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1. Introduction

Harnessing nature for dual action: silver
nanoparticles synthesized from guava leaf extract
for photocatalytic degradation of methyl red and
antibacterial applicationsy

Quoc-An Trieu, ©*2® Quynh Nu Ai Ung,? Phung Ngoc Thai,? Tam Minh Mai®
and Dong Van Nguyen®©®

This study revealed novel insights into key parameters affecting the biogenic synthesis of silver
nanoparticles (AgNPs) with a dual-faceted application via a green route utilizing aqueous guava (Psidium
guajava L.) leaf extract as both a reducing and stabilizing agent. The formation of AgNPs was visually
confirmed by a color change of the reaction mixture from pale yellow to reddish-brown.
Characterization of the synthesized AgNPs revealed a surface plasmon resonance band at 415-420 nm
in the Ultraviolet-Visible (UV-Vis) spectra, confirming the presence of AgNPs. Dynamic light scattering
(DLS) analysis indicated an average particle size of approximately 29 nm, while X-ray diffraction (XRD)
analysis confirmed the crystalline nature and high purity of the synthesized AgNPs. Transmission electron
microscopy (TEM) images displayed a primarily spherical morphology with an average size of about
12 nm. Fourier transform infrared (FTIR) spectroscopic analysis further supported the role of
phytochemicals, such as phenolic acids and flavonoids, in the bioreduction and stabilization of the
AgNPs. The synthesized AgNPs exhibited significant antibacterial activity against Gram-positive (S.
aureus, E. faecalis) and Gram-negative (P. aeruginosa) bacterial strains, as demonstrated by the disc
diffusion method. Furthermore, the AgNPs demonstrated promising photocatalytic activity, achieving
approximately 95-96% degradation of methyl red (MR) within 72 hours under sunlight exposure. The
dual functionality of the as-synthesized AgNPs opens up exciting avenues in both environmental
remediation and biomedical fields.

to reach over $300 million by 2024.> The unique physical,
chemical, and biological properties of silver nanoparticles

The global silver nanoparticles (AgNPs) market has experienced
substantial growth, expanding from approximately $1 billion in
2015 to a projected $3 billion by 2024.* Medical applications,
particularly in healthcare and life sciences, are expected to be
the largest sector, surpassing $1 billion. This is followed by the
textile sector, with an estimated market value of over $750
million, and the food and beverage sector, which was forecasted
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(AgNPs) arise from their nanoscale size (<100 nm) and high
surface-to-volume ratio. The “quantum size effect” plays a crit-
ical role in determining these properties, as it explains how the
behavior of AgNPs changes significantly with variations in their
size.® Unlike bulk silver, where quantum effects are averaged
out, the smaller size of AgNPs allows these forces to have a more
pronounced impact on the behavior of the nanoparticles. As
a result, AgNPs exhibit distinct properties, including enhanced
catalytic and biopharmaceutical activities, therapeutic poten-
tial, and improved sensing capabilities.

Silver nanoparticles can be synthesized using a multitude of
techniques that are fundamentally classified into two main
approaches: top-down and bottom-up methods.* While physical
methods, such as mechanical thermal evaporation/
condensation milling, laser ablation, arc discharge, and
milling, predominantly rely on the top-down approach via
breaking down bulk material into nanoparticles, chemical and
biological methods predominantly employ the bottom-up
approach.” Chemical synthesis of silver nanoparticles (AgNPs)
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involves the transformation of silver ionic precursors into
elemental silver (Ag®) atoms through chemical reduction. This
process leads to the formation of nanoscale Ag® atomic clusters,
which are stabilized by capping agents. Various types of
chemical reactions have been utilized for the synthesis of
AgNPs, including the reduction reaction with borohydride,® the
reduction reaction using ethylene glycol,” the Turkevich
method,® and the Tollens reaction. Nevertheless, these
approaches frequently exhibit limitations, including elevated
energy consumption, substantial costs, and reliance on poten-
tially hazardous chemicals. Therefore, the green synthesis of
AgNPs is increasingly being developed, exploiting natural bio-
logical sources, including bacteria,' fungi,"* yeast,” algae,"
plants,** and natural biopolymers.*® Biological synthetic routes
offer several notable advantages, including cost-effectiveness,
compatibility with environmental and biological systems,
rapid synthesis rates, scaling-up potential, and ease of
manipulation.

