (red line in Fig. 6a) showed obvious absor-
bance decay from the control measurement (0 pM, dashed
black line).

The change in the LSPR band intensity from the control was
quantitatively analyzed to establish a calibration curve. As
shown in Fig. 6b, the absorbance difference increases linearly
with increasing the concentration of Hg”* in the studied range.
From the slope of this linear regression, a limit of detection
(LOD) of 70 nM was obtained. The LOD of our ED-AgNPs probe
compares favorably to previously reported sensors. For example,
higher LOD were reported for Syzygium aqueum-based AgNPs
(LOD = 0.85 uM),*” p-phenylenediamine-functionalized AgNPs
(LOD = 0.80 uM)* and Agaricus bisporus-capped AgNPs (LOD =
2.1 uM)*® and soap-root extract based AgNPs (LOD = 2.2 uM).** A
comparable LOD (20-100 nM) was reported for 3-(Trimethox-
ysilyl) propyl methacrylate (TMPM) stabilized AgNPs.** Hence,
this sensor not only compares favorably to many other sensing
platforms but also is simple and highly selective.

Analysis of Hg>" in real water samples using the proposed
nano-probe

To explore the effectiveness of the sensor as an environmental
monitoring system, real water samples were tested. The
recovery of spiked Hg>" in river water and tap water was estab-
lished with the proposed ED-AgNPs sensor. Different concen-
trations (40, 70, and 100 puM) of Hg*" were added to three
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portions of both river and tap water samples. Afterward, Hg*"
recovery in these real water samples was examined using the
same analytical procedure. The values of recovery and relative
standard deviation (RSD) with a value of n = 3 from actual water
samples are summarized in Table 1. The obtained results
confirm that the proposed ED-AgNPs nanoprobe could be an
efficient and reliable sensor for the analysis of Hg>" in real water
samples.

Proposed mechanism of Hg(u) sensing using AgNPs. In
principle, there are three main mechanisms for the detection of
Hg>" using AgNPs: (i) complexation and aggregation mecha-
nism,** (ii) formation of Ag-Hg alloy** and (iii) redox reaction
mechanism.>*”*® The latter is less discussed or considered in
the literature. In the Ag-Hg alloy route, Hg(u) reacts with Ag
atoms of the AgNPs, forming Hg-Ag alloys. In the aggregation
pathway, metal ions bind to the capping agent of the NPs,
causing their aggregation and formation of larger particles. In
the redox reaction process, Hg”" reacts directly with Ag® and
oxidizes it to Ag" (see Fig. 7). Both scenarios cause a decrease in
the LSPR intensity, however, the redox reaction process led to
a blue Mie shift of the band,*® whilst the aggregation of AgNPs
upon interaction with metal ions often causes a red shift and
broadening of the LSPR band.** The capping agent of the NPs
thus plays a role in directing the type of interaction of metal
ions.

The suggested mechanism of Hg”" sensing using our ED-
AgNPs is mainly via the redox reactions between Hg>" and Ag,
as illustrated in Fig. 7, rather than the classical aggregation/
coalescence mechanism. Our proposed mechanism is sup-
ported by the blue shift in the LSPR peak with increasing
concentration, as displayed in Fig. 6a. Furthermore, after the
addition of a small concentration (30 uM) of Hg>* to AgNPs
suspension, the particle size measured by DLS was decreased
from 76 nm to 65 nm, inferring to size reduction (DLS doesn't
necessarily give the absolute particle sizes but rather describes
the trend). This mechanism is consistent with previous mech-
anisms underpinning the selective detection of Hg>" using
AgNPs.>*73# Thus, the color change of the AgNPs solution could
be attributed to the reduction of Hg** to Hg® concurrent with
the oxidation of the Ag® in ED-AgNPs to Ag*. Oxidation of Ag to
Ag' changes the color from reddish brown to colorless, as seen
in the initial colorless AgNOj; solution (Fig. 1). The high selec-
tivity of these ED-AgNPs to detect only mercury ions among
others is explained by comparing the standard redox potentials

Table 1 Analytical results for the detection of Hg®" using ED-AgNPs
based nano-probe in real water samples

Hg?" added Hg*" found Recovery RSD (%)
Sample (M) (nM) (%) n=3
River water 40 38.4 96 5.3
70 66.5 95 4.6
100 95.3 95.3 6.6
Tap water 40 37.7 94.3 4.6
70 64.2 91.7 6.3
100 94.3 94.3 3.9
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of Ag'/Ag (+0.80 V) and Hg>'/Hg (+0.85) couples.*®® Since Hg”"
has a more positive reduction potential than Ag", it can oxidize
Ag to Ag*, whilst Hg*>" was reduced to metallic Hg particles, as
presented in Fig. 7. Consequently, most transition metals and
alkaline earth metals are unable to oxidize Ag atoms in the ED-
AgNPs to Ag" because of their more negative reduction poten-
tials compared to Ag (+0.80 V), where Pb>*, Co**, Cd**, Ni*" and
Cu®" have reduction potentials of —0.13, —0.28, —0.40, —0.26,
—0.36 V, respectively.*® Thus, no color change was observed in
the case of other metal ions. These results render this approach
promising for the selective analysis of Hg*".

