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Causonis trifolia-based green synthesis of
multifunctional silver nanoparticles for dual
sensing of mercury and ferric ions, photocatalysis,
and biomedical applicationst

Zoya Khalid,® Akbar Ali, ©*® Abu Bakar Siddique, © *? Yasir Zaman,®
Muhammad Faisal Sibtain,® Azhar Abbas,®® Mohammad Mahtab Alam®
and Maher S. Alwethaynani’

Health and environmental concerns are often raised by the development of antibiotic resistance and water
contamination from various aquatic contaminants, including antibiotic residues, dyes, and heavy metal ions.
This paper outlines a facile, affordable, and eco-friendly way to address these issues by green synthesis of silver
nanoparticles (CT@AgNPs) under sunlight irradiation using Causonis trifolia leaf extract (CTLE), known for its
medicinal properties. The greenly synthesized CT@AgNPs exhibited antioxidant, antibacterial, and photocatalytic
properties and were an effective nanoprobe for the selective detection of Fe** and ng+ in water. CT@AgNPs
were thoroughly examined using several sophisticated analytical methods, including FTIR, UV-vis spectroscopy,
Scanning electron microscopy (SEM), Powder X-ray diffraction (PXRD), Energy dispersive X-ray (EDX), and Zeta
potential (ZP). FTIR demonstrated the effective functionalization of CT@AgNPs with the polar leaf extract of
Causonis trifolia. The optical properties of CT@AgNPs in solution were monitored using UV-vis
spectrophotometric analysis. The synthesis of spherical shaped CT@AgNPs with a face-centered cubic
geometry and a 12.7 nm average crystallite size was assessed by SEM and XRD, respectively. CT@AgNPs
showed a potent antibacterial activity against Gram-positive bacteria (L. monocytogenes and S. epidermidis)
and Gram-negative bacterial strains (P. aeruginosa and B. bronchiseptica). CT@AgNPs showed high sensitivity
for colorimetric detection of ng* and Fe*" with a limit of detection of 1.04 uM and 47.57 uM, respectively in
spiked water samples, highlighting their potential for use in environmental monitoring applications. CT@AgNPs
showed remarkable antioxidant ability, assessed by DPPH, TFC, and TPC assays. On exposure to sunlight,
CT@AgNPs also showed good photocatalytic capability by degradation of methyl orange (79%) and crystal
violet (77%) with rate constant values of 0.0157 min™%, and 0.0150 min™?, respectively. This work demonstrates
the potential of green route-synthesized AgNPs as efficient and sustainable materials for biomedical and
environmental applications.

1. Introduction

The chaotic environmental pollution due to the misuse of
multiple assets is increasing day by day. Technological inno-
vations in industrial fields have made our lives more facile and
effortless, but the redundant disposal of waste and industrial
effluents has depleted our natural resources." Heavy metal ions
are regarded as the most toxic water pollutants as they persist
for a longer duration of time in aquatic environments. Chro-
mium, mercury, and lead are considered the most toxic metal
ions for human beings due to their carcinogenic nature.>* Since
these heavy metal ions are non-biodegradable and carcino-
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genic, they can cause the death of several aquatic animals by
bioaccumulation, damaging the cellular growth and disturbing
the homeostasis of cellular ions. Therefore, the strict moni-
toring and removal of these ions must be ensured in the
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drinking water reservoirs.* Additionally, the disruption of the
food chain caused by the death of aquatic animals may also
damage the ecological balance.>®* Among the toxic heavy metal
ions, mercury and ferric ions are considered potential hazards
in water with the maximum permissible limits of 2 ppb,” and
0.3 ppm,® respectively. Mercury ions present in drinking water
can affect the kidneys, gastrointestinal tract, and even cause
neurological disorders, which may lead to memory loss and
tremors.” While the excess intake of ferric ions can damage cell
functioning, produce free radicals, and affect the stomach, liver,
and heart functions.®

Various analytical techniques, like X-ray fluorescence spec-
troscopy, gas chromatography, inductively coupled plasma
spectroscopy, nheutron activation analysis, flame atomic
absorption spectroscopy, and energy dispersive X-ray spectros-
copy are being employed to detect and estimate the heavy metal
ions in water resources.'®* These methods are regarded as
futile due to the high cost and requirement of trained staff for
analysis. Therefore, alternative solutions are needed to assess
the trace levels of heavy metal ions in water reservoirs.'> One of
the suitable approaches is the use of plasmonic metal NPs
based colorimetric sensors. These colorimetric sensors have
high sensitivity and can detect water pollutants rapidly. AgNPs
are regarded as promising optical sensors that can be used to
identify a variety of heavy metal ions and contaminants in water
reservoirs. AgNPs having a suitable size, shape, and capped
surface can readily detect specific heavy metal ions by interac-
tions based on a redox reaction or aggregation.*®

Nanotechnology has diversified its applications in several
fields. It has employed innovative technology and the synthesis
of nano-sized materials at the level of one billionth of a meter. It
has overcome the obstacles and hurdles that exist in the path of
industrial development.'*** Biocompatibility, solid adsorption,
and high electron energy are the expedient properties of
nanoparticles that help them to sense heavy metal ions in water
channels.'*"

Nanoparticles have been synthesized using several chemical
and physical methods. High cost, release of toxic by-products,
and use of toxic precursors are the major drawbacks of these
methods. Therefore, biological agents were employed to provide
an alternative and a sustainable route.'® Biogenic synthesis is
more advantageous owing to the release of non-toxic by-
products and low-cost expenditure.” It is a novel method to
synthesize nanoscale particles without the addition of external
toxic chemicals that cause potential human health problems.*
One of the phytochemical enriched plant, that has been scarcely
used for NPs synthesis is Causonis trifolia (L.), typically known
as fox grape. It is an ethnomedicinally significant twining herb
belonging to the Vitaceae family, utilized by several ethnic
tribes for its extensive therapeutic benefits. It is enriched with
various phytochemical constituents such as flavonoids, nimbi-
din, saponins, squalene, anthocyanins, myricetin, and tannins,
endorsing the plant for a future bioprospecting program as
a potential drug option with several biological applications,
such as antibacterial, antidiabetic, and antioxidant activities**>

Plant-based biogenic synthesis of NPs is considered as gold
standard among other biological methods as it is less toxic and
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easy to use.” The biogenic synthesized AgNPs have specific
shapes, sizes, and functional groups on their surface that can
impart them specific properties to detect and remediate the
pollutants. Therefore, AgNPs have been greenly synthesized for
the colorimetric sensing of mercury and ferric ions in water
reservoirs."

