A \

A4
This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @

http://pubs.acs.org/journal/acsodf

Highly Selective Colorimetric Sensor of Mercury(ll) lons by
Andrographolide-Stabilized Silver Nanoparticles in Water and
Antibacterial Evaluation

Chanon Talodthaisong, Pitiphoom Sangiamkittikul, Panupong Chongwichai, Apichart Saenchoopa,
Saengrawee Thammawithan, Rina Patramanon, Suppanat Kosolwattana, and Sirinan Kulchat*

Cite This: ACS Omega 2023, 8, 41134-41144 I: I Read Online

ACCESS | [l Metrics & More ’ Article Recommendations | Q Supporting Information

ABSTRACT: Silver nanoparticles (AgNPs) are well known for
their exceptional properties and versatility in various applications.
This study used andrographolide as a biochemical stabilizer to
synthesize AgNPs (andro-AgNPs). The andro-AgNPs were . s

Antl -microbial

characterized by using UV—vis spectroscopy, revealing a surface AndroAgNPs

plasmon resonance peak at 440 nm. Fourier transform infrared Color;memcsensor

spectroscopy was also used to confirm the presence of AgNPs. offions : S~ ;‘. —en
Transmission electron microscopy was used to investigate the G B (‘ %«. @
morphology of andro-AgNPs, which showed a spherical shape with z ( ?" : RO %)= o
an average diameter of 18.30 + 5.57 nm (n = 20S). Andro-AgNPs @ — ) m— . [N

were utilized as a colorimetric sensor to detect mercury ions % Y, % 0 0 s e T w0
(Hg*) in water, and the optimized detection conditions were  Awross Ag-Hg amalgam Wavelength (nm)

evaluated using UV—vis spectroscopy with a linear range of 15—

120 4M. The limit of detection and the limit of quantification for Hg*" detection were found to be 11.15 and 37.15 uM, respectively.
Furthermore, andro-AgNPs exhibited antibacterial properties against both Gram-positive (Staphylococcus aureus) and Gram-negative
(Escherichia coli) bacteria. The results imply that andro-AgNPs hold promising potential for future biomedical applications.

1. INTRODUCTION A variety of analytical methods have been developed to
detect and monitor the contaminating level of Hg(1I) ions in
the environment, such as atomic fluorescence spectroscopy,6
flame atomic absorption spectroscopy,” graphite furnace
atomic absorption s.pectroscopy,8 high-performance liquid

9 10,11 . 112,13
chromatography,” and fluorescence, electrochemical,
%15 However, it is highly desirable

to monitor the presence of Hg®" in the environment and

In recent years, the detection of contamination by hazardous
heavy metals in water and soil has become a significant and
continuing challenge in environmental monitoring. While
heavy-metal management is strictly regulated in many nations
worldwide, the massively growing heavy-metal industry has
made heavy-metal contamination a persistent issue.' Heavy
metals like mercury (Hg), chromium (Cr), lead (Pb), arsenic
(As), and cadmium (Cd) can damage and threaten natural
ecosystems and human health.”” Among these, mercury ions
(Hg**) are one such potentially harmful pollutant that
accumulates in marine organisms, water, and soil. The major
source of Hg contamination is fuel burning electrical
generation, but other sources, both natural and man-made,
can also cause considerable contamination.” Even at very low
dose levels, Hg exposure can cause serious health problems in
humans and animals that consume contaminated foods. It can
cause disorders, such as autism hypoesthesia, ataxia,

and colorimetric methods.

drinking water samples in a timely, sensitive, selective, and
accurate manner. Among the previously described methods,
colorimetric approaches have been recognized as methods that
are appealing having a rapid response, with high sensitivity,
being inexpensive, and are accessible sensors that can be used
in field work.'®

Various colorimetric probes based on nanoparticles for the
detection of Hg** have been developed, for example, using
gold (Au) nanoparticles,'” silver nanoparticles (AgNPs),18
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s . .
systems.” Therefore, the assessment of Hg’* in the environ-
ment, especially in drinking water at concentrations relevant to
human health, remains a critical concern.
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Figure 1. Synthesis of AgNPs using andrographolide as a reducer and a stabilizer.
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Figure 2. (a) UV—vis absorption spectra, (b) TEM image, and (c) size distribution plot of andro-AgNPs from TEM (n = 205).