Evaluating the antibacterial activity of ED-AgNPs

Using the well diffusion method, the antibacterial properties of
ED-AgNPs were studied against two harmful bacteria, namely
Listeria monocytogenes, and Escherichia coli. AgNPs mediated by
the polar extract of E. diffusum showed significant antibacterial
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Fig. 8 Photographs showing the inhibition zones of (a) L. mono-
cytogenes and (b) E. coli obtained for the (A) negative control, (B)
positive control, (C) ED-AgNPs, (D) ED extract, and (E) AgNOs. (c)
Comparison of the measured inhibition zones for all the cases; error
bars of repeated experiments are displayed.
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efficacy against L. monocytogenes and E. coli, as depicted in
Fig. 8. The measured zone of inhibition (ZoI) for all cases is
compared in a column diagram in Fig. 8c. For all studied cases,
the inhibition efficacy against L. monocytogenes bacteria is
double that of E. coli, as shown in the comparison in Fig. 8c. ED-
AgNPs demonstrated larger Zol for L. monocytogenes (18 mm)
than E. coli (Zol = 10 mm). It is obvious that larger inhibition
zones indicate stronger antibacterial activity. It is important to
run appropriate control experiments to ensure the reliability of
the results. Therefore, the antibacterial properties of a negative
control of the solvent water, a positive control of a standard
antibacterial agent (erythromycin), bare AgNO; and bare ED
extract were investigated, as shown in Fig. 8. The synthesized
ED-capped AgNPs revealed significantly larger Zol (18 and 10
mm) than only the ED extract (13 and 4 mm) or AgNO; (10 and 4
mm) and comparable inhibition zones to the standard anti-
bacterial agent erythromycin (22 and 11 mm) against L. mono-
cytogenes and E. coli, respectively.

Compared to relevant capped-AgNPs that were previously
reported in the literature, our ED-AgNPs exhibited better or
comparable antibacterial performance: for example, citrate-
capped AgNPs showed Zol of 7 mm for E. coli,** corn leave
extract-AgNPs had a Zol of 11 mm against E. coli and 9 mm
against L. monocytogenes,*® sulfonamide-modified AgNPs
revealed Zol of 23 mm (ref. 12) and V. officinalis-modified AgNPs
demonstrated Zol of 9-15 mm against L. monocytogenes.*®

Further, the MICs of AgNPs against L. monocytogenes and E.
coli were evaluated in the present study using the broth dilution
assay. The MIC values are given in Table 2. The obtained MICs
of green synthesized AgNPs for L. monocytogenes and E. coli were
20 pg mL™" and 100 pug mL™", respectively, showing that the
synthesized AgNPs effectively inhibited the growth of these two
pathogens at relatively low concentrations. The current MIC
results show that Gram-negative bacterium (E. coli) is more
resistant to AgNPs than Gram-positive bacterium (L. mono-
cytogenes), in agreement with previous reports.*” This might be
attributed to variations in their cell wall composition or that the
positive charges on AgNPs are trapped and blocked by lipo-
polysaccharides, thus making E. coli less susceptible to AgNPs.
These data manifest the promising antibacterial activity of ED-
AgNPs toward the studied bacteria. The enhanced antibacterial
activity could be attributed to the larger exposed surface area of
the nanoparticles and the inhibitive effectiveness of the bioac-
tive compounds in the extract capping the NPs.

The most common antibacterial mechanism of AgNPs was
described in our previous work."” Briefly, the mechanism
involves the adsorption of the NPs onto the surface of the
bacteria, followed by their entry into the bacterial cell due to

Table 2 Results of the inhibition zones and the MIC for both L.
monocytogenes and E. coli obtained at ED-AgNPs

Zone of MIC
Bacteria inhibition (mm) (ng mL™)
L. monocytogenes 18 20
E. coli 11 100

© 2023 The Author(s). Published by the Royal Society of Chemistry
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their small size. AgNPs can disrupt the bacterial membrane and
create holes in it. Further, AgNPs can interact with intracellular
proteins generating reactive oxygen species (ROS) that cause
oxidative stress and cell damage.*® They can also interact with
proteins, enzymes, and DNA, disrupting their function. Similar
interactions and cell damage could happen with the released
Ag" ions from the AgNPs.

Conclusions

A highly selective mercury colorimetric sensor based on green-
synthesized AgNPs using ED extract, that is normally dis-
carded in the trash, was developed. This study demonstrates the
potential of utilizing plant extracts and sunlight irradiation in
a simple, eco-friendly approach for the synthesis of stable
functionalized-AgNPs, making it a viable alternative to the
harmful conventional chemical synthesis routes. The synthesis
via sunlight required only tens of seconds of exposure. The ED
extract not only acts as a capping and reducing agent but also
imparts unique surface properties to the AgNPs, promoting
their selectivity and sensitivity to Hg>". The successful synthesis
of spheroidal crystalline ED-AgNPs particles was demonstrated
by various characterization techniques such as FTIR, UV-vis,
SEM, and XRD. Interestingly, this AgNPs probe generated by
the polar extract of ED extract revealed remarkable selectivity
toward only Hg>" ions. In addition, the developed sensor
exhibited excellent sensitivity with rapid response and a detec-
tion limit at the nanomolar level for Hg?". The interference
study proved that the sensing of Hg>" was not affected by other
cations. Importantly, the developed sensor successfully
demonstrated suitability for Hg(u) quantification in real water
samples. The in situ one-step functionalization of AgNPs with
phytochemicals from the ED extract contributes to promoting
their interaction and sensing ability. A non-common sensing
mechanism based on the redox reaction between Ag and Hg was
revisited and discussed. Furthermore, ED-AgNPs showed
promising antibacterial activity when compared to AgNO,
solution, plant extract solution, and the standard antibiotic
agent erythromycin. Gram-positive bacteria demonstrated
higher resistance to AgNPs than Gram-positive bacteria. Hence,
the green-synthesized ED-AgNPs-based sensor holds great
potential for various environmental applications.
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