Plants have captured considerable interest among biological
agents owing to their rich diversity of biomolecules, including
flavonoids, terpenoids, alkaloids, polyphenols, saccharides,
amino acids, proteins, and others,*® which can be utilized for
AgNP synthesis. This wealth of naturally occurring compounds
makes them ideal candidates for various biotechnological
applications. The versatility of plant-based materials is evident
in the green synthesis of AgNPs, with diverse plant parts such as
fruits, roots, flowers, leaves, and peels effectively utilized.
Veerasamy et al.'” successfully synthesized AgNPs using a green
approach, employing Garcinia mangostana leaf extract as
a reducing agent. This study highlighted the potential of green
chemistry for the development of effective antimicrobial agents
against multi-drug resistant pathogens. Banerjee et al.*® fabri-
cated silver nanoparticles (AgNPs) using leaf extracts from
medicinal plants such as neem (Azadirachta indica), banana
(Musa balbisiana), and black tulsi (Ocimum tenuflorum). The
synthesized AgNPs exhibited potent antibacterial activity
against E. coli and Bacillus sp., surpassing the antimicrobial
effects of both silver nitrate (AgNO;) and the plant extracts
alone. Importantly, the study demonstrated minimal toxicity of
these green-synthesized AgNPs on the germination and oxida-
tive stress response of Moong Bean and Chickpea seeds. Sharifi-
Rad et al.* reported the use of Lallemantia royleana leaf extract
for the green synthesis of silver nanoparticles (AgNPs). The
synthesized AgNPs demonstrated promising antimicrobial
activity against a range of bacterial and fungal pathogens and
exhibited significant cytotoxicity against human cancer cell
lines (Hep-G2 and MCF-7). Moreover, the AgNPs displayed
catalytic activity, highlighting their possibilities for various
applications. In the work of Varghese Alex et al.,*® the sensing
and photocatalytic properties of green-synthesized silver nano-
particles (AgNPs) produced using different plant leaf extracts
were explored. Among the extracts tested, neem leaf extract, rich
in diterpenoids as revealed by GC-MS analysis, yielded AgNPs
with optimal Surface Plasmon Resonance (SPR) behavior. The
study further demonstrates the potential of these green-
synthesized AgNPs for biosensing applications, with a linear
response observed between mancozeb (MCZ) concentration and
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SPR peak position. Moreover, the AgNPs exhibited photo-
catalytic activity towards MCZ degradation under UV-visible
illumination, attributed to the formation of reactive oxygen
species. Wahid et al.** studied the ability of wheat leaf extract-
synthesized silver nanoparticles (AgNPs) to enhance salt toler-
ance in wheat plants (Triticum aestivum L. cv. Pusa Kiran). Their
findings revealed that AgNPs played a crucial role in mitigating
the negative impacts of salt stress by modulating key physio-
logical processes such as seed germination, K* ion balance,
abscisic acid (ABA) levels, antioxidants, proline accumulation,
nitrogen metabolism, chlorophyll content, and stomatal func-
tion. These findings highlighted the potentiality of AgNPs in
improving crop productivity and contributing to more sustain-
able agricultural practices. A study by Karthiga et al.*> show-
cased the selective colorimetric detection of hazardous heavy
metal ions—specifically Hg®*, Pb**, and Zn®>*—in aqueous
solutions utilizing silver nanoparticles (AgNPs) synthesized
through green chemistry methods. These AgNPs, derived from
plant extracts of neem, mango, and pepper, demonstrated
distinct preferences for different metal ions. Notably, these
sensors demonstrated robust performance over a wide pH range
(2.0-11), emphasizing the potential use of plant-based AgNPs
for practical environmental monitoring applications. In a study
by Ahn et al.,” thirty plant extracts were evaluated for their
ability to synthesize silver nanoparticles (AgNPs). Among these,
seven extracts—Cratoxylum formosum, Phoebe lanceolata, Scur-
rula parasitica, Ceratostigma minus, Mucuna birdwoodiana,
Myrsine africana, and Lindera strychnifolia—demonstrated
successful AgNP synthesis and exhibited superior antioxidant
activity compared to the other extracts tested. The synthesized
AgNPs demonstrated promising biological activities, including
cytotoxicity against human lung cancer cells, particularly those
synthesized from Cratoxylum formosum and Mucuna bird-
woodiana extracts, and wound healing activity observed with
Lindera strychnifolia extract-synthesized AgNPs. Recent studies
have identified Uvaria narum leaf extract,** Rubus discolor leaf
extract,* Premna integrifolia root extract,”® Croton macrostachyus
bark extract, Aerva lanata flower extract,”” Azadirachta indica
fruit extract,”® Phoenix dactylifera seed extract® as promising
green sources for the synthesis of silver nanoparticles (AgNPs)
that exhibit enhanced medicinal and catalytic properties. It
should be emphasized that the principles of green chemistry
underpin the plant-mediated synthesis of AgNPs,** minimizing
the use of hazardous chemicals and waste generation. This
approach presents a commitment to sustainable development
by aligning with SDGs 3, 6, 9, and 12, prioritizing environmental
sustainability and human health. Through maximizing atom
economy and utilizing eco-friendly solvents, green nanotech-
nology can significantly contribute to achieving these SDGs.*
The guava (Psidium guajava L.) tree, a common fruit tree in
tropical regions such as India, Indonesia, Bangladesh, and
Vietnam, belongs to the Myrtaceae family. Guava leaves are rich
in phytochemicals, including quercetin, avicularin, apigenin,
and various flavonoids and phenolic acids. Previous studies
have demonstrated the diverse biological activities of guava leaf
extracts, encompassing anticancer, antidiabetic, antioxidant,
antidiarrheal, antimicrobial, lipid-lowering, and
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hepatoprotective properties.® Numerous reports have high-
lighted the significance of guava leaf aqueous extract in the
synthesis of silver nanoparticles.”***** While extensive research
exists on the use of nature-derived AgNPs for dye removal from
water bodies, no study has specifically examined guava leaf
extract-synthesized AgNPs (AgNPs-GuLE) for this application.
This study seeks to fill this important gap in knowledge and to
explore a dual-faceted application of AgNPs-GuLE in wound
healing and dye-contaminated water treatment, which has not
been addressed in preceding studies. Dyes, frequently used in
industries like food, pharmaceuticals, cosmetics, paper,
textiles, plastics, ink, and paint, are common water contami-
nants. Plant-mediated AgNPs exhibit not only dye removal
capabilities (via adsorption and photocatalysis) but also
emerging multifunctional properties. This has paved the way
for the development of AgNP-based nanohybrids with diverse
applications in areas such as environmental remediation,
diagnostics, and therapeutics.

