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This study focused on synthesizing ginger-stabilized silver nanoparticles (Gin-AgNPs) using a more eco-
friendly method that utilized AgNOsz and natural ginger solution. These nanoparticles underwent a color
change from yellow to colorless when exposed to Hg?*, enabling the detection of Hg?* in tap water.
The colorimetric sensor had good sensitivity, with a limit of detection (LOD) of 1.46 uM and a limit of
quantitation (LOQ) of 3.04 uM. Importantly, the sensor operated accurately without being affected by

various other metal ions. To enhance its performance, a machine learning approach was employed and
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Accepted 14th June 2023 achieved accuracy ranging from 0% to 14.66% when trained with images of Gin-Ag solutions
containing different Hg?® concentrations. Furthermore, the Gin-AgNPs and Gin-AgNPs hydrogels

DOI: 10.1039/d3ra02702¢ exhibited antibacterial effects against both Gram-negative and Gram-positive bacteria, indicating
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1. Introduction

Heavy metal pollution of the environment remains a pressing
problem worldwide. Metal contamination occurs in industrial
facilities like coal power plants, textile and plastic factories, and
others. Heavy metals, especially mercury (Hg"), affect the
environment in many ways and are severely toxic to humans.
Mercury (Hg>") can damage the brain, nervous system, kidneys
and endocrine system.' In order to protect from and detect
mercury contamination in the environment, scientists have
used many techniques, including atomic absorption spec-
trometry (AAS),> atomic fluorescence spectrometry (AFS),?
microwave-induced plasma-atomic emission (MIP-AES),*
inductively coupled plasma-mass spectrometry (ICP-MS),
inductively coupled plasma-atomic emission spectrometry (ICP-
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potential future applications in the detection of ng+ and in wound healing.

AES),* UV-vis spectroscopy,” high-performance liquid chroma-
tography (HPLC)® and ion-selective electrodes (ISE).

All of the above methods are expensive, time-consuming and
require sophisticated equipment.’ In contrast, colorimetric
sensors are simple, low-cost, on-site sensors with high sensi-
tivity."* For example, fluorometric and colorimetric sensor
arrays have been used as an enzyme-triggered dual-signal
system with gold/silver nanoparticles and carbon nanodots for
the detection of glucose,” and ForceSpun polydiacetylene
nanofibers have been used as colorimetric sensors for detecting
food spoilage.” A variety of nanomaterials-based colorimetric
probes, including those that use gold,* silver"® and copper
nanoparticles,' as well as nanoclusters,'” have been developed
for the detection of Hg*".

Silver nanoparticles (AgNPs) are a popular choice due to their
antibacterial and catalytic properties, and their applications in
drug delivery, bio-sensing, biomedical engineering, nano-
medicine, and also colorimetric detection of mercury.'®* Silver
nanoparticles are also widely used as colorimetric sensors for
other heavy metal ions such as lead(n),* copper(u),>* arsen-
ic(m),* and mercury(u).>* This success comes from functionali-
zation of AgNPs by organic molecules leading to reliable, stable,
and sensitive detection.*® Synthesis of silver nanoparticles can
be performed by chemical and physical methods.*”> Many green
synthetic methods using organic molecules as stabilizing
agents,*® for example, using an aqueous extract of Salacia
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Scheme 1 A schematic illustration of the HgZ+ and Gin-AgNPs sensing mechanism and application to real world drinking water samples,
including utilizing machine learning software for the sensing analysis. Assessment of antibacterial activity is also undertaken.

chinensis (SC) bark?” and Lysiloma acapulcensis®” as green
resources to reduce silver nitrate to silver nanoparticles and
subsequently stabilize them.

Zingiber officinale, commonly known as ginger, has been
used as a spice and herb worldwide*® and also used as a tradi-
tional medicine for treating vomiting, pain, and cold symptoms
in China for at least 200 years.”® Ginger contains many bioactive
compounds, such as phenolic and terpene, compounds that can
be antioxidant, anti-inflammatory, antimicrobial and anti-
cancer molecules.*® Beyond these medical applications, ginger
can be used in the green synthesis of AgNPs for the inhibition of
SARS-CoV-2,*! against food pathogens®* and additionally used
as a colorimetric sensor for detecting mercury.*

In this study, a colorimetric sensor was developed from
ginger-stabilized silver nanoparticles (Gin-AgNPs) to detect
mercury(n) ions (Hg>*) based on redox interactions between
Hg”" and Gin-AgNPs (depicted in Scheme 1). The original yellow
color of the Gin-AgNPs solution changes to colorless based on
the concentration of Hg>*. In addition to being able to detect
Hg>", our Gin-AgNPs have been shown to have antibacterial
action towards both Gram-positive (S. aureus) and Gram-
negative (E. coli) bacteria. Gin-AgNPs are therefore of great
interest to apply as selective and efficient visual Hg>* sensors,
and for potential biomedical applications.