copper nanoparticles,"” and nanoclusters.”® Over recent
decades, the use of AgNPs has risen in a wide range of fields,
such as biotechnologies,ﬂ’22 nanodevices,” energy stor-
age,”¥?* catalysis,”® biomedical applications,”” and sen-
sors.”*7*° Furthermore, AgNPs are less harmful to mammalian
cells than other metal nanoparticles,”" and due to their tiny
size, they can easily infiltrate the cell membrane and function
as a potential antimicrobial agent.”” Synthesis of AgNPs can be
performed by various approaches, such as photochemical,33
biological,”* physical,”® and chemical methods.”® AgNPs are
being functionalized based on their application in sensor
technology for the detection of Hg,>’ ™ with an emphasis on
eco-safety considerations.*>*!

In this work, AgNPs were synthesized using andrographolide
as a stabilizer.*” The synthesis and utilization of andrographo-
lide-stabilized AgNPs (andro-AgNPs) have been previously
investigated with respect to their antimicrobial activity and

41135

mode of action, as reported in a published research study.* In
the previous work, the antimicrobial potential of andro-AgNPs
was explored, highlighting their efficacy against bacterial
infections of Burkholderia pseudomallei. Motivated by the
promising results from the aforementioned study, we sought to
further investigate the subsequent applications of andro-
AgNPs. In our current research, we focus on utilizing the
same antimicrobial andro-AgNPs as colorimetric sensors for
the detection of Hg. As a novelty, in our work, we emphasize
additional eco-safety considerations in functionalizing AgNPs
using andrographolide for sensor technology. This emphasis
on safety and environmental impact is a valuable aspect of this
research. Our study addresses the issue of heavy-metal
pollution in water and soil. However, there have been other
recent studies and developments in this area that we consider
to have research gaps. Additionally, while we believe that our
study covers analytical methods for detecting Hg*', there are
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some restrictions, including those related to sensitivity,
specificity, and long-term stability. By repurposing the andro-
AgNPs, we aim to demonstrate their versatility and expand
their scope of applications.

Andrographolide is a labdane diterpenoid produced by the
plant Andrographis paniculata that possesses a variety of
medicinal applications, such as anti-inflammatory and anti-
platelet aggregation activity as well as potential antineoplastic
effects.*” The colorimetric sensor along with andro-AgNPs was
created to detect Hg** based on the interactions of Hg*" with
the hydroxyl ligands of andrographolide bound to AgNPs.
Then, the oxidized andrographolide was released from the Ag
surface, and the original yellowish-orange solution turned
colorless due to a possible redox interaction between Hg and
Ag atoms. The intensity of color changes can be observed
based on the concentrations of Hg’* added to the solutions.
Not only can our suggested andro-AgNPs be used to detect
Hg*" but they have also been proven to possess antibacterial
activity against both Gram-positive (Staphylococcus aureus) and
Gram-negative (E. coli) bacteria. As a result, andro-AgNPs may
be an appropriate component of selective and rapid visual Hg**
sensors with potential biomedical applications.

2. RESULTS AND DISCUSSION

2.1. Synthesis of Andro-AgNPs.*> Andro-AgNPs were
synthesized by using a chemical reduction method with
andrographolide, an organic compound that can reduce and
stabilize AgNPs. The synthesis involved only a few chemicals
and was conducted by stirring the mixture of andrographolide
and AgNO; at room temperature for 3 h (Figure 1). The
optimal condition for synthesizing andro-AgNPs was to use 3
mL of an andrographolide solution with 3 mL of 20 mM
AgNO;. This condition produced the highest light absorbance
and the lowest wavelength of the absorbed light, resulting in a
narrower size distribution of andro-AgNPs. The absorbance
calculation showed that the molar concentration of the AgNPs
was 7.809 nM, as discussed in Section 4.2.