Building upon prior research on the antimicrobial properties
of AgNPs synthesized from guava leaf extract, this study aimed
to optimize the synthesis process, to assess their antibacterial
effectiveness against Staphylococcus aureus, Enterococcus faeca-
lis, and Pseudomonas aeruginosa, and to investigate their pho-
tocatalytic degradation of methyl red (MR). To the best of our
knowledge, this study marks the inaugural application of
AgNPs-GuLE for dye treatment, underscoring the dual anti-
bacterial and photocatalytic capabilities of AgNPs-GuLE.

2. Experimental

2.1. Materials

Dried guava leaves were procured from a local store in Vietnam,
while silver nitrate (AgNO;) was sourced from China. Analytical-
grade sodium hydroxide (NaOH) and hydrochloric acid (HCI)
were employed in the study.

2.2. Methods

2.2.1 Preparation of aqueous guava leaf extract. A quantity
of 10 g of dried green guava leaves, finely ground into powder,
was infused in 100 mL of double-distilled water at a tempera-
ture of 80 °C for 30 minutes. Subsequently, the guava leaf
extract underwent filtration twice to ensure complete removal of
any residual material.

2.2.2  Green synthesis of AgNPs using the aqueous guava
leaf extract (AgNPs-GuLE). An amount of 4 mL of guava leaf
extract was combined with 20 mL of a 2.5 mM silver nitrate
(AgNO;) solution. The pH of the final mixture was precisely
controlled and adjusted to fall within the desired range.
Following this adjustment, the solution was subjected to
magnetic stirring for 30 minutes at room temperature, facili-
tating the synthesis of guava leaf silver nanoparticles (AgNPs).
The observed color transition from pale yellow to orangish-
brown serves as evidence of AgNP formation. The influence of
PH levels on the synthesis of silver nanoparticles (AgNPs) was
examined within a range of 6 to 12. For this synthesis, six
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concentration levels of AgNO; were chosen: 1 mM, 2.5 mM,
5 mM, 8 mM, and 12 mM.