An important contributing factor to the lack of safe drinking
water is the improper disposal of organic dyes in water reser-
voirs. AgNPs have been previously reported as effective photo-
catalysts to degrade the hazardous azo dyes before mixing of
industrial effluents with freshwater, within a short interval of
time.** Due to the easy generation of excitons and the ultimate
generation of reactive oxygen species (ROS) under sunlight, the
AgNPs can easily degrade organic pollutants by redox reac-
tions.”® Hence, the greenly synthesized AgNPs have also been
evaluated for photocatalytic applications.

Bacterial infections are among major concerns that are
leading cause of death of animals and human beings in recent
years. The pathogenic resistance against antibiotics is
increasing day by day.>® The main factors contributing to the
rise in multidrug-resistant bacterial strains are mutation and
overuse of medications.”” AgNPs have been used as alternative
antibiotic agents as they are highly toxic to microorganisms.*®
They penetrate the cell membrane of bacterial strains and
accumulate in the cytoplasm, where ROS are generated. It helps
to inhibit the synthesis of bacterial DNA, mRNA, and proteins,
along with the disruption of mitochondria and the electron
transport chain, eventually leading to the death of bacterial
strains.*

In this work, AgNPs were synthesized using the leaf extract of
Causonis trifolia via the green synthesis method. This plant has
therapeutic importance as it is used to cure scurvy, diabetes,
tumors, and its roots are utilized as antidotes to snake venom.**
Powder XRD, FTIR, SEM, EDX, and UV-visible spectroscopy were
used to characterize these NPs. The phytochemical constituents
in the leaf extract of Causonis trifolia acted as reducing and
stabilizing agents. AgNPs were synthesized under sunlight
exposure for a couple of minutes. These synthesized AgNPs were
used as antibacterial agents, antioxidant agents, photocatalysts,
and colorimetric sensors for mercury and ferric ions detection
in actual water samples.

2. Experimental

2.1. Materials and methods

The leaves of Causonis trifolia were collected from Phalia tehsil,
district Mandi Bahauddin, Punjab, Pakistan. All the details of
chemicals and instruments used has been mentioned in under
heading S1 of ESL.{

2.2. Preparation of CTLE

CTLE was prepared by following the already reported procedure
in our previous studies.?® Briefly, the leaves of Causonis trifolia
were collected from the local nursery of Sargodha, Pakistan.
These leaves were washed twice with distilled water (DW) to
remove the dust, followed by drying in the shade for 15 days.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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These dried leaves were finely ground and filtered through 75
um mesh size sieves. A fine sieve with a 75 um mesh size was
used to filter the dry leaves after they had been crushed. 2.5 g of
the fine leaf powder was mixed with 50 mL of distilled water in
a round-bottom flask, and the mixture was refluxed at 80 °C for
2 hours. After filtration by Whatman paper no. 42, the filtrate
was stored in a refrigerator for later use.

2.3. Synthesis of CTLE-mediated AgNPs

Freshly prepared CTLE solution (10 mL) was mixed with
a 10 mM solution of AgNO; (85 mg/50 mL of DW). The solution
turned from colorless to brownish after exposure to sunlight for
3 minutes, indicating the synthesis of CT@AgNPs. Subse-
quently, CT@AgNPs were obtained by centrifuging the mixture
at 6000 rpm for 30 minutes. To get rid of any unreacted mate-
rial, these AgNPs were washed three times with distilled water.
Following synthesis, CT@AgNPs were dried for 24 hours at 45 °
C and stored for further use. General scheme of synthesis of
CT@AgNPs is presented in Fig. 1.

2.4. Antibacterial assay

The antibacterial efficacy of CT@AgNPs was evaluated using the
agar well diffusion assay.** To cultivate the bacterial strains,
Mueller-Hinton (MH) agar medium was made by mixing 4 g of
agar in 100 mL of DW. The solution was autoclaved. Each Petri
dish beneath the laminar flow cabinet was filled with 25 mL of
the solution. The bacterial strains were introduced to labelled
Petri plates. For P. aeruginosa, B. bronchiseptica, and L. mono-
cytogenes bacterial strains, the identical protocol was followed.
Following bacterial sticking, five wells measuring 6 mm in
diameter were carved out of the nutritional agar using a sterile
cork borer. A suspension solution containing 40 uL of
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CT@AgNPs in DW (5 mg per mL) was introduced into each well.
DW was employed as negative control. These Petri dishes were
then incubated for 24 h at 37 °C. The diameter of the inhibitory
zones (mm) was used to measure the antibacterial impact of
CT@AgNPs on each bacterial strain.

2.5. Colorimetric sensing of heavy metal ions using
CT@AgNPs

The capacity of CT@AgNPs to selectively sense hazardous heavy
metal ions, such as Pb(u), Fe(u), Cd(u), Fe(m), Hg(u), Na(1), Co(u),
Cu(u) and Ni(u) ions in spiked water was investigated using
colorimetric sensing probes.’>** This was accomplished by
mixing 2 mL (1 mM) solution of these heavy metal ions into the
CT@AgNPs suspension (2 mg/5 mL). When 2 mL of Fe*" and
Hg”" solutions were introduced to 2 mL suspension of
CT@AgNPs, there was a noticeable color shift from brownish to
colorless. Conversely, the addition of other heavy metal ion
solutions under study did not signify any discernible alteration
in the brownish color of the solution. The UV-Vis spectrum of
as-synthesized CT@AgNPs revealed a noticeable shift and
decrease in their localized surface plasmon resonance (LSPR)
peak following interaction with Hg** and Fe®" ions, supporting
this observation. This alteration was ascribed to Ag® oxidizing to
Ag'.