2. Materials and methods
2.1 Materials

Silver nitrate (AgNOj;, 99.9%) was purchased from POCH™, and
the ginger extract capsule dietary supplements were purchased
from a drugstore in Khon Kaen, Thailand. Fresh Cissampelos par-
eira L. was purchased from Khon Kaen, Thailand and ethanol
(C,HgO) was purchased from V. S. Chemhouse, Thailand. Tris(h-
ydroxymethyl)methylamine (C,H;;NO;, 99.8%), sodium nitrate
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(NaNO;, 99%), magnesium nitrate (Mg(NO;),, 99.4%), barium
nitrate (Ba(NO;),, 99%) and cobalt(n) nitrate hexahydrate
(Co(NO3),-6H,0, 98%) were purchased from Univar, Australia.
Manganese(n) nitrate tetrahydrate (Mn(NOj),-4H,0, 97%) was
purchased from Sigma Aldrich, China. Sodium hydroxide anhy-
drous (NaOH, 99%), lead(n) nitrate (Pb(NOs),, 99%), nickel(u)
nitrate hexahydrate (Ni(NOs),-6H,0, 99%), and cadmium nitrate
tetrahydrate (Cd(NOs),-4H,0, 99%) were purchased from Carlo
Erba, Italy. Hydrochloric acid (37%) was purchased from RCI
Labscan, Thailand, and potassium nitrate (K,NOs, 99%) was
purchased from BDH, England. Calcium chloride (CaCl,, 95%)
was purchased from Scharlau, Spain. Copper(n) nitrate trihydrate
(Cu(NO3),-3H,0, 99%) and zinc nitrate hexahydrate (Zn(NO3),-
-6H,0, 99%) were purchased from Fluka, Switzerland. Dipotas-
sium phosphate (K,HPO,, 99%), potassium dihydrogen phosphate
(KH,PO,4, 90%), and mercury(u) chloride (HgCl,, 99.5%) were
purchased from QRec™, New Zealand. Deionized water (DI) with
specific resistivity of 18.2 MQ cm was obtained from a RiOs™ Type
I Simplicity 185 (Millipore water purification system). Bacterial
strains were obtained from the Biochemistry Laboratory,
Biochemistry Department, Faculty of Science, Khon Kaen Univer-
sity, Thailand. Mueller Hinton Broth (MHB) was purchased from
HiMedia, India. Gentamicin sulfate, 7-hydroxy-3H-phenoxazine-3-
one-10-oxide sodium salt (C;,H¢NNaO,, ~80%), and glycerol,
were purchased from Sigma-Aldrich, St. Louis, Missouri, the
United States. Antimicrobial activity assays were performed using
Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli) as
Gram-positive and Gram-negative controls, respectively.

2.2 Preparation of ginger solution and ginger-stabilized
silver nanoparticles (Gin-AgNPs)

Ginger solutions were prepared by adding 2.5 g of ginger
powder to 50 mL of deionized (DI) water and then stirring for 15
minutes at 60 °C. The mixtures were cooled at room

© 2023 The Author(s). Published by the Royal Society of Chemistry
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temperature and filtered through Whatman filter paper, then
a nylon syringe filter (pore size 0.22 uM). The prepared ginger
solutions were then kept in the refrigerator.

Ginger-stabilized silver nanoparticles (Gin-AgNPs) were
synthesized by a green synthesis method, using the ginger
solution as both a reductant and stabilizing agent. Firstly, the
ginger solution was added to 0.0485 g (5 mM) of AgNO; in
around bottom flask and then the mixture was refluxed. 7 mL of
70% v/v ethanol was added drop by drop at 80 °C. The mixture
was kept refluxing at 85 °C for 3 hours, then left to cool to room
temperature, before filtering using a syringe filter (diameter 25
mm, pore size 0.22 um). The obtained ginger-stabilized silver
nanoparticles solution was dark yellow in color.

2.3 Calculation of concentration of silver nanoparticles

The concentration of silver nanoparticles was calculated by
a procedure reported elsewhere by using UV-vis spectroscopy
method.** First, the nanoparticles were characterized by TEM.
In this work, the number of atoms per nanoparticle were firstly
calculated using by the method described by Gurunathan et al.**
As shown in eqn (1)

N = mpd’l6M 1)

where p is the density of face centered, cubic (fcc) silver
(10.5 g em™®), d is the average diameter of nanoparticles (=
11.89 nm = 11.89 x 10”7 cm as determined by transmission
electron microscopy), M is the atomic mass of silver = 107.86 u,
assuming that all silver ions in the initial solution reacted to
form silver nanoparticles, N = 84.04.

Secondly, molar concentration of the silver nanoparticles C
in solution is then approximately as eqn (2)*

C = Niota/ NVNA (2)

where “Niota1” is the silver atoms added to the reaction solution
(10 x 107° x 6.02 x 10%), “V” is the volume of the reaction
solution (67 mL), “N,” is the Avogadro's constant, and “N” is the
number of atoms per nanoparticle calculated from eqn (1). In
this case C = 1.77 uM was calculated for the as-prepared neat
Gin-AgNPs solution.

2.4 Instrumentation for characterization of ginger-stabilized
silver nanoparticles

The morphology and size of the synthesized Gin-AgNPs were
determined by a transmission electron microscope (TEM),
Tecnai G>-20 (FEI, Netherland) system, at an acceleration
voltage of 200 kV. The formation of silver nanoparticles was
checked by the XRD technique using a Bruker device (Model: D8
Advance) and the diffraction pattern of the synthesized NPs was
recorded in the range of 10-90 (26). Ultraviolet-visible (UV-vis)
spectra of Gin-AgNPs were recorded using a UV-vis spectro-
photometer (Agilent Technologies Cary 60, Germany) by
measuring the absorbance with a 1.0 cm path length quartz cell.
Spectra were recorded over a range of 200-800 nm. The zeta
potential of silver nanoparticles in aqueous suspension was
determined using a Zetasizer Nano ZS (Malvern Instrument,
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UK). The pH of the Gin-AgNPs solution was determined using
a HI 5221 pH meter (Hanna Instruments, Thailand).

2.5 Colorimetric sensing of Hg>* and other metal ions by UV-
vis spectroscopy and Gin-AgNPs

A stock solution of 10 mM HgCl, (Hg>") was prepared by dilu-
tion with DI water. Other metal ion solutions (Na*, K", Ca*",
Mg>*, Ba**, Pb*", Mn>", Ni**, Cu*", Zn*', Cd** and Co>") were
prepared using their respective metallic salts. The colorimetric
detection was carried out by adding 0.12 pM (350 pL) of Gin-
AgNPs into a 5 mL volumetric flask, followed by 1 mL of DI
water. After that, 50 mM of Tris-HCI buffer solution (pH 8) and
50 mM standard metal ions were added to 5 mL volumetric
flasks, respectively, and all the solutions were adjusted to 5 mL
with DI water. Finally, UV-vis spectra of the prepared solutions
were recorded by UV-vis spectroscopy. The selectivity of Gin-
AgNPs for Hg>" was confirmed by comparison with other
metal ions under the same conditions. All experiments were
repeated at least three times at room temperature.