2.2. Characterization of Andro-AgNPs. The andro-
AgNPs underwent characterization through UV—vis spectros-
copy, which revealed a strong surface plasmon resonance
(SPR) band as a broad characteristic absorption peak at 440
nm (Figure 2a), indicating varying sizes of AgNPs. The
morphology and size of the andro-AgNPs were determined
through transmission electron microscopy (TEM), which
showed a uniform dispersion of homogeneous, spherical-
shaped AgNPs (Figure 2b). The size distribution of the AgNPs
was determined by counting the AgNPs visible in the TEM
image, as shown in Figure 2c¢, using Image] software. The
average diameter of andro-AgNPs was found to be 18.30 +
5.57 nm (n = 205).

The functional groups of andrographolide’s capsule,
synthesized andrographolide, and andro-AgNPs were analyzed
using Fourier transform infrared (FT-IR) spectroscopy.*” The
FT-IR spectrum of andrographolide’s capsule exhibited
characteristic peaks at 1050 and 1060 cm™', indicating the
C—O stretching of andrographolide.** Peaks at 1350 and 1450
cm™ indicated the C=O stretching of the ester function/
carboxyl group and the C—H bending of the andrographolide
molecules, respectively. The peak at 2900 cm™" indicated the
C—H stretching and the peak at 3300 and 3400 cm™'
corresponded to the O—H stretching of all hydroxyl groups
in the andrographolide molecules. The FT-IR spectrum of the
synthesized andrographolide revealed additional peaks at 1400

and 1600 cm™', corresponding to the bending of the C—H
alkane group and the stretching of the C=C alkene group,
respectively. The FT-IR spectrum of andro-AgNPs was similar
to that of andrographolide, with reduced peak intensities at
1350 cm™ (O—H bending) and 1050 cm™ (C—O stretching)
due to the bonding and stabilization of the Ag® nanoparticles in
the solution. The zeta potential of andro-AgNPs was —21.20 =+
0.56 mV, indicating uniform dispersion and stable colloidal
AgNPs. Dynamic light scattering (DLS) showed an average
hydrodynamic diameter of 63.27 + 0.82 nm, which may
suggest the aggregation of andro-AgNPs in the solution due to
the functional groups of the andrographolide stabilizers.

2.3. Proposed Andro-AgNPs Mechanism for Hg?*
Detection via UV—Vis Spectroscopy. UV—vis spectroscopy
was used to observe the interaction between andro-AgNPs and
Hg*. As depicted in Figure 3, the presence of Hg** in the
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Figure 3. UV—vis absorption spectra of andro-AgNPs and andro-
AgNPs + Hg™".

andro-AgNPs solution resulted in a reduction of the absorption
peak at 430 nm, leading to its disappearance and a color
change from yellowish orange to colorless. Similar results have
been reported in many other studies’™*° involving the
interaction of AgNPs and Hg’* due to the oxidation of the
nanoparticles.