2.6. Photocatalytic activity of CT@AgNPs

The photocatalytic capability of the catalyst was tested for the
degradation of crystal violet (CV) and methyl orange (MO) dyes,
following the literaure.**** These dyes were selected due to their
widespread use, easy availability, and presence in the waste-
water of textile industries. Moreover, MO is anionic and CV is
cationic, hence, the potential of CT@AgNPs against all types of

‘\ R |
R 7
\\@457
CTLE Powder

Silver NPs

Fig. 1 Schematic representation of CTLE and the biogenic synthesis of CT@QAgNPs.
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azo dyes can be evaluated. The photocatalytic degradation of
MO and CV was performed following the reported procedure.
Briefly, the 10 ppm solutions of dyes were prepared by dissolv-
ing 5 mg of these dyes in 500 mL of DW. To establish adsorp-
tion-desorption equilibria, 20 mg of CT@AgNPs were stirred in
20 mL of the dyes' solutions and keptthe the flasks in the dark
for 30 minutes. The reaction flasks were then placed in direct
sunshine, and the absorbance of the solutions was measured
every 10 minutes for 100 minutes. The absorbance value
steadily dropped while the solution's hue drastically faded. The
efficiency rate was calculated using eqn (1).

Ay —A C,— C
100 =
4, Co

Degradation(%) = x 100 (1)
where Cy, A, indicated the concentration and absorbance of dye
at initial conditions, and the concentration and C and A indi-
cated the concentration and absorbance of dye at specific time
interval of ‘¢, respectively.

2.7. Antioxidant assay

2.7.1. DPPH scavenging activity. DPPH functions as
a stable free radical that interacts chemically with the sample's
hydrogen or electrons. As a result of this reaction, a diphenyl
picrylhydrazine molecule is produced, which causes a prom-
inent color shift from purple to yellow and shows the antioxi-
dant potential of the sample molecules.*® Green-synthesized
CT@AgNPs in varying concentrations of 100 to 500 pg mL™"
were dissolved in 3 mL of an ethanolic DPPH solution (4 mg/100
mL), following the addition of ethanol (99.8%) to each sample
to make the final volume up to 10 mL. The absorbance of
ascorbic acid (reference solution) and test sample was taken at
517 nm after incubation at room temperature for 30 minutes in
dark. The following formula (eqn (2)) was used to calculate the
percentage scavenging activity of (DPPH) antioxidant activity:

(AC517 B ASSI7)

Radical scavenging activity(%) = Y
C517

x 100 (2)

‘Acs17 and ‘Ags1; represent the absorbance value of the
control and sample at 517 nm wavelength, respectively.

2.7.2. Total phenolic content (TPC) assay. The total
phenolic content of CT@AgNPs was measured following the
Folin-Ciocalteu test.*” A standard curve with gallic acid (GA) was
established using the relation of absorbance-concentration. A
2 mL DH,O solution was first added to 250 uL of 1 N Folin
Ciocalteu's phenol solution, followed by varying concentrations
of CT@AgNPs (100-500 puL; 1 mg mL™"). The final blend was
then allowed to sit at room temperature in dark for 8 minutes.
Further, 950 pL of DH,O and 750 pL of 20% Na,CO; solution
were added to each sample. After incubation of 30 min in the
dark, the absorbance of each solution was recorded at 765 nm.
The results of the greenly synthesized CT@AgNPs sample were
reported as (ug (GAE ug mL ™).

2.7.3. Total flavonoid content (TFC) assay. TFC value of
sample was measured following the reported literature.’” The
varying concentrations of CT@AgNPs (100 to 500 pL; 1 mg
mL~") were combined with 0.75 mL of methanol, and the
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volume of the resulting solution was raised to 2 mL by adding
distilled H,O. The samples were then incubated for 10 minutes
at 37 °C after adding 300 pL of 10% AICl; solution and 5%
NaNOj; solution to each sample, as reported in previous litera-
ture, with a few changes. The volume of each solution was then
increased to 5 mL by adding 2 mL of NaOH solution (1 mol L)
and DH,0. After 40 minutes of incubation at room temperature,
the absorbance of each solution was measured at 510 nm.

2.8. Statistical analysis

Each experiment was performed thrice, and average results
were reported along with the standard deviation values. Statis-
tical significance of results was assessed by ANOVA with
threshold value of p < 0.05.

3. Results and discussions

3.1. Characterization of CT@AgNPs

The exposure of AgNO; solution to sunlight generates hydrated
electrons within the system. These electrons facilitate the
reduction of monovalent silver cations to zero-valent silver
atoms.*® In the current investigation, the biogenic synthesis of
AgNPs was carried out using polar extract of Causonis trifolia as
a reducing agent in sunlight. A noticeable color shift from
colorless to red brown in the reaction media was noted due to
reduction of Ag* to Ag®, signifying the synthesis of AgNPs.

3.2. UV-vis spectral analysis

CT@AgNPs were synthesized by mixing CTLE and AgNO;
solution and exposing the mixture to sunlight. The effect of
exposure time indicated that the optimized CT@AgNPs were
prepared on an exposure time of 3 min, as shown in Fig. S1.t
The exposure time of the mixture greater or less than 3 min
indicated the broadening and shifting of localized surface
plasmon resonance peak (LSPR), as depicted in Fig. S1.t The
absorption peaks' red shift, which occurs simultaneously with
band broadening, showed that CTLE@AgNPs are gradually
nucleating and growing, generating comparatively bigger
particles over time. UV-visible spectra of CTLE and optimized
CT@AgNPs suspension (Fig. 3a) were compared to verify the
successful synthesis of CT@AgNPs. The emergence of a notice-
able brown color and LSPR peak at 425 nm suggested the
formation of AgNPs (Fig. 2a). This outcome is consistent with
earlier findings on capped AgNPs.** The AgNO; and CTLE
mixture was exposed to sunlight for 3 minutes. After 3 min of
sunlight exposure, the UV-vis spectrum showed a distinguish-
ing peak centered at 425 nm, which corresponds to the localized
surface plasmon resonance (LSPR) of CT@AgNPs. With the
increase in exposure time, A,.x were recorded at 435, 443, and
450 nm after 6, 7 and 10 min of exposure, respectively as shown
in Fig. S1.1 This red shift of the absorption peaks, which occurs
simultaneously with a rise in absorption, shows that
CT@AgNPs are gradually nucleating and growing, generating
comparatively bigger particles with time. This red shift in the
distinctive AgNPs peak and band broadening in the absorbance
spectra indicated the gradual reduction of Ag* to Ag®, following