2.6 Naked-eye detection of Hg>" in water

For the naked-eye detection of Hg”*, 0.12 uM (350 uL) of Gin-
AgNPs solution was added to a 5 mL volumetric flask. 50 mM
of Tris-HCl buffer solution (pH 8) was added. 100 uL of each 200
uM metal ions solutions were added to the 5 mL volumetric
flasks and the solutions were adjusted to 5 mL with DI water.
For testing the sensitivity of naked-eye detection of Hg>",
various concentrations of Hg>* from 10 mM stock solution were
added to the mixture of Gin-AgNPs solution and Tris-HCl
buffers (pH 8.0) at different concentrations. The various
concentrations of Hg*" were 0, 20, 40, 60, 80, 100, 120, 140, 160,
180 and 200 puM.

2.7 Preparation of Gin-AgNPs hydrogels for antibacterial
properties

For the preparation of the Gin-AgNPs hydrogels, 5 g of fresh
Cissampelos pareira L. branches were washed with DI water and
cut into small pieces, then blended in a fruit blender with
125 mL DI water. Then, two different concentrations of Gin-
AgNPs (15 uM and 25 pM) solutions were added until they
turned into a gel. The obtained gel was filtered using a flour
colander. The resulting Gin-AgNPs hydrogel was kept in the
refrigerator for a night before using in antibacterial tests. The
appearance of the Gin-AgNPs in hydrogel form is shown in
Fig. S1.1

2.8 Determination of Hg>" in real water samples

For the determination of Hg*" in real water samples, 3 tap water
samples were screened. The tap water was collected from the
laboratory and then left for a night and microfiltered before
sampling. The water samples were spiked by adding Hg”* 25 pM
and 50 uM in 1 mL of water sample and 50 mM of Tris-HCl
buffer solution (pH 8) was added, then the samples were
adjusted to 5 mL with DI water.

RSC Adv, 2023, 13,19789-19802 | 19791
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2.9 Machine learning, image processing and determination
of Hg™*

The concept of detection and estimation for the determination
of Hg”" concentrations with Gin-AgNPs using image processing
can be summarized in the following 4 steps.

2.9.1 Setting up the database. The database consisted of
images of Gin-AgNPs solutions with different mercury concen-
trations. The available 11 levels of concentration were 0, 20, 40,
60, 80, 100, 120, 140, 160, 180 and 200 uM. The color intensities of
the solutions differed according to the added concentrations of
mercury. These solutions were put in test tubes and the imaged
(Fig. S27). For creating the database, images of each test tube were
taken from three different angles and stored. The aspect ratio of
the images was 1:1. The setup for recording images of the
solutions at different angles is depicted in Fig. S3(a) and (b).t

2.9.2 Extracting image features. For image processing, an
‘image feature’, a piece of information representing a particular
characteristic of the image, must be extracted, analyzed and
interpreted. The image feature can be a sub-region, edge or
ridge that appears in the image. For this work, the yellow sub-
region in the test tube was defined as the image feature. To
extract the yellow sub-region in the image, each image was
converted to a pixel matrix, and each coefficient in the form of
(r, g, b) represents the level of red, green and blue, respectively.
Our image feature was defined by:

yellow_pixel =r — b

Then, each pixel was converted to a binary value (0 or 1)
based on a threshold of the yellow_pixel value. An example of
extracting the feature and converting to a binary image is shown
in Fig. S3(c).t

Next, the reference image feature was estimated. Let xj" refer
to the reference point for each image, wherej =1, 2, ..., 11 was
the number of groups and i = 1, 2, 3 was the number of images
with different positions for each group. The mean of image

1.3 , -
feature, X;, X; = 5(2 x/'), and its standard deviation, s; for
i=1

each group were calculated. Each non-overlapping data range
was set as interval R; = [a;, b]] = [X; — s}, X; + 5]

2.9.3 Estimating the concentration. In this step, the
concentration of test or unknown solutions was estimated using
the linear approximation technique. We let x. be a reference
image feature of test image and Y = [Yj];1; = [0, 20, 40, 60, 80,
100, 120, 140, 160, 180, 200] be a vector of all concentrations in
the database.

(1) If x¢ese € R; then the concentration of X is in group j,

(2) If R; < Xese < Rjyq then the concentration Y. of solution
Xeest 1S approximated by using the linear approximation

Y — Y

J+1 J

test — b (Xtest - aj) + Y/
1 4

(3) Otherwise, the concentration of x.s; was out of the range
0-200 UM.

19792 | RSC Adv, 2023, 13, 19789-19802
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2.9.4 Determination of Hg>" using a machine learning
program. For the determination of Hg®" using a machine
learning program, we firstly screened 4 concentrations of Hg>".
Each sample was prepared by adding 0.12 uM (350 pL) of Gin-
AgNPs solution to a 5 mL volumetric flask. Then the different
concentrations of Hg>* from 10 mM stock solution were added
to the mixture of Gin-AgNPs solution and Tris-HCI buffers (pH
8.0). The concentrations of Hg”" were 50, 90, 130 and 170 uM.