Some literature has reported that Hg*" can interact with the
functional groups (e.g., carboxyl, hydroxyl, and thiol groups) of
the stabilizers on the surface of Ag or Au NPs.*”*® Therefore,
the color change from orange to colorless of andro-AgNPs—
Hg2+ can be explained by the proposed mechanism, as shown
in Figure 4. First, the Hg*" interact with the hydroxyl group of
andrographolide bound to AgNPs. Then, Hg** react with Ag
atoms and a redox reaction occurs due to the standard
potential of Ag being lower than that of Hg (EO of Ag'/Ag =
0.80 V and E° of Hg**/Hg = 0.85 V). Therefore, an Ag/Hg
amalgam alloy is formed in the solution that can no longer
absorb light, so the AgNPs and the solution become colorless.
The formation of amalgam alloy is presented as shown in eq 1.
This proposed mechanism enables the detection of Hg*" after
optimizing different conditions, such as reaction time, andro-
AgNPs concentrations, and selective detection with various
metal ions. Also, the amalgam alloy was confirmed by the DLS
technique. The hydrodiameter size of andro-AgNPs increased
from 63.27 + 0.82 nm to 109.80 + 1.47 nm in the presence of
Hg2+, suggesting that an Ag—Hg amalgam had occurred as
depicted in Figure 4. In fact, it has been documented in the
literature*”*° that the stable surface coating on AgNPs acts as a
protection against Ag passivation and oxidation and,
consequently, for AgNPs exposed to Hg** and the Ag—Hg
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Figure 4. Schematic representation of the sensing mechanism of Hg** and andro-AgNPs.
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Figure 5. (a) UV—vis absorption spectra for various andro-AgNPs concentrations interacting with Hg** and (b) the corresponding relative change
of the absorbance of andro-AgNPs at 430 nm with respect to the andro-AgNPs concentration in the presence of 20 uM Hg?, (c) the
corresponding UV—vis absorption spectra of andro-AgNPs at 430 nm with respect to time in the presence of 0.08 nM Hg**, (d) relative change in
the absorbance of andro-AgNPs for the data in (c),(e) UV—vis absorption spectra of andro-AgNPs at 430 nm in the presence of 20 uM Hg*" and
various metal ions, and (f) relative change of the absorbance of andro-AgNPs for the data in (e).
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interaction, results in an Ag/Hg amalgam. Moreover, the zeta
potentials of the andro-AgNPs solution increased from —21.20
+ 0.56 to —18.60 + 1.74 mV in the presence of Hg** due to
the formation of the complexation between Hg** and
andrographolide. Following the addition of Hg**, as shown
in Figure Slab, the formation of the andro-AgNPs—Hg>*
complex became larger, and particle agglomeration could be
seen with an average diameter of 44.94 + 7.73 nm (n = 45), in
accordance with the zeta potential data. Additionally, the
elemental compositions of andro-AgNPs—Hg** were examined
by energy-dispersive X-ray analysis (EDX). The results
depicted in Figure Slc revealed the peaks arising from Ag
and Hg at approximately 3 keV,”" confirming the presence of
Ag and Hg in andro-AgNPs—Hg’*. A peak for elemental
copper (Cu) was visible and was attributed to the carbon-
supported copper grid employed to prepare the sample.

Andro — AgNPs + Hg2+

— Ag — Hg(amalgam) + Andro — Hg** (1)

2.4. Optimizing the Andro-AgNPs Concentration,
Reaction Time, and Selectivity for Hg?* Detection.
Optical sensing studies were conducted to determine the
optimal concentration of andro-AgNPs for detecting Hg>'.
Several concentrations of andro-AgNPs (0.02, 0.04, 0.08, and
0.13 nM) were added to 20 uM Hg** solutions. The
absorption spectra results, shown in Figure Sa,b, indicate that
higher andro-AgNPs concentrations lead to greater interaction
with Hg?* and the absence of the spectra. The maximum
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absorbance change ratio at 430 nm (A, — A) was observed at a
0.08 nM concentration, which was selected for further studies.
The optimal reaction time for andro-AgNPs and Hg** was
investigated by using an andro-AgNPs concentration of 0.08
nM in 20 uM Hg** solutions. The color of the mixing solution
of andro-AgNPs and Hg** changed from yellowish orange to
colorless instantly (Figure 6a), as observed at different
incubation times ranging from 1 to 10 min, as shown in
Figure Sc,d. The absorbance change ratio at 430 nm stabilized
after 6 min of reaction time, indicating a suitable condition for
further studies.

The selectivity of andro-AgNPs to interact with Hg*" was
evaluated by comparing the reactions of andro-AgNPs with
other transition metals, alkalis, and alkaline earth metal ions
(Na*, K+’ Ca2+, Mg2+, Ba2+, Pb2+, Mn2+, Ni2+) Cu“, Zn“, Cd2+,
and Co*") using UV—vis spectroscopy, as shown in Figure Se,f.
The absorbance change ratio (A — A, at 430 nm) of the andro-
AgNPs and Hg** reaction presents the most significant
interaction, while there were no notable outcomes from the
interactions of andro-AgNPs with other cations.