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) UV vis. spectrum of CT@AgNPs indicated by solid line and UV vis. Spectrum of Causonis trifolia extract indicated by dotted line, (b) band

gap energy calculaions of CT@AgNPs using Tauc plot, (c) FTIR spectra of pure leave extract CTLE (black line) and CT@AgNPs (red line),

respectively, and (d) PXRD analysis of greenly synthesized CT@AgNPs.

the particle growth with increased AgNPs size.** The band gap
energy (E,) of CT@AgNPs was computed using Tauc's equation

(eqn (3)):

(ahv)'"" = B(hv — Eg) (3)
where ‘o’ stands for the coefficient of molar extinction, ‘A’
represents Planck's constant, v’ is the frequency, ‘B’ is
a proportional constant, n represents the nature of the electron
transition, and its value is ] for direct energy bandgap (E,).* The
E, value of CT@AgNPs was calculated to be 2.28 eV (Fig. 2b),
which is found consistent with the earlier findings in previous
literature.** The photocatalytic effectiveness of this material is
enhanced by its comparatively modest band gap energy, which
makes it simple to separate electron-hole pairs when exposed to
sunlight.

3.3. FTIR spectra

FTIR spectroscopy was performed to confirm the presence of
functional groups in the CTLE and present on the surface of the
greenly synthesized CT@AgNPs. FTIR spectra of CTLE and
CT@AgENPs (Fig. 2¢) confirmed the presence of hydroxyl groups
(3200-3400 cm ™), C-C (1326 cm '), C-O bonds (1030 cm ™ %),
and distinctive Ag-O bond (615 ecm %), reflecting the synthesis
of AgNPs with capping of functional groups from CTLE.*

© 2025 The Author(s). Published by the Royal Society of Chemistry

3.4. PXRD analysis

PXRD analysis is an important tool to confirm the synthesis,
lattice structure, and crystallite properties of metal NPs.**** The
average crystallite size and structure of CT@AgNPs were deter-
mined using PXRD analysis (Fig. 2d). A series of strong Bragg's
reflections with 26 values of 38.3°, 44.4°, 64.6°, 77.6°, and 81.7°
corresponded to lattice planes of (111), (200), (220), (311), and
(222), respectively compared with the JCPDS File No. 04-0783.
These results were in accordance with the previously reported
AgNPs.** The Debye-Scherer formula (eqn (4)) was used to
calculate the average crystallite size of greenly synthesized
CT@AgZNPs.

_KJ
" Bcosd

(4)

where, ‘D’ denotes the average crystallite size of CT@AgNPs, ‘K’
stands for Scherer constant with value of 0.94 for cubic geom-
etry, ‘A’ is the wavelength of X-rays used (0.154 nm), ‘@’ repre-
sents the radian value of peak full width at half maximum
(FWHM), and ‘¢’ is the value of diffraction angle. The average
crystallite size of CT@AgNPs was determined to be 12.7 nm
using the strong diffracted 26 value of 38.3° (Table 1). Generally,
the surface of NPs increases with the decrease of crystallite size,
resulting in better catalytic properties.*® This small crystallite
size (12.73 nm), along with the intermediate crystallinity value
(63.62%), demonstrated the high surface area of the
CT@AgNPs. The dislocation density of the NPs is an indication
of the number of dislocations per unit area, which ultimately

RSC Adv, 2025, 15, 16879-16893 | 16883
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Table 1 Crystallite parameter of CT@QAgNPs

Crystallite Dislocation density Micro strain Crystallinity
Sample size (nm) 6 x 107° (nm~? ex107° %
CT@AgNPs 12.73 6.19 1.11 63.62

affects the magnetic and optical properties of the material.*”
Therefore, the value of dislocation density is an important
parameter to indicate the different optical properties of the re-
ported CT@AgNPs from the already reported AgNPs. Moreover,
the value of microstrain of CT@AgNPs also gave information
about the line defects and lattice distortions, which affect the
photocatalytic applications of NPs.*® The values of dislocation
density (6.19 x 10~*) and microstrain (1.11 x 10~*) indicated
modifications in the material's optical properties and surface
defects.

3.5. SEM, EDX and ZP analyses

SEM-EDX analyses were performed to determine the surface
shape, average particle size, and chemical composition of
CT@AgNPs.* Fig. 3a demonstrated a spheroidal morphology of
CT@AgNPs with an average particle size of 19.2 nm, as illus-
trated in Fig. S2.T These results were in accordance with previ-
ously reported AgNPs.”® Additionally, EDX was employed to
confirm the composition of CT@AgNPs. Fig. 3D illustrates the
EDX spectrum of CT@AgNPs.”* EDX spectrum showed the
purity of CT@AgNPs with the prominent peak of Ag at 2.97 keV.
Some secondary peaks of carbon and oxygen were also observed
in the spectrum at 0.28 keV and 0.55 keV, respectively. These

peaks were observed due to the capping of the extract on the
AgNPs surface.

The colloidal stability studies of CT@AgNPs conducted by ZP
measurements showed the good stability of CT@AgNPs in
suspended form in water with a ZP value of —37.1 + 5.9 mV, as
depicted in Fig. 3c. Generally, the value of ZP greater than 30 mV
depicts the high stability of NPs in the suspension.®” This value
demonstrates the high electrostatic stability of CT@AgNPs with
the negative charge on the surface. A negatively charged surface
is generally observed due to the capping of polarizable species
on the AgNPs.