2.10 Antimicrobial activity

2.10.1 Bacterial strain and culture media. E. coli 0157:H7
and S. aureus ATCC 25923 were obtained from the Protein and
Proteomics Research Group, Khon Kaen University. These
bacteria were stored at —70 °C in 20% glycerol until used. To
grow bacteria, the bacteria were streaked on Mueller Hinton
Agar (MHA) and incubated at 37 °C for 24 hours. The colonies of
these bacteria were picked and inoculated in 5 mL of MHB at
37 °C overnight. Then, bacteria were subcultured in 5 mL of the
same medium at 37 °C in a 180 rpm shaker incubator for 3
hours to yield a mid-logarithmic growth phase culture.

2.10.2 Antimicrobial susceptibility of Gin-AgNPs. The
diffusion method was performed to evaluate the antimicrobial
susceptibility of Gin-AgNPs. The overnight culture of E. coli and
S. aureus was sub-cultured in MH broth for 3 hours. Then, the
bacteria were diluted to ODggo = 0.01 (107 CFU mL ") with the
same media. The bacteria were swabbed on a three-dimensional
MH agar plate. Then, wells were cut into the surface of the agar
using a sterile yellow tip. 30 pL of Gin-AgNPs was dropped into
the wells and incubated at 37 °C for 24 hours. Gentamicin and
polymyxin b were used as the positive control and deionized
water was used as the negative control, respectively. Inhibition
of bacterial growth was evaluated by measuring the diameter
(mm) of each zone of inhibition.

2.10.3 Antimicrobial assay of Gin-AgNPs.
inhibitory concentrations (MICs) and minimum bactericidal
concentrations (MBCs) were performed to evaluate the antimi-
crobial activity of Gin-AgNPs by the broth microdilution
method. Briefly, a range of concentrations of Gin-AgNPs were
prepared by serial dilutions of 2-fold. The solutions were then
added to an equal volume of bacterial suspension (50 uL) in
each well of a 96-well plate with the final cell concentration of
105 CFU mL ™. The plates were incubated at 37 °C for 18-20 h.
After overnight incubation, 10 pL of 0.01% resazurin solution
(7-hydroxy-3H-phenoxazine-3-one-10-oxide; Sigma-Aldrich) was
added to each well and incubated at 37 °C for 2-3 hours. A color
change was observed. The lowest concentration before the color
change was determined as the MIC, the blue color represented
no growth of bacteria and the pink meant bacterial survival.?”
The MBC value was determined when there was no colony
growth from the directly plated contents of the wells. The tests
were performed in two independent experiments in triplicates.

2.10.4 Antimicrobial test of Gin-AgNPs hydrogel. The
diffusion method was performed to assess the antimicrobial
activity of Gin-AgNPs hydrogel. The overnight culture of E. coli
and S. aureus was subcultured in MH broth for 3 hours. Then,
the bacteria were diluted to ODgoo = 0.01 (107 CFU mL™ ") with

Minimum
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the same media. The bacteria were swabbed onto a three-
dimensional MH agar plate. Then, 4 mm diameter wells were
cut into the surface of the agar using a sterile tip. The Gin-
AgNPs hydrogel was dropped into the wells at 0.05 g and incu-
bated at 37 °C for 24 hours. Gentamicin and polymyxin b were
used as the positive control and deionized water was used as the
negative control. Inhibition of bacterial growth was evaluated by
measuring the diameter (mm) of each zone of inhibition.

3. Results and discussion

3.1 Characterization of ginger silver nanoparticles (Gin-
AgNPs)

The synthesis of Gin-AgNPs was performed by the green synthesis
method, using silver nitrate as a starting material and ginger
solution as a reductant and stabilizing agent for improving the
properties of the silver nanoparticles. The optical properties of
Gin-AgNPs were characterized by UV-vis spectroscopy. The
absorption (extinction) spectrum of the Gin-AgNPs showed the
characteristic strong surface plasmon resonance (SPR) band at
420 nm (Fig. 1(a)). The size and morphologies of the AgNPs were
investigated by transmission electron microscopy (TEM). The
particles are well dispersed with homogeneous spherical shapes
as depicted in Fig. 1(b). The average diameter of the AgNPs was
calculated using the Image]J program, revealing an average size of
11.89 + 4.17 nm (rn = 130) as shown in Fig. 1(c). The X-ray
diffraction pattern of the AgNPs is shown in Fig. 1(d). The
diffraction peaks were observed at 26 of 34.98°, 38.20°, 46.34°,
64.80° and 77.34°, corresponding to the (111), (111), (200), (220)
and (311) lattice planes, respectively. The observed diffraction
peaks are in good agreement with the Joint Committee on Power
Diffraction Standards (JCPDS) profile of the face-centered cubic
(fec) structure of silver.?®

The functional groups present in ginger powder and the Gin-
AgNPs were characterized by Fourier-transform infrared spec-
troscopy (FTIR), as shown in Fig. 1(e). The broad peak at
3286 cm™ ' was attributed to the O-H stretching of hydrogen-
bonds, suggesting that there were hydroxyl groups on the
surface of the AgNPs. The bands at 2921, 1636, 1370 and
1263 cm™* correspond to stretching vibrations of CH,, and C=0
in amide, aromatic skeletons combined with C-H and C=0
respectively. Finally, the peak at 1019 cm ™' is attributed to amino
acid groups.* These results confirm that the molecules in the
ginger powder are also present on the surface of the Gin-AgNPs.