2.5. Colorimetric Sensing of Andro-AgNPs with
Various Metal lons and Hg?** Based on Naked-Eye
Detection. The colorimetric responses of andro-AgNPs with
different cations were evaluated using naked-eye observation
(Figure 6a). The results show that only the solution of andro-
AgNPs and Hg** changed from yellowish orange to colorless,
while the other solutions remained unchanged. The minimum
concentration of metal ions at which the color change could be
observed with the naked eye after adding andro-AgNPs was
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0.08 nM. Thus, it can be concluded that andro-AgNPs are
more specifically sensitive and selective to reacting with Hg**
than other metal ions. The presence of Hg’" in the solution
can be observed simply by the colorimetric response of andro-
AgNPs with the naked eye. The yellowish-orange color of the
andro-AgNP solution disappeared gradually with an increasing
Hg2+ concentration, as shown in Figure 6b. Therefore, the
amount of Hg*" can be estimated by observing the different
colors of the solution. The maximum concentration of Hg** at
which the solution became completely colorless was around
0.50 mM. This colorimetric phenomenon could be useful for
quickly sensing Hg*" in general water samples.

2.6. Assessing the Optical Sensor’'s Analytical
Capability in Detecting Hg?*. In this section, various
concentrations of Hg*" were quantitatively investigated using
andro-AgNPs (as shown in Figure 7a,b). The absorption peak
of the andro-AgNP solution at 430 nm was selected as the
detection wavelength to estimate the degree of conversion
from AgNPs to Ag ions. First, a standardized curve between
the change in absorbance ratio and Hg®" concentration was
constructed (as shown in Figure 7b). The optimal conditions
from the previous experimental sections, including the
concentration of andro-AgNPs (0.08 nM), the range of Hg*"
concentrations (15—120 yM), and the reaction time (6 min),
were applied. The standardized curve showed that the
absorbance change ratio was linearly proportional to the
amount of Hg**. The relationship between them was depicted
as a linear regression equation, (A — A)/A, = 0.0024x —
0.0098, with a correlation coefficient squared (R?) of 0.9983,
where “A,” represents the absorbance of andro-AgNPs (blank)
and “A” represents the absorbance of andro-AgNPs in the
presence of different concentrations of Hg*". Finally, the limit
of detection (LOD) and the limit of quantitation (LOQ) were
estimated to be 11.15 and 37.15 uM, respectively. The
absorbance change ratio (A, — A/A,) at 430 nm was equal to 3
standard deviations [3 r; 10 replicate measurements of the
blank sample (A,)] and 10 standard deviations [(10 r) of A,
for LOQ].

2.7. Application of Andro-AgNPs for the Determi-
nation of Hg?* lons in Real-Water Samples. The efficiency
of the colorimetric sensor for detecting Hg*" in commercial
drinking water was evaluated. To calculate the concentration of
Hg*" and the recovery percentages, the standard addition
method was used with known spiked samples of 40 and 60 uM
of Hg*". The results show that the sensor had acceptable
detection values, with a recovery rate of 93.12 + 2.31 to 95.61
+ 1.07% and a relative standard deviation (RSD) of 1.12—
2.48%, as summarized in Table 1.

2.8. Comparison with Other Methods for Hg?*
Determination. Hg contamination is a significant concern
for human health and the environment, and its presence in
drinking water has been a worldwide issue. WHO has

Table 1. Determination of Hg2+ Concentrations in Real-
Water Samples

proposed method (n = 3)

Hg2+
added Hg** found RSD
water sample (uM) (uM) % recovery + SD (%)
commercial 40 38.25 + 043 95.61 + 1.07 112
drinking water
60 55.87 + 1.38 93.12 + 2.31 2.48

recommended that Hg in drinking water should not contribute
more than 0.4 mg to the total daily intake, and the maximum
allowable limit level of Hg*" in drinking water is defined as 1
ug/L (approximately 0.005 M).”* Therefore, it is essential to
detect the presence of Hg*" in aqueous solutions, particularly
in drinking water, at relatively low concentrations. Several
methods for detecting Hg*" at low concentrations have been
developed, and some of them are listed in Table 2. Among
these methods, the colorimetric method has gained the most
interest due to its simplicity of use, low cost, few requirements
for the preparation process, and low reaction time for
measurements. Additionally, colorimetric techniques produce
significant color changes that are visible to the unaided eye.