3.6. Selective colorimetric sensing of Hg>* and Fe** using
CT@AgNPs

Currently, many functionalized NPs are extensively used as
colorimetric sensors for the detection of heavy metal ions in
water samples.* The sensory potential of CT@AgNPs was eval-
uated using 1 mM solutions of Hg>", Fe**, Fe*", Ni**, Cu®*, Na",
Ccd?**, Co**, and Pb*" ions. The addition of Fe?*, Na*, Ni**, Cu*,
Co**, Cd**, and Pb*" solutions did not change the color or UV-
vis. Spectra of greenly-synthesized CT@AgNPs suspension.
The introduction of Hg?* and Fe®* to CT@AgNPs resulted
complete quenching of absorbance of UV-vis spectra of AgNPs

5
Energy (KeV)
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4x10°1 =
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o
£ 2x10°
=

1x105+ J

|l

0 T r T T
-200 -150 -100 -50 0

50 100 150 200

Zeta potential (mV)

Fig. 3
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(a) SEM image of CT@AgNPs, (b) EDX analysis of CT@AgNPs, (c

) ZP analysis of CT@AgNPs.
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Fig. 4 (a) UV-vis spectra of CT@QAgNPs along with various heavy metal ions, (b) bar graph for change in absorbance, and (c) photographic

illustration of interaction of CT@AgNPs with different heavy metal ions.

as illustrated in Fig. 4a and b. When added to the CT@AgNPs
suspension, Hg”" and Fe’" caused a noticeable, sudden color
change from yellowish-brown to colorless, as shown in Fig. 4c.
Since Ag and Hg*", Fe’* ions have unique redox reactions, the
presence of other competing ions did not affect the selectivity
toward Hg”" and Fe*" ions. This sudden color change in
CT@AgNPs and complete quenching of the absorbance of
AgNPs by the addition of Hg>" and Fe®" ions to AgNPs suspen-
sion made the basis of CT@AgNPs use in selective sensing of
these heavy metal ions. The detection of metal ions using AgNPs
may be backed up by three primary mechanisms: (i) redox
reaction,* (ii) aggregation and complexation route,” (iii) Ag-Hg
alloy formation.*® In the aggregation mechanism, metal ions
and AgNPs combine to create a stable complex via their capping
agent, which causes the NPs to aggregate. This aggregation
causes a significant red shift in A, of the AgNPs on interaction
with a specific heavy metal ion. The type of metal ion interaction
depends upon the reducing and stabilizing agent of the NPs. In
redox process, Ag® is oxidized to Ag" by Hg*" and Fe®" ions,
which causes Ag to dissolve and the solution becomes dis-
colored. CT@AgNPs and Hg>", Fe** ions undergo a redox reac-
tion, which is primarily responsible for the color change of the
suspension upon the addition of these ions. In these redox
processes, either there is no shift in A, or a slight blue shift is
observed. In the present study, the sensing of heavy metal ions
took place through redox process as there was no shift in Apax
was observed. The standard electrochemical redox potentials of
Ag, Fe*", and Hg>" serve as the foundation for this particular
redox process. Fe**/Fe®*, Hg/Hg”" and Ag/Ag" have typical redox
potentials of +0.77 V, +0.85 V and +0.80 V, respectively.***® As
a result, Ag can readily oxidize to Ag" while concurrently

© 2025 The Author(s). Published by the Royal Society of Chemistry

reducing Hg?" to Hg® and Fe®" to Fe®". Each of these three routes
would show a different shift in the peak position, but they
would primarily result in a change of the SPR peak intensity and
colour change as shown in Fig. 4a and c.

3.6.1. Evaluation of CT@AgNPs to determine the LOD of
Hg”" ions. The limit of detection (LOD) of Hg*" is determined by
the decrease in characteristic SPR peak intensity of CT@AgNPs
UV vis spectra. Using eqn (5)-(7) the value of LOD, limit of
quantification (LOQ), and relative change in absorption were
determined for the analysis of Hg®" and Fe *" in actual water
samples:

30

LOD = < (5)
100

LOQ = — (6)

where ‘o’ represents the standard deviation of the intercept and
‘S’ represents the slope of calibration curve of the response. A
confidence level of roughly 99% is guaranteed by factor 3,
meaning that the signal can be consistently distinguished from
the background noise.

Eqn (6) was used to determine the change in absorption:

. . AC trol — A 1
Relative change in absorbance = ———— %1%

AControl (7)
where Acontrol 1S the initial absorbance of CT@AgNPs, and
Agample is the absorbance of the CT@AgNPs following the
addition of the analyte. The quantitative reduction in amplitude
of the LSPR is due to the concentration increase of Hg>". (Fig. 5a
and b) shows a linear calibration curve between the absorbance
change AA = Aconerol — Angl/Acontrol and the dilutions of Hg”" (2-
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Fig. 5 (a) UV-vis spectra of CT@AgNPs with various dilutions of ng+ ions, (b) determination of LOD using calibration curve between change in
absorbance and concentration, and (c) photographic illustration of colorimetric sensing of Hg®* ions with naked eye using CT@AgNPs.

16 uM) with LOD value of 1.04 uM and R> = 0.992. The LOQ
value was calculated to be 3.12 uM.

3.6.2. Evaluation of CT@AgNPs to determine the LOD of
Fe** ions. The decrease in intensity of SPR peak in the UV-vis
spectra of CT@AgNPs as indicated in Fig. 8a demonstrated
the selective sensing of Fe’" ions in spiked real water sample
using CT@AgNPs. The intensity of the distinctive SPR peak
quantitatively reduced as the concentration of Fe®* ions
increased. Fig. 6a and b showed a linear relationship between
the absorbance change, relative change in absorbance = Acontrol
= Ape/Acontrol, and the concentration of Fe*' ions with a dilution
range of 100-800 uM, resulting in LOD value of 47.57 uM and
LOQ value of 142.71 uM.

3.6.3. Analysis of Hg”* and Fe®" in real water samples. Hg”"
and Fe*" detection was performed in real samples of tap water
(Research Laboratory at the University of Sargodha) and river
water (Jhelum River in the district of Sargodha), as illustrated in
Table 2 and Table 3, respectively. The efficacy of CT@AgNPs to
detect Hg”" and Fe*" in actual water samples was demonstrated
by a recovery rate of over 90% and an RSD value of less than 3%.