3.2 UV-vis detection and proposed mechanism for detection
of Hg** with Gin-AgNPs

In this work, UV-vis spectroscopy was used to investigate the
interaction between Gin-AgNPs and Hg?". The absorption peak
of Gin-AgNPs was observed at 420 nm. The absorption peak was
reduced when Hg*" was added into the Gin-AgNPs solution, and
the yellow color of Gin-AgNPs turned colorless as depicted in
Fig. S4(a) and (b),} attributed to the redox reaction between Gin-
AgNPs and Hg**. It was previously reported that silver nano-
particles have the potential to detect Hg>* because silver
nanoparticles have surface plasmon resonance (SPR) properties

© 2023 The Author(s). Published by the Royal Society of Chemistry
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that can change by modifying the size, shape, composition and
dielectric constant of the system.’ In our experiment, Gin-
AgNPs showed a strong surface plasmon resonance at
420 nm, and the presence of Hg>" decreased that signature and
caused it to blue-shift. This is attributed to hydrogen bonding of
Hg>" to the stabilizer on AgNPs surface,**> which causes the
removal of the stabilizer because gingerols are phenolic
compounds with the ability to form complexes with heavy
metals through the interaction between hydroxyl groups and
the heavy metal.” In the context of this study, silver nano-
particles were capped by gingerol molecules containing
hydroxyl groups. The addition of Hg”" to the solution of
gingerol-capped silver nanoparticles leads to an electro-ionic
interaction*” between the surface of the nanoparticles and
Hg”", followed by redox reactions on the AgNP surface. The
redox reaction is spontaneous with the standard reduction
potential of silver (Ag'/Ag (0.80 V)) being lower than that of
mercury (Hg>'/Hg (0.85 V)).* The result is an Ag-Hg
amalgam,*>* when Hg>" react with silver nanoparticles
(AgNPs), the size of the AgNPs increases, resulting in the
formation of Ag* ions. Hg®, on the other hand, forms Hg-Ag
colloidal amalgams with the AgNPs. This Hg-Ag amalgam then
coats the surface of the AgNPs, damping the surface plasmon
and causing a noticeable change in the color of the colloidal
solution. Consequently, the colloidal solution loses its original
color and becomes colorless. These observation changes indi-
cate that all the available Ag° in the colloidal suspension has
been completely oxidized by the added mercury. In addition,
the deposition of Hg® on the surface of Ag* drove the blue-shift
and damped of the surface plasmon resonance (and thus the
colour change of the Gin-AgNPs solution from yellow to color-
less, Fig. 2). Parameters such as Gin-AgNPs solution volume,
PH, and reaction time, were examined next in order to optimize
this visual detection of the presence of Hg>".

3.3 Effect of pH value

The potential of Gin-AgNP solutions for Hg”* sensing was
investigated at different pH values. Buffer solutions from pH 3
to 11 were employed; acidic (HOAc buffers, pH 3.0, 4.0, 5.0 and
6.0), neutral (phosphate buffer, pH 7.0), and basic (Tris-HCl
buffers (pH 8.0, 9.0, 10.0 and 11.0)) as depicted in Fig. 3(a) and
(b). For each pH, the observed changes to the SPR absorption
band at 420 nm was estimated as Ay — A, where ‘4y’ was the
absorbance of the neat Gin-AgNPs solution and ‘A’ was the Gin-
AgNPs solution absorbance in the presence of 50 uM Hg>". The
Ao — Avalue was highest at pH 8. The bioactive stabilizer on Gin-
AgNPs could be potentially reduced by Hg>" in this alkaline
condition,* maximizing the 4, — A value. Moreover, the pH 8
buffer condition optimized dispersion of the Gin-AgNPs, as
shown in Fig. S6(b)T compared to neat Gin-AgNPs (Fig. S6(a)t)
and Gin-AgNPs in the presence of Hg>" (Fig. S6(c)T). Therefore,
PH 8.0 was selected as optimal for this sensing system.

3.4 Effect of Gin-AgNPs concentration

The effect of Gin-AgNPs concentrations for optical sensing
experiments was evaluated as shown in Fig. 3(c) and (d). In this

RSC Adv, 2023, 13, 19789-19802 | 19793
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Fig. 1 (a) UV-vis absorption spectra of Gin-AgNPs, (b) TEM image of Gin-AgNPs (11.89 + 4.17 nm; n = 130), (c) size distribution plot of Gin-
AgNPs, (d) XRD pattern of Gin-AgNPs and (e) FTIR spectra of ginger powder and Gin-AgNPs.

experiment, various concentrations of Gin-AgNPs (0.03, 0.05,
0.07, 0.09, 0.11, 0.12, and 0.14 pM). The experiments were
conducted in the presence of Hg** (50 uM) and Tris-HCI buffer
solution (50 mM) with a pH of 8.0. Absorption spectra of Gin-
AgNPs at various concentrations in the absence and presence

19794 | RSC Adv, 2023, 13, 19789-19802

of Hg”" are depicted in Fig. 3(d). The change in absorbance ratio
increased when increasing the volume of Gin-AgNPs. However,
a similar absorbance ratio could be seen when 0.12 uM (350 uL)
and 0.14 uM (400 uL) of Gin-AgNPs were used. Thus, 0.12 uM

© 2023 The Author(s). Published by the Royal Society of Chemistry
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surface plasmon resonance and changes the colour of the solution.

was selected as the optimum concentration of Gin-AgNPs for
further experiments.

3.5 Effect of reaction time

In this experiment, the effect of reaction time was investigated
using 0.12 uM (350 uL) of Gin-AgNPs, 50 uM of Hg>* and 50 mM
of Tris-HCI buffers (pH 8.0), respectively. Various incubation
times between 1 and 10 min were monitored and recorded as
shown in Fig. 3(e) and (f). The absorbance change ratio (4, — A)
where ‘A,’ was the absorbance of the Gin-AgNPs solution with
Hg>" at pH 8 and ‘A’ was absorbance of same solution measure
at the period of time (1-10 minutes) as depicted in Fig. 3(e).
After mixing Hg>" with the Gin-AgNPs, the color of the solution
changed slowly from yellow to colorless according with the
increasing time, and then the absorbance change ratio for
reaction time was stable after 8 min. Thus, a reaction time of
8 min was selected and applied in all further experiments.