2.9. Comprehensive Assessment of Antibacterial
Activities. To evaluate the antimicrobial activity of andro-
AgNPs, both diffusion tests and broth microdilution methods
were employed, as described in Section 4.7. The preliminary
screening via the diffusion test showed that andro-AgNPs
exhibited antimicrobial activity against all test bacteria, whereas
andrographolide did not inhibit any of them. After the
screening, the antimicrobial susceptibility of andro-AgNPs
was determined using a microdilution method, as illustrated in
Figure 8. The minimum inhibitory concentration (MIC) and
minimum bactericidal concentration (MBC) were determined
to identify the lowest concentration of andro-AgNPs required
to inhibit or kill bacteria. The MIC and MBC values of andro-
AgNPs against Escherichia coli O157:H7 and S. aureus ATCC
25923 were found to be 0.028 nM, as shown in Table 3. The
results indicate that andro-AgNPs exhibit excellent antibacte-
rial activity, as demonstrated by their low MIC and MBC
values in the nM range. This is consistent with previous studies
that evaluated the antimicrobial activity of AgNPs synthesized
using Andrographis paniculata extract.*>®> Those studies
showed that the AgNPs were effective against a variety of
bacteria, including S. aureus, E. coli, B. pseudomallei,
Lactobacillus, Enterococcus, Staphylococcus typhi, Staphylococ-
cus pyogenes, V. cholera, and Klebsiella pneumonia. This suggests
that the AgNPs synthesized using andrographolide as a
stabilizer could serve as an effective antimicrobial agent against
both Gram-negative and Gram-positive bacteria and may prove
useful in combating human pathogens.

3. CONCLUSIONS

In this study, simple and effective andro-AgNPs were
successfully synthesized and used to detect Hg*" by exploiting
their interaction with AgNPs. We optimized the detection of
Hg™* by assessing the concentration of andro-AgNPs and the
reaction time. Our colorimetric sensing system was selectively
able to detect Hg”* compared to other metal ions in a relatively
very short time of only 6 min. The color changes from
yellowish orange to colorless were easily observed with the
naked eye, and the intensity of the color change was based on
the concentration of Hg*" added. UV—vis spectrometry was
also used to quantify Hg** concentrations over a linear range of
15—120 uM, with a LOD and limit of quantitation (LOQ) of
11.15 and 37.15 uM, respectively. Our proposed rapid and
simple colorimetric sensor was able to detect Hg?* in real water
samples using a standard addition method with satisfactory
results. Furthermore, the andro-AgNPs possessed antimicrobial
activity against both Gram-positive and Gram-negative
bacteria. This andro-AgNP sensor could potentially be used
in the environmental sensing and biomedical fields in the
future.
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Table 2. Comparison of Different Hg*" Sensing Methods

methods materials

electrochemistry ~ AgNWs/HPMC/chitosan/urease/SPCE

Au-modified screen-printed carbon electrode (Au-SPCE)
calixarene bulk-modified screen-printed electrodes (SPCEs)

thiol-functionalized oligonucleotide immobilized on a screen-printed Au electrode

(SPGE)
graphene quantum dots
Ce ions doped on ZnS quantum dots (ZnS/Ce QDs)

lysosome-targetable fluorescence sensor (Lyso-HGP)

Fluorescence

embonic acid-functionalized AgNPs
Colorimetric cysteine-modified Au—Ag core—shell nanorods
carrageenan-stabilized AgNP gel probe kit
peptide-conjugated AgNPs
GABA-Cit AgNPs
andro-AgNPs

linear range detection limit

(uM) (M) ref
5-25 3.94 3
0.004—0.368 0.0029 54
0.368—8.840 0.177 -
0.001—-10 0.0006 56
10—100 0.0900 57
10—100 0.8200 58
0.005—5 0.0068 59
0.001-0.01 0.005 0
1-60 0273 ol
500—2500 292 62
1-100 4.125 63
5-35 237 o4
15—-120 11.15 this work

Figure 8. Andro-AgNPs and their antimicrobial activity. Antimicro-
bial activity of position (i) andro-AgNPs, position (ii) andrographo-
lide, position (iii) DI water, and position (iv) gentamicin 33.5 yM
against (a) S. aureus and (b) E. coli.