In addition to the high recovery rate, the comparison of the
LOD values of greenly synthesized AgNPs demonstrated the
high sensitivity of CT@AgNPs for heavy metal ions (Hg”" and
Fe") detection, as illustrated in Table S1.}

3.7. Antibacterial assay

The antibacterial efficacy of CT@AgNPs was evaluated against
both Gram-positive pathogens (L. monocytogenes and S. epi-
dermidis) and Gram-negative bacterial strains (P. aeruginosa and
B. bronchiseptica) using the agar well diffusion method.* The
activity against these

inhibition zones of antibacterial

16886 | RSC Adv, 2025, 15, 16879-16893

pathogens are illustrated in Fig. 7a and Table 4, notably greater
than the negative control (DW). The polar extract of Causonis
trifolia also showed evident antibacterial results against these
bacterial strains. The results of antibacterial activity of
CT@AgNPs were comparable to the widely used antibiotic
“erythromycin”. CT@AgNPs were found to have greater anti-
bacterial efficacy against Gram-positive bacterial strains as
compared to Gram-negative bacterial strains (Fig. S37).

The exact mechanism of action of NPs against bacterial
strains is still unknown, however, it has been speculated that
the NPs hinder the bacterial growth by: (1) rupturing the cell
barriers of bacteria by direct interaction od generation of ROS in
the vicinity, (2) generation of ROS inside the cell on entrance, or
(3) by inhibiting the normal functioning of DNA and growth
proteins by interacting with them. The variation of activity of
AgNPs against various bacterial strains is dependent on the
shape, size, dose, capping agent of AgNPs, and composition of
the cell barriers of bacterial cells.”® The cell wall of Gram-
positive bacteria is made up mainly of peptidoglycan layers,
through which NPs can easily pass by interaction with channel
proteins, while the cell wall of Gram-negative bacteria is made
up of lipopolysaccharide, which is relatively thin but does not
allow easy access for NPs to enter the cell. Therefore, the
CT@AgNPs were found to be more active against Gram-positive
strains than Gram-negative strains. These results were found in
concordance to the previously reported activity of greenly
synthesized AgNPs.*® Some NPs are more active against some
specific bacterial strains, like the synthesized CT@AgNPs were
found more active against L. monocytogenes than S. epidermidis,
which can be ascribed to the better interaction of CT@AgNPs
with the glycoproteins of the cell wall of L. monocytogenes. L.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Results for Hg?" detection in river water and tap water
samples using CT@QAgNPs

Hg?" added Hg*" found Recovery RSD (%)
Sample (nM) (nM) (%) n=3
River water 20 19.48 97.4 1.4

40 38 95 1.3

60 58.5 97.5 1.9
Tap water 20 18 90 1.8

40 36.5 91.25 2.2

60 56 93.33 2.5

Table 3 Results of Fe>* detection in river water and tap water samples
utilizing greenly synthesized CT@AgNPs

Fe*" added Fe** found Recovery RSD (%)
Sample (nM) (nM) (%) n=3
River water 40 38.5 96.25 0.8

55 53 96.36 1.5

70 68 97.14 1.6
Tap water 40 37 92.5 2.1

55 52.5 95.45 1.9

70 67.5 96.42 2.3

monocytogenes is more vulnerable to CT@AgNPs attack than S.
epidermidis because L. monocytogenes has a relatively thinner
cell wall of average thickness about 20 nm,** as compared to the
S. epidermidis having an average cell wall thickness of 51 nm,*
that results in the more penetration of CT@AgNPs within the L.

© 2025 The Author(s). Published by the Royal Society of Chemistry

monocytogenes cell, and more generation of ROS inside the cell,
which ultimately causes the cell death.*”® Additionally, the
comparison of antibacterial activities of greenly synthesized
AgNPs against the tested bacterial strains (Table S271) also
demonstrated the high efficacy of CT@AgNPs to hinder the
growth of selected bacterial strains.

3.8. Antioxidant assay

3.8.1. DPPH scavenging activity. DPPH radical scavenging
activity is widely used to quantitatively evaluate the antioxidant
potential of various compounds. In addition to ascorbic acid,
the antioxidant properties of CT@AgNPs were evaluated using
a Shimadzu UV-1800 spectrophotometer. The antioxidant
results are illustrated in Fig. 7b as the percentage of radical
scavenging activity (% RSA). CT@AgNPs had the strongest
DPPH free ion scavenging capabilities of 80% at a concentration
of 500 pL (1 mg mL™").** CT@AgNPs exhibited greater radical
scavenging activity and are nearly identical to ascorbic acid. The
metabolically significant compounds that can help to stabilize
the NPs include terpenoids, flavonoids, and oxidative anti-
stress regulators, according to research.®

3.8.2. Total flavonoid content (TFC) assay. A linear cali-
bration curve of the standard (quercetin) yielded the value of
intercept y = 0.0002x and R*> = 0.9925. According to the cali-
bration curve equation, the highest total flavonoid content of
70.09 ng QCE pug mL ™" was obtained at a 500 pL concentration
of CT@AgNPs.*® This was almost equal to the standard at the
same concentration as shown in Fig. 7c.
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Table 4 Results of antibacterial activity of erythromycin, CT@AgNPs
and CTLE against various bacterial strains

Zone of inhibition (mm)

Bacterial strains Erythromycin ~ AgNPs Plant extract
Listeria monocytogenes 33 +0.58 28 +0.33 16 £+ 0.67
Pseudomonas aeruginosa 26 + 0.58 18 £ 0.33 18 £ 0.88
Staphylococcus epidermidis 25 + 0.33 214+ 0.33 19 £+ 0.67
Bordetella bronchiseptica 26 £ 0.58 22 £0.57 21 =£0.67

3.8.3. Total phenolic content (TPC) assay. The total
phenolic content of greenly synthesized CT@AgNPs was calcu-
lated by establishing a linear calibration curve of the standard
gallic acid (GA) based on the absorbance and concentration
relation. The standard curve with gallic acid yielded the value of
intercepty = 0.0023x and R of 0.9808.%” The phenolic content of
CT@AgENPs was (63.5 GAE ug mL ') at a concentration of 500
uL, according to the calibration curve equation (Fig. 7d).