3.6 Selectivity studies

The selectivity of Gin-AgNPs for reaction with Hg*" relative to
other transition, alkali, and alkaline earth metal ions (Na', K",
Ca*, Mg”>*, Ba*", Pb*", Mn>*, Ni**, Cu**, Zn**, Cd** and Co™")
was investigated by UV-vis spectroscopy and the naked eye
(Fig. 4(e)). The results showed that the Gin-AgNPs SPR signal
changed significantly after the addition of Hg** compared with
the other metal ions (Fig. 4(a) and (b), respectively). To assess
the selectivity studies of Gin-AgNPs for Hg>" sensing, 250 uM of
the other metal ions were added to the Gin-AgNPs solution to
assess their level of interference in the sensing process. There
were no remarkable changes observed upon the addition of 250
uM of the other cations together with Hg** as shown in Fig. 4(c)
and (d). The 4, — A values of the Gin-AgNPs in the presence of
Hg>" alone and with the presence of other metal ions did not

© 2023 The Author(s). Published by the Royal Society of Chemistry

show any changes, except for Pb>" that showed a slight decrease.
Moreover, the color of the Gin-AgNPs solution noticeably
changed from yellow to colorless when Hg”* was added, but
colour changes were imperceptible for the addition of the other
metal ions.

3.7 Analytical performance of the optical sensor for the
detection of Hg”*

The quantitative detection of Hg>* with Gin-AgNPs was exam-
ined next. The change in absorbance values (4, — A) of Gin-
AgNPs at 420 nm with the different concentrations of Hg>*
was performed under the previously optimized conditions. As
depicted in Fig. 5(a) and (b), the change of absorbance values
increased following the increasing concentrations of Hg**. The
optical sensor using Gin-AgNPs showed a linear response over
the concentration range of 0-160 uM of Hg>" (Fig. 5(a)). A linear
equation of (4, — 4) = (0.1302 £ 0.0067)log Hg>" — (0.0039 +
0.0113) was obtained with a correlation coefficient (R*) of
0.9921. The achieved limit of detection (LOD) and limit of
quantitation (LOQ) were 1.46 pM and 3.04 uM, respectively (the
concentration of Hg”>" required to give an absorbance change
ratio (A — A,) at 420 nm equal to 3 standard deviations (303 10
replicate measurements of the blank sample (4,)) and 10 stan-
dard deviations (100) of 4, for LOQ).

3.8 Colorimetric sensing of Hg>" based on naked eye
detection and the determination of Hg>" in real water samples

Naked eye detection of Hg>" at various concentrations ranging
from 0-200 pM using Gin-AgNPs is examined in this section
(Fig. 6). As discussed, the color of the solution changed from
yellow to colorless with increasing concentration of Hg>". A
complete color change occurred at the Hg>* concentration of
about 200 pM. This may be a useful experiment, therefore, for

RSC Adv, 2023, 13, 19789-19802 | 19795
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Fig. 3 (a) Relative change in the absorbance of Gin-AgNPs in the presence of Hg>" (50 pM) and 50 mM of buffer solution at different pHs from
3.0 to 11.0, (b) the corresponding UV-vis absorption spectra for the data in panel (a), (c) relative change in the absorbance of Gin-AgNPs as
a function of Gin-AgNPs volume in the presence of Hg?" (50 uM) and 50 mM of Tris—HCl buffer solution at pH 8.0, (d) the corresponding UV-vis
absorption spectra for the data in panel (c), (e) relative change of the absorbance of Gin-AgNPs as a function of time in the presence of Hg2+ (50
uM) and 50 mM of Tris—HCl buffer solution at pH 8.0, (f) the corresponding UV-vis absorption spectra for the data in panel (e).

rapid screening for the presence of Hg>" water samples in field
studies. The potential of Gin-AgNPs to detect Hg”" in tap water
was investigated by UV-vis spectroscopy by adding 25 uM and 50
uM of standard HgCl, to un-spiked tap water. The concentra-
tion of Hg>" present was then calculated from the standard
addition curve as shown in Fig. S7.T The results shown in Table
1 indicate the good agreement between added and determined
values with 98.78-107.54% of recovery and 2.14-2.32% of rela-
tive standard deviation (RSD).

19796 | RSC Adv, 2023, 13, 19789-19802

3.9 A machine learning and image processing procedure for
the detection of Hg”"

To test the accuracy of the developed algorithm, the data sets of
solution images were separated into 3 cases. The first data set
was the solutions with the same concentrations as the database
and the properties of their images such as ratio, brightness and
position were set the same as the database. The second data set
was the solutions with the same concentrations as the database,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Relative change in the absorbance of 0.12 uM of Gin-AgNPs in the presence of Hg?* and various metal ions (200 M), (b) the UV-vis
absorption spectra for the data in panel (a), (c) relative change in the absorbance of 0.12 nM of Gin-AgNPs in the presence of Hg?* together with
various metal ions (200 pM), (d) the related UV-vis absorption spectra for the data in panel (c), (e) the image showing the changes in the color of
0.12 uM of Gin-AgNPs with the presence of 200 pM of various metal ions and Hg?*.

but their images had different ratios, brightness and position,
and only one image was taken for each group. The last data set
was the solutions with different concentrations of 70 pM, 110
uM, 150 uM and 190 pM. Their image properties were the same
as in the database. During the implementation process of our
technique for these data sets, the application was developed
using the MATLAB programming language and a graphic user
interface (GUI) with the purpose of being user-friendly, simple
and comfortable. An example of the GUI is depicted in Fig. 7.
The numerical results for the first data set are shown in
Table S1.F The results estimated using the application provide
very precise results. The minimum and maximum errors were
0% and 1.7%, respectively. The maximum error appeared at the
concentration of 20 uM. For the second data set, the results are
shown in Table S2.f The minimum and maximum errors were