2.2.3 Characterization of AgNPs-GuLE. Spectroscopic
examination using the UV-vis method was conducted to provide
significant insights into the characteristics of AgNPs-GuLE, as
their optical properties are significantly influenced by surface
resonance phenomena related to their diverse morphology,
size, and dispersion. The spectra of AgNPs-GuLE suspensions
were recorded using a Shimadzu UV-1800 UV-Vis spectropho-
tometer (Japan). Dynamic light scattering (DLS) analysis was
employed to determine the size distribution of AgNPs-GuLE.
Using a Jinan Winner Particle Instrument Stock Co., Ltd
(China) instrument, the DLS analysis provided information on
the polydispersity index (PDI), size distribution histogram, and
average hydrodynamic size of the AgNPs-GuLE suspensions.
The morphology of AgNPs-GuLE, encompassing their dimen-
sions and geometric configuration, was examined utilizing
transmission electron microscopy (TEM). The TEM imagery of
the AgNPs was acquired employing a JEOL JEM-Plus-1400
instrument, situated in Tokyo, Japan. Fourier transform
infrared (FTIR) spectroscopy (PerkinElmer Frontier FT-IR/NIR,
USA) was employed to identify functional groups on the
AgNPs-GuLE's surface. X-ray diffraction (XRD) analysis was
employed to determine the crystal structure and purity of
AgNPs-GuLE. The XRD measurements were performed on a D8
Advance Eco diffraction system (Bruker) using Cu Ko radiation
(A = 1.54184 A) at an operating voltage of 30 kv and a current of
10 mA. Data was collected within a 26 range of 5° to 80°. Based
on the Scherrer formula, the average particle size of AgNPs was
subsequently calculated as follows: D, = ———. The Scherrer

Bcosd

formula relates the average crystallite size (Dp) to several key
parameters, including the FWHM () of the diffraction peak, the
X-ray wavelength (1), and the Bragg angle (). The Scherrer
constant (K), which has a value of 0.94 for spherical crystals with
cubic symmetry, is an important factor in this equation.

2.2.4 Investigation of photocatalytic degradation of methyl
red (MR) by AgNPs-GuLE. This study investigated the photo-
catalytic degradation of MR by AgNPs-GuLE under various
experimental conditions. Aqueous solutions of MR (1-
10 mg L") were prepared and treated with varying amounts of
AgNPs-GuLE. Control samples were also prepared without
AgNPs-GuLE. The study evaluated the influence of factors such
as pH (1.5-4 and 5-11), AgNPs-GuLE dose, contact time, illu-
mination type, and intensity on MR removal. The Lux Light
Meter Pro app was used to measure light intensity. The
remaining MR concentration was determined by measuring
absorbance at the corresponding wavelengths (518 nm for pH
1.5-4 and 431 nm for pH 5-11) using a spectrophotometer
(Shimadzu UV-1800, Japan). The percentage of photocatalytic
degradation (%PD) of MR was then calculated using the
following equations:

Ay — A

%PD = x 100%

0

or
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%PD = x 100%

This equation establishes a relationship between the initial
state of the MR solution (4, and C,) and its state following
photocatalytic degradation (4 and C). This quantitative assess-
ment is crucial for evaluating the efficiency of the photocatalytic
process.

2.2.5 Antibacterial testing of AgNPs-GuLE. To assess the
antibacterial activity, the ability of the guava leaf extract-
synthesized AgNPs to inhibit the growth of Gram-positive
Staphylococcus aureus and Enterococcus faecalis bacteria, and
Gram-negative Pseudomonas aeruginosa bacterium was evalu-
ated. Bacterial suspensions were prepared at a concentration of
approximately 1.5 x 10® CFU mL ™" for each bacterium. The disc
diffusion method was implemented by inoculating tryptic soy
agar plates with bacterial cultures. Sterile paper discs impreg-
nated with AgNPs suspensions or control solutions were placed
on the plates. After 24 hours of incubation at 37 °C, the zones of
inhibition, indicating bacterial growth inhibition, were
measured.