3.9. Photocatalytic activity for MO and CV dye degradation

3.9.1. Efficiency of photodegradation for MO and CV dyes.
Metallic NPs can readily degrade organic dyes due to the facile
generation of ROS by absorption of light in the UV or visible
region. Therefore, AgNPs with a band gap energy of 2-3 eV can
efficiently facilitate the excitation of electrons from the VB to the
CB in the near visible region.*® Greenly synthesized CT@AgNPs
were used for the photodegradation of MO and CV dyes under
solar irradiation, and it is attributed to its feasible band gap of
2.28 eV and larger surface area. The MO peak at Apax of 464 nm

16888 | RSC Adv, 2025, 15, 16879-16893

showed a decreasing intensity as the dye faded away gradually,
as shown in Fig. 8a. As the exposure time increased, the MO dye
concentration steadily decreased reaching its maximum
degradation (79%) after 100 minutes, as seen in Fig. 8c and
these results were far more better than the previous literature.®
over time, the intensity of the distinctive peak of CV dye at Amax
of 590 nm continued decreasing, as shown in Fig. 8b. As the
exposure increased, the concentration of CV dye steadily
declined reaching a maximum degradation of 77% after 100
minutes, as illustrated in Fig. 8c, better than previously reported
results.”

3.9.2. Kinetics of photodegradation for MO and CV dyes.
The reaction kinetics of dye degradation were also evaluated to
determine the rate constants of reaction.*® The kinetics of this
photocatalytic activity was examined using a graph of In(C,/C,)
vs. exposure time (¢) (Fig. 8d). According to eqn (8), the photo-
degradation of MO and CV dyes followed pseudo-1st order
reaction kinetics.

ln£:kt

G )

where &k denotes the rate constant, C; and C, represent the
concentration of dyes at time interval ‘¢ and at zero reaction
time, respectively. There was a high level of linearity obtained
for both dyes with a regression coefficient value of R* = 0.984 for
MO dye and R* = 0.995 for CV dye, respectively. The degradation
rate constant k is determined by the slope of this linear
regression, and for MO dye, a value of k = 1.57 x 10> min "
and for CV dye, a value of k = 1.50 x 10”2 min~ " was obtained,
respectively, as illustrated in Fig. 8d. The comparison of the
photocatalytic activity of CT@AgNPs with some previously

© 2025 The Author(s). Published by the Royal Society of Chemistry
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reported greenly synthesized AgNPs (Table S3+) also showed the
efficient nature of CT@AgNPs to degrade azo dyes under
sunlight.

3.9.3. Effect of reaction parameters and proposed photo-
catalytic mechanism for dye degradation. Dye degradation
efficiency (%) is affected by several factors, including surface
charge, surface area, the extent to which dye is ionized, the
number of active sites, and penetration of light in the reaction
medium. Batch experiments were conducted to evaluate and
optimize the effect of reaction parameters.

The effect of initial dye concentration on the degradation
efficiency was evaluated in the concentration range of 10-
50 ppm. Degradation was progressively decreased with
increased dye concentration due to the increased turbidity, less
light penetration in the reaction medium, and decreased
adsorption of dye molecules on the NPs surface (Fig. 9a).

By keeping the other conditions same, the effect of catalyst
dosage was evaluated in the range of 5-70 mg. It was seen that
with increasing the catalyst dose, dye degradation (%) was also
increased, and maximum degradation was observed at the
catalyst dose of 60 mg, due to the increased number of active
sites. But above this concentration (Fig. 9b), the efficiency was
decreased slightly, which can be attributed to the less light
penetration in the reaction medium and aggregation of NPs.”

Adsorption of dye on the catalyst's surface is significantly
affected by the pH as it modifies the surface charge and zero-
point charge of CT@AgNPs and dye molecules, respectively.
The generation of radicals in the reaction medium is also

© 2025 The Author(s). Published by the Royal Society of Chemistry

affected by the pH (Fig. 9c) represents the effect of pH in the
range of 2 to 12 on the dye degradation efficiency (%). Dye
degradation efficiency (%) was increased with the increase in
pH, and maximum degradation was observed at pH 8. A further
increase in pH resulted in decreased dye degradation.”

This might be due to the neutralization of ROS species and
decreased adsorption of dye molecules on the NPs surface.
Above pH 8, the dye degradation efficiency (%) of the catalyst
was decreased due to a decrease in the number of active sites
owing to the ionization of the surface of NPs (Fig. 9c). Below pH
8, dye degradation efficiency (%) of the catalyst was decreased
successively, which can be attributed to the neutralization of
ROS species ("OH, O, etc.) by H;0" ions at lower pH. More-
over, lower pH caused the NPs to aggregate by lowering their
surface charge, resulting in their lowered stability (Fig. 9¢).”

Radical scavenging experiments were conducted for four
scavengers: disodium ethylenediamine acetate (Na,EDTA) for
h*, p-benzoquinone (p-BQ) for O, ", isopropanol (IPA) for OH",
and r-ascorbic acid (1-AA) for H,0,.>*”* Findings revealed that
dye degradation was decreased in each case which indicates
that all ROS were generated reaction medium when exposed to
sunlight. Maximum decrease in dye degradation was observed
in the case of p-BQ and Na,EDTA, which scavenge O, ", h*,
respectively. This indicated that O, " and h* were major ROS
species involved in degradation. Relatively minimal decrease in
dye degradation was observed in the case of .-AA and IPA, which
revealed the minimum participation of H,0, and OH" in the
degradation process (Fig. 9d).
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For theoretical insight into the ROS generated in the reaction
mixture, Butler-Ginley equations (eqn (9) and (10)) were used to
calculate the band edge potentials of the VB and CB required to
produce ROS in the system and to link the theoretical results
with the experimental data.*

ECB:X—Ec—O.SEg

©)
(10)

The band edge potential values compared with the normal
hydrogen electrode potential are depicted in Fig. S4 in the ESL.{
The positions of Ecg (—1.21 V) and Eyg (+1.08 V) depicted the
facile generation O, " due to the accessible reduction potential
of 0,/0,™ " (—0.33 V). While it was least possible to generate OH'
in the mixture due to inaccessible oxidation potential +2.44 V,
required for oxidation of OH™ to “OH. These theoretical results
strongly supported the experimental findings of the radical
scavenging experiments, as illustrated in Fig. 9. Based on these
experiments and previous reported literature,* the degradation
mechanism of the azo dyes on the CT@AgNPs was proposed as
shown by eqn (11)—(19).