© 2023 The Author(s). Published by the Royal Society of Chemistry

0.15% for 20 puM concentration and 12.90% for 200 uM
concentration, respectively, excluding the case of 0 uM
concentration. The error increased along with the increasing
concentration. For the last data set, the results are shown in
Table S3.1 The minimum and maximum errors are 3.66% and
14.66%, respectively. However, these error levels are still
acceptable. From the experimental results, the application of
machine learning using image processing could help to esti-
mate the concentration of Hg”" in the Gin-AgNPs solution. The
accuracy of the prediction was acceptable, with an error rate of
less than 13% for the solution whose concentration matched
the given database. For the solution whose concentration did
not match the given database, the accuracy of prediction was
increased but the error rate was still less than 15%. The factors
that played an important role in the accuracy of our algorithm

RSC Adv, 2023, 13, 19789-19802 | 19797
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Fig. 6 Colorimetric response of Gin-AgNPs to different concentrations of Hg?* (from left to right: 0, 20, 40, 60, 80, 100, 120, 140, 160, 180, and

200 puM where blank refers to 0 uM).

Table 1 Determination of Hg?* concentrations in a real water sample

Proposed method (n = 3)

Water sample Added Hg”* (uM) Found Hg”* (uM) % recovery + SD RSD (%)
Tap water 25 24.70 £ 0.57 98.78 £ 2.95 2.32
50 53.76 £ 1.15 107.54 £+ 2.30 2.14

might be the position of the test tube, brightness and back-
ground setting. Machine learning showed some ability and
usefulness in the prediction of the concentration of mercury in
the Gin-AgNPs solution instead of the practical measurements
in the laboratory. However, practical measurement was still
required for the most reliable and precise estimation.

3.10 Application of Gin-AgNPs for the determination of Hg>"
by a machine learning program

The potential of Gin-AgNPs for the detection of Hg>* by the
machine learning program was performed using Gin-AgNPs
solutions with different concentrations of Hg>* being 50, 90,
130 and 170 uM. Then the images of sample solutions were
taken and the machine learning program was used to determine
the quantity of Hg>" as shown in Table 2.

19798 | RSC Adv, 2023, 13, 19789-19802

3.11 Comparison with other methods for Hg”*
determination

Mercury is a heavy metal that is toxic to the environment and
the human body. It exists in an inorganic form which includes
metallic mercury, mercury vapor (Hg®) and mercurous (Hg,>")
or mercuric (Hg™") salts.***” Mercuric ions are the most stable
inorganic form and they commonly contaminate water because
of their solubility in water. Mercury causes many negative
effects and diseases in the human body including neurological,
nephrological, immunological, cardiac, motor, reproductive
and genetic effects.*” Minamata disease, a neurological disorder
in people who consume mercury at a high level, is one of the
diseases caused by mercury.*®* Therefore, the detection of Hg*"
in water is important for the environment and to avoid mercury
damage to humans. In 1976, the World Health Organization

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Determination of Hg®* concentrations in a real water sample

Proposed method (1 = 3)

Hg>" added Hg>" found

(uM) (uM) RSD (%)
50 50.56 + 0.32 0.62

90 92.10 £ 1.40 1.53

130 131.14 + 0.21 0.16
170 170.66 £+ 1.14 0.67

(WHO) reported that drinking water should contain less than
0.4 pg of Hg®".* In Thailand, the laws of mercury control in
water recommend that drinking water must have less than
0.002 mg L' Hg”". Wastewater that drains from a factory must
have mercury at less than 0.005 mg L~ " Hg?*, except for zinc
smelting plants which must have wastewater with less than
0.002 mg L' of Hg?". Water sources in nature should have total
Hg>" content of less than 0.002 mg L.

Therefore, many detection methods for Hg”" in water at low
concentrations have been developed, as summarized in Table
S4,7 including electrochemistry, fluorescence spectroscopy, and
colorimetry. Among these techniques, the colorimetric method
is exceptional because of its simplicity, ease of use, low-cost, on-
site capability, and high selectivity. In addition, our colori-
metric sensor shows a change of color that can be observed by
the naked eye and thus has great potential for field-based
detection of Hg>".

3.12 Antimicrobial susceptibility of Gin-AgNPs

Antimicrobial susceptibility to Gin-AgNPs was investigated for
S. aureus and E. coli by diffusion assay. The diffusion tests on
agar plates of Gin-AgNPs are reported in Fig. 8 against S. aureus
(Fig. 8(a)) and E. coli (Fig. 8(b)). In addition, the zones of inhi-
bition in millimeters of Gin-AgNPs are exhibited in Table 3. The

© 2023 The Author(s). Published by the Royal Society of Chemistry

results show that Gin-AgNPs could inhibit the growth of both
bacteria. The inhibition zones of Gin-AgNPs to S. aureus and E.
coli were 9.33 &+ 0.58 mm and 10.97 + 0.40 mm, respectively.
Gin-AgNPs were more inhibitive for E. coli than S. aureus. These
results indicate that both S. aureus and E. coli are susceptible to
Gin-AgNPs. Our results were similar to a previous study, in
which synthesized ginger extract-AgNPs exhibited high poten-
tial antimicrobial activity against several strains of bacteria and
fungi.”®