Table 3. Inhibition Zone, MIC, and MBC of Andro-AgNPs
against Gram-Positive and Gram-Negative Bacteria

bacteria

E. coli O157/H7
S. aureus ATCC 25923

inhibition zone (mm) MIC (nM) MBC (nM)
12.67 + 0.29 0.028 0.028
17.33 £ 0.29 0.028 0.028

4. EXPERIMENTAL SECTION

4.1. Materials. Andrographolide (9 mg/capsule) was
purchased from Khaolaor, Ltd., Samut Prakan, Thailand. Silver
nitrate (99.9%) was purchased from POCH, Poland. Copper-
(I1) nitrate trihydrate [Cu (NO;),-3H,0, > 99%] and zinc
nitrate hexahydrate [Zn(NO;),-6H,0, > 99%] were pur-
chased from Fluka, Switzerland. Magnesium nitrate [Mg-
(NO;),, 99.4%], sodium nitrate (NaNO;, > 99%), barium
nitrate (Ba(NO;),, > 99%), and cobalt(II) nitrate hexahydrate
[Co(NO;),:6H,0, > 98%)] were purchased from Univar,
Australia. Sodium hydroxide anhydrous (NaOH, 99%),
lead(II) nitrate [Pb(NO;),, 99%], nickel(II) nitrate hexahy-
drate [Ni(NO,),-6H,0, 99%], and cadmium nitrate tetrahy-
drate [Cd(NO;),-4H,0, 99%] were purchased from Carlo
Erba, Italy. Manganese(1l) nitrate tetrahydrate [Mn(NOj;),:
4H,0, > 97%] was purchased from Sigma-Aldrich, China.
Hg(II) chloride (HgCl,, > 99.5%) was purchased from QRec,
New Zealand. Deionized water (DI) with a specific resistivity
of 18.2 MQ. cm was obtained from a RiOs Type I Simplicity
185 (Millipore) water purification system. Dimethyl sulfoxide
was purchased from Riedel-deHaén, Germany. Antimicrobial
activity assays used E. coli (E. coli, O157H7) and S. aureus (S.

aureus ATCC25923), which were obtained from the
Biochemistry Laboratory, Biochemistry Department, Faculty
of Science, Khon Kaen University, Thailand.

4.2. Synthesis of Andro-AgNPs. The andro-AgNPs were
prepared via modifying a previously reported method.”” We
started with the preparation of an andrographolide broth.
Briefly, 180 mg of andrographolide (20 capsules) was dissolved
in 60 mL of DI water and stirred at room temperature for 1 h.
After that, the andrographolide solution was filtered with
Whatman paper number 1. The filtrate was collected and
filtered again by a microfilter to obtain andrographolide broth.
To prepare andro-AgNPs, 3 mL of andrographolide broth was
mixed with 24 mL of DI water in a 100 mL Erlenmeyer flask.
Then, 3 mL of 20 mM silver nitrate (AgNO;) was added, and
the solution was stirred vigorously for 3 h at room temperature.
The solution changed from yellow to reddish brown, indicating
the formation of andro-AgNPs. The molar concentration (c) of
andro-AgNPs was estimated to be 7.809 nM, using an
extinction coefficient () of 31.3 X 10® M~ cm™ at 440 nm
(the absorption “A” at the particles measured 1,,,,) for 18 nm
diameter (d) citrate—AgNPs(’6 according to the Beer—Lambert
law (c = A/ed).