Eypg = Ecg + Eg

16890 | RSC Adv, 2025, 15, 16879-16893
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AgNPs + hv (UV-vis) > AgNPs (e (CB) + h™ (VB))  (11)
H,O0 (ads) + h* (VB) — OH"(ads) + H* (ads) (12)
0, +e (CB) — O, (ads) (13)

0, (ads) + H" (ads) — HOO" (ads) (14)

HOO'® (ads) — H,0, (ads) + O, (15)

H,0, (ads) — 20H" (ads) (16)

Dye + 20H" + intermediates — CO, + H,O (17)
Dye + h* (VB) — oxidation products (18)

Dye + e~ (CB) — reduction products (19)

The photocatalytic activity is promoted by efficient separa-
tion of photo-generated electrons and prevention of charge
carrier recombination. The photodegradation of azo dye mole-
cules can be summarized by the following steps. In the first
step, the photocatalyst absorbs the photons of incident visible
light to initiate the photocatalytic activity by transfer of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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electrons from the VB to the CB, as depicted by eqn (11). In 2nd
step, the produced electron-hole pair reacts with the water
molecules and dissolved oxygen to generate several ROS by
chain reaction, as shown by eqn (12)-(16). In 3rd step, these
ROS and excitons react with the dye molecules by redox reac-
tions and cause the degradation, as shown by eqn (17)-(19).”

3.9.4. Reusability studies of the photocatalyst. The photo-
catalytic activity of the synthesized CT@AgNPs catalyst for MO
and CV dye was assessed following five consecutive cycles of
operation and regeneration to assess its durability and reus-
ability. The greenly synthesized CT@AgNPs catalyst was exam-
ined for MO and CV degradation, and it was recovered following
each use by centrifuging the reaction mixture for 20 minutes at
6000 rpm. The solid portion of the falcon tube that contained
greenly synthesized CT@AgNPs was washed and filtered three
times with distilled water. Further, NPs were dried in a Petri
dish for four hours at 80 °C in an oven. Afterwards, this dried
sample (CT@AgNPs) was evaluated for photocatalytic activity
using the same protocol as mentioned above. An already re-
ported recovery process was adapted with few changes.”
Following five recycling runs, there was a minor drop in the
catalyst efficiency (12% for MO dye and 14% for CV dye) was
observed as depicted in Fig. S5, which demonstrated the
viability of the CT@AgNPs based catalyst for multi-time appli-
cations in wastewater treatment. The metal NPs can be effec-
tively used for wastewater treatment, but the fate and toxicity of
these plasmonic NPs due to the leaching of ions remain
a concern for the practical applications. The leaching of ions
can substantially affect the aquatic ecosystem; therefore, the
concentration of leached ions was also assessed by flame atomic
absorption spectroscopy (FAAS) in the treated wastewater
samples. Since the CT@AgNPs were stable (having a large ZP
value) and capped with phytochemicals, there were negligible
chances of silver ions leaching. The FFAS analysis showed
minimal silver ion release (<0.01 ug L") in the treated waste-
water. This value is substantially less than the permissible limit
of silver ions in drinking water (100 pg L™"). Therefore, it can be
concluded that the CT@AgNPs can be used as effective photo-
catalysts for wastewater treatment applications with minimum
implications on the environment.

4. Conclusion

Herein, the green synthesis of CT@AgNPs has been reported
using the polar extract of Causonis trifolia leaves under sunlight.
After characterization of CT@AgNPs through UV-visible and
FTIR spectroscopy, PXRD, SEM, EDX, and ZP analysis, the
CT@AgNPs have been utilized for the selective sensing of Hg>"
and Fe® ions with LOD values of 1.04 pM and 47.57 uM,
respectively. CT@AgNPs were evaluated for the photo-
degradation of MO and CV dyes in the presence of sunlight,
which showed the 79% and 77% degradation efficiency toward
MO and CV in just 100 minutes with rate constant values of 1.57
x 1072 min~* and 1.50 x 102 min~’, respectively. A viable
mechanism for degrading these dyes was proposed based on
radical scavenging experiments. CT@AgNPs have also shown
remarkable antibacterial activities by inhibiting the growth of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Gram-positive (L. monocytogenes (28 + 0.33 mm) and S. epi-
dermidis (18 £ 0.33 mm)) and Gram-negative (P. aeruginosa (21
+ 0.33 mm) and B. bronchiseptica (22 £ 0.57 mm)) strains.
CT@AgNPs had shown the appreciable DPPH free radical
scavenging capability (80%), total flavonoid content of 70.09 pg
QCE pg mL ™, and total phenolic content of 63.5 GAE ug mL ™.
All these results showed the viability and potential of
CT@AgNPs for solutions of environmental and health-related
real-world applications at a commercial scale. However, the
main limitations that may arise in using the CT@AgNPs as
a photocatalyst are the variation of interfering ions and organic
species in wastewater, sunlight intensity, and temperature
fluctuations, which may affect the adsorption potential of azo
dyes on the catalyst's surface. Similarly, the LOD value for
detection of Hg>" ions may slightly decrease in the presence of
other oxidizing species that can be compensated by developing
sequential filtration or selective sedimentation of the sample's
interferences before interaction with the CT@AgNPs based
sensor. Conclusively, this research might be extended to
continuous wastewater treatment by modifying the synthesized
catalyst as a self-regenerating filtration membrane. Moreover,
the sensor based on CT@AgNPs coated on paper, assisted by
smartphone recognition, might be developed for commercial
applications.
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