3.13 Antimicrobial assay of Gin-AgNPs

After antimicrobial screening to evaluate the antimicrobial
susceptibility of Gin-AgNPs, the antimicrobial activity of Gin-
AgNPs was tested by the microdilution method. MIC and MBC
values were measured to determine the lowest concentration of
Gin-AgNPs for inhibition and killing bacteria. MIC and MBC of
Gin-AgNPs against Gram-positive and Gram-negative bacteria
are exhibited in Table 4. The MIC value and the MBC value of
Gin-AgNPs against S. aureus ATCC 25923 were 0.4 ug mL " and
1.5 ug mL~ ", whereas the MIC value and the MBC values toward
E. coli 0157:H7 were 0.2 pg mL ™' and 1.5 pg mL ™", respectively.
The MIC value and the MBC values of gentamicin against S.
aureus ATCC 25923 were 0.5 ug mL ™" and 1 pug mL ™" whereas
the MIC value and the MBC values toward E. coli 0157:H7 were
=0.25 pg mL ™', Gin-AgNPs could inhibit E. coli 0157:H7 at
lower concentrations when compared with S. aureus ATCC
25923. However, the killing activity of Gin-AgNPs against both
bacteria was equal at 1.5 ug mL~". In addition, a comparison of
the antimicrobial activity of Gin-AgNPs and gentamicin indi-
cated that the MIC and MBC of the agents were similar against
S. aureus ATCC 25923. This indicates that the antimicrobial
activity of Gin-AgNPs and gentamicin against S. aureus ATCC
25923 are no different and thus Gin-AgNPs have high potential
antimicrobial activity.

RSC Adv, 2023, 13, 19789-19802 | 19799
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Fig. 8 Antimicrobial susceptibility of Gin-AgNPs against S. aureus and E. coli. (a) Gin-AgNPs, (b) deionized water, and (c) 16 pg mL™ of
gentamicin or polymyxin b were tested against S. aureus ATCC 25923 (A), E. coli O157:H7 (B) and antimicrobial susceptibility of Gin-AgNPs
against S. aureus and E. coli, (a) 16 ng mL™ of gentamicin or polymyxin b, (b) 0 ng mL™ Gin-AgNPs (c) 15 pg mL~* Gin-AgNPs hydrogel, and (d) 25
ug mL™! Gin-AgNPs hydrogel were tested against S. aureus ATCC 25923 (C), E. coli O157:H7 (D).

Table 3 Inhibition zone of Gin-AgNPs against Gram-positive and
Gram-negative bacteria

Inhibition zone (mm)

Agents Staphylococcus aureus Escherichia coli
Gin-AgNPs 9.33 £ 0.58 10.97 £ 0.40
Gentamicin 12.00 £ 1.00 —

Polymyxin b — 6.03 + 0.38
Deionized water 0.00 0.00

3.14 Antimicrobial tests of Gin-AgNPs hydrogel

Gin-AgNPs were incorporated into a hydrogel and evaluated for
antibacterial activity. The Gin-AgNPs hydrogel exhibited anti-
microbial activity in all bacterial tests as indicated by the inhi-
bition zone described in Table 5. The concentration of Gin-
AgNPs at 15 ug mL ™" in the hydrogel showed inhibition zones
at 8.92 + 0.45 mm and 8.95 £ 0.41 against S. aureus and E. coli,
respectively. In the same way, the concentration of Gin-AgNPs at
25 pg mL~" in hydrogel exhibited inhibition zones at 10.08 +

19800 | RSC Adv, 2023, 13, 19789-19802

0.28 mm and 10.67 £ 0.24 mm against S. aureus and E. coli,
respectively. These observations suggest an enhanced antimi-
crobial activity for the hydrogel when Gin-AgNPs concentrations
are increased. The Gin-AgNPs hydrogel showed antimicrobial

Table 4 MIC and MBC of Gin-AgNPs against Gram-positive and
Gram-negative bacteria®

Gram-positive bacteria Gram-negative bacteria

Staphylococcus aureus Escherichia coli

MIC MBC MIC MBC
Agents (gmL™)  (gmL)  (gmL™)  (ugmL7)
Gin-AgNPs 0.4 1.5 0.2 1.5
Gentamicin 0.5 1.0 =0.25 =0.25
¢MIC, minimum inhibitory concentration; MBC, minimum

bactericidal concentration. Gentamicin was used as a standard
antibacterial agent. MIC represents the lowest concentration of agent
that inhibited bacterial growth >99%; MBC represents 100% inhibition.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Inhibition zones of Gin-AgNP hydrogels against Gram-positive and Gram-negative bacteria

Inhibition zone (mm)

Agents Staphylococcus aureus Escherichia coli
0 ug mL ™" Gin-AgNPs hydrogel 0.00 0.00

15 ug mL ™' Gin-AgNPs hydrogel 8.92 + 0.45 8.95 + 0.41

25 pg mL ™' Gin-AgNPs hydrogel 10.08 £+ 0.28 10.67 + 0.24
16 pg mL~ ' gentamicin 17.80 + 0.26 18.65 & 0.88

activity against both S. aureus, the representative Gram-positive
bacterium, and E. coli; the representative Gram-negative
bacterium.

4. Conclusions

In this work, ginger-stabilized silver nanoparticles (Gin-AgNPs)
were successfully synthesized with a green synthesis method
and used in the detection of Hg>* based on the interaction of
Hg”" with silver nanoparticles. The color changes from yellow to
colorless are obvious to the naked eye for environmental
pollutant-relevant levels of Hg**. Quantification of Hg>" over
a linear range of 3-160 uM with a limit of detection (LOD) and
limit of quantitation (LOQ) of 1.46 uM and 3.04 uM, respec-
tively, were proved by UV-vis spectroscopy. Furthermore, the
synthesized Gin-AgNPs were highly selective to Hg** compared
with other metal ions. The proposed colorimetric sensor was
applied Hg>" detection in real water samples using a standard
addition method with satisfactory results. Furthermore,
a machine learning-based image processing program was
developed for determining Hg”" concentrations, again with
satisfactory results. Finally, an additional application of the
Gin-AgNPs, antimicrobial activity towards both Gram-positive
and Gram-negative bacteria, was demonstrated. As such these
green-synthesized nanomaterials may find applications both in
environmental sensing and in biomedicine in the future.
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