To account for the disc diameter itself, a normalization step
was employed following the procedure by Serrano-Aroca et al.*
The assessment involved measuring both the diameter of the
inhibition zone (diz) and the diameter of the disc (d). The
normalized width (nw) of the inhibition zone was then calcu-
lated based on these measurements.

@

d

nw =

3. Results and discussion

3.1. Observation of the formation of silver nanoparticles
(AgNPs) through visual analysis and subsequent examination
of ultraviolet-visible (UV-vis) spectral data

The synthesis of silver nanoparticles (AgNPs) using plant
extracts is known to produce solutions with characteristic
yellowish-brown or reddish-brown colors.*® The characteristic
color change from colorless to orangish-brown upon the addi-
tion of guava leaf extract to an aqueous AgNO; solution provides
a visual cue for monitoring the progress of AgNP formation,
highlighting the potential for real-time observation and opti-
mization of the green synthesis process.**** This color change
indicates the formation of AgNPs, which is further supported by
their ability to exhibit a localized surface plasmon resonance
(SPR) band. The ability of UV-vis spectroscopy to provide
information on AgNPs size, shape, and concentration high-
lights its significance as a valuable analytical tool in the field of
nanotechnology.’”** The increased production of AgNPs is
typically indicated by a rise in maximum absorbance of the SPR
band.*** The Full-Width at Half Maximum (FWHM) of the SPR
peaks serves as a crucial parameter for assessing the size
distribution of AgNPs, distinguishing between monodisperse,
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polydisperse, and highly polydisperse size distributions.**
Furthermore, the position of the SPR peak, as well as shifts
toward longer (red shift) or shorter (blue shift) wavelengths,
offers insights into the size and stability of the nanoparticles.*?
In Fig. 1, the spectrum of AgNPs synthesized using guava leaf
extract displays a distinct SPR band peaking at 417 nm, which is
characteristic of well-formed silver nanoparticles. A proposed
mechanism for the synthesis of AgNPs via guava leaf extract
involves the action of quercetin and flavonoids, which serve as
both reducing and stabilizing agents. These biomolecules
facilitate the reduction of Ag”™ ions to metallic silver (Ag°) and
simultaneously stabilize the resulting nanoparticles by under-
going a tautomeric shift from the enol to the keto form (Fig. 2).*

3.2. The impact of pH on the synthesis of AgNPs
suspensions using guava leaf extract

The sensitivity of AgNPs synthesis to pH underscores the need
for meticulous pH control to achieve predictable and repro-
ducible nanoparticle properties.® Fig. 3 depicts the UV-vis
spectra of AgNP suspensions synthesized at varying pH. Char-
acteristic SPR bands of AgNPs were observed within the 400-
420 nm range. A red-shift in the SPR peak was observed with
increasing pH, accompanied by a decrease in peak intensity at
pH 12, suggesting AgNP aggregation. Enhanced basicity likely
increased the ionization of flavonoids and phenolics in the
guava extract, thereby accelerating the reduction of silver ions
and AgNPs formation.*® Furthermore, elevated pH levels may
facilitate the conversion of Ag" ions into Ag-O~ groups that
strongly interact with hydroxyl in plant extracts, thereby effec-
tively covering the surface of AgNPs, and stabilizing them in the
aqueous media.** Consequently, a pH range of 8 to 10 within
reaction mixtures was found to be optimal for the synthesis of
AgNPs.

DLS measurements show that AgNPs reached their smallest
size, approximately 29 nm, within a pH range of 8 to 10 (Fig. S1
and S2, ESIt). Beyond pH 10, the size significantly increased.
The observed trends were consistent with the UV-vis spectral
analysis, providing further evidence for the relationship

between pH, AgNPs size, and the observed spectral
1.2
1
—— AgNPs-GuLE
0.8 Guava leaf extract
——AgNO3
0.6
(%3
e}
<
0.4
0.2
0
380 420 460 500 540 580 620 660 700
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Fig.1 Typical UV-vis spectra of AQNPs-GuLE, guava leaf extract, and
AgNOs.
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Fig.2 Microscopic images of AQNPs-GuLE synthesized at different pH
values.
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Fig. 3 UV-vis Spectra of guava leaf extract-mediated AgNPs unveiling
the role of pH in AgNPs synthesis.