4.3. Characterization of Andro-AgNPs and Sensing
Investigations. UV—vis spectra were recorded using an
Agilent Technologies Cary 60 UV—vis spectrophotometer with
1.0 cm path length quartz cells, covering a range of 200—800
nm. For the measurement, 300 yL of andro-AgNPs with a
concentration of 0.026 nM was diluted with DI water to S mL.
The morphology and elemental composition of the AgNPs
were determined by using a Tecnai G2 20 S-TWIN
transmission electron microscope, at an acceleration Voltage
of 200 kV, and EDX analysis, respectively. The surface
functional groups on the nanoparticles were determined by
attenuated total reflection (ATR)—FTIR scanning from 4000
to 600 cm™' using a Bruker TENSOR 27 system. The
hydrodynamic size of the nanoparticles of AgNPs was
determined using DLS, and the particle charge potential was
evaluated by electrophoretic light scattering, using a Malvern
Zetasizer Nano series (Nano ZS, Worcestershire, UK).

4.4. Visual Colorimetric Sensing of Hg?* Using Andro-
AgNPs. Andro-AgNPs were utilized as nanosensor probes for
the colorimetric sensing of Hg** at room temperature, which is
the most stable inorganic form of Hg found in aquatic
environments.®” First, 300 L of andro-AgNPs was added to a
vial, followed by the addition of a stock solution of Hg2+ in

https://doi.org/10.1021/acsomega.3c03789
ACS Omega 2023, 8, 41134—-41144


https://pubs.acs.org/doi/10.1021/acsomega.3c03789?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03789?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03789?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03789?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c03789?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

water. The concentration of Hg** was adjusted using DI water
to achieve different final concentrations of 0, 0.1, 0.15, 0.20,
0.25, 0.3, and 0.5 mM. The color changes of the solutions were
then observed with the naked eye.

4.5. Preparation of Selectivity Studies and Naked-Eye
Detection of Hg?*. To prepare each vial sample, 1000 uL of
andro-AgNP solution (0.08 nM) and 2 mL of DI water were
added. Then, 250 uL of a stock solution of each ion (Hg2+,
Na*, K*, Ca**, Mg?*, Ba*', Pb*', Mn*', Ni**, Cu**, Zn**, Cd*,
and Co’*) was mixed into the vial, resulting in a final
concentration of 20 #M. The mixed solution volume in each
vial was adjusted to S mL before the absorbance was
determined using UV—vis spectroscopy. Additionally, the
color change of each solution was observed with the naked eye.

4.6. Determination of Hg?' lons in Real-Water
Samples. To prepare the real water samples, commercial
drinking water was spiked with 40 and 60 M Hg*" solution.
The sensing experiments, similar to those described in Sections
2.4 and 2.5, were then conducted to develop a standard curve
for estimating Hg*" in the unknown samples.

4.7. Antimicrobial Activity. 4.7.1. Antibacterial Screen-
ing by Well Diffusion. The antimicrobial screening tests were
conducted using the diffusion method. A single colony was
grown in Mueller Hinton Broth (MHB) at 37 °C for 24 h. The
bacteria were then diluted in the same media to an inoculum of
1 X 10° CFU/mL. Andro-AgNPs were added to 6 mm
diameter wells on a three-dimensional MH agar plate at 30 uL
and then incubated at 37 °C for 24 h. The positive control was
gentamicin, while DI water was the negative control. The
inhibition zones were observed after 24 h of incubation.

4.7.2. MICs and MBCs by the Broth Microdilution Method.
The broth microdilution method was used to determine the
MICs and MBCs of andro-AgNPs. A range of concentrations
of andro-AgNPs were prepared by 2-fold serial dilution. Next,
the solutions were added to an equal volume of bacterial
suspension (S0 uL) in each well of a 96-well plate, with the
final cell concentration ranging from 1 X 10°to 1 X 107 CFU/
mL. The plates were incubated at 37 °C for 24 h. The MIC
was determined as the lowest concentration of andro-AgNPs
that inhibited the growth of bacteria (preventing the
appearance of turbidity). The MBC was defined as the lowest
concentration of andro-AgNPs that completely killed the
bacteria. To perform the MBC test, the suspension from the
MICs was plated onto solid media and incubated at 37 °C for
24 h. The MBC value was taken as the lowest concentration
that produced no colonies on the agar plates.
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