characteristics. TEM images (Fig. 7) indicate a primarily
spherical morphology with an average size of about 12 nm,
which was much smaller than that of the DLS results. This
difference arises because TEM measures the size of the dry
particles as they appear on the grid, while DLS (Dynamic Light
Scattering) determines the hydrodynamic size of the nano-
particles, which includes the surrounding hydration layers.
Essentially, TEM provides a “naked” particle size, whereas DLS
captures the particles with their “coats of phytochemicals and
water” on, leading to a larger apparent size in DLS measure-
ments.** The observed organic layers surrounding the AgNPs
(Fig. 7), likely derived from biomolecules within the guava leaf
extract, play a crucial role in stabilizing the nanoparticles by
preventing aggregation and promoting their dispersion in the
suspension.*®

3.3. The role of AgNO; concentration in the green synthesis
of silver nanoparticles using guava leaf extract

As the concentration of AgNO; increased (Fig. 4), the UV-vis
spectra display a shift of the absorption maxima to longer
wavelengths (red-shift), indicating that the size of the silver
nanoparticles (AgNPs) increased with higher AgNO; concen-
trations. Unlike the pH-dependent study, this red shift did not
coincide with a decrease in maximum absorbance. Instead, the
absorbance consistently grew with increasing AgNO; concen-
tration, confirming that the amount of synthesized AgNPs was
also rising. The SPR peaks were observed within the range of
417-448 nm, and the resulting AgNPs suspensions exhibited
reddish-brown colors that became more intense as the
concentration of AgNO; was elevated. The SPR bands widened
significantly with the increase in AgNO; concentration, sug-
gesting a broader range of sizes and possibly more varied

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 UV-vis spectral analysis of AQNPs-GuLE synthesized at varying
AgNO3 concentrations.

particle distribution in the produced AgNPs. This is probably
due to the higher reduction rate of AgNO; at elevated concen-
trations, speeding up the nucleation and growth processes.
Such quick synthesis can lead to differences in nanoparticle
sizes and a higher chance of aggregation due to weak van der
Waals forces. These results are in accordance with what has
been observed in earlier research.

3.4. Characterization of silver nanoparticles through X-ray
diffraction analysis

XRD plays an integral role in the characterization of plant-
extract synthesized silver nanoparticles (AgNPs), providing
valuable information about their crystalline structure and
purity. The Debye-Scherrer equation provides a method for
estimating the particle size of AgNPs by correlating the broad-
ening of diffraction peaks with reduced particle dimensions. In
Fig. 5, the XRD pattern displays distinctive peaks for metallic
silver (Ag°) at angles of 37.9°, 44.2°, 64.5°, and 77.6°, which
correspond to the (111), (200), (220), and (311) crystal planes of
metallic silver (Ag®). These peaks match the reference data from
the ICDD Powder Diffraction File (PDF) no. 03-065-2871 and
confirm the face-centered cubic (fcc) structure of the synthe-
sized AgNPs. A comparison with standard XRD patterns for

600

500 ——AgNPs-GuLE

——— Standard XRD pattern
400 (PDF no. 03-065-2871)

Counts

10 20 30 40 50 60 70 80
26(%)

Fig. 5 XRD pattern of green-synthesized AgNPs from guava leaf
extract.
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Ag,0 (ICDD PDF no. 00-041-1104)*¢ and AgCl (ICDD PDF no. 00-
001-1013) reveals that the nanoparticles consist purely of
metallic silver, with no detectable impurities from other silver
compounds. Utilizing Scherrer's formula, the average crystallite
size of the AgNPs was calculated to be 9.6 nm.

3.5. FITR characterization

The FTIR spectrum analysis identified functional groups
present in both the guava leaf extract and the AgNPs formed
after the extract interacted with Ag" ions. The spectral analysis
of both the guava leaf extract and the synthesized AgNPs (Fig. 6)
revealed several notable similarities, including absorption
peaks at 3471 cm ™', These peaks are indicative of the stretching
vibrations of the hydroxyl (-OH) group. Additionally, peaks at
1638 cm™ ' were attributed to the stretching vibrations of the
C=0O0 group, while bands at 1061 cm™ ' and 1079 cm ™" indicated
the vibrations of the C-O-C bond. These functional groups
suggest the presence of biomolecules acting as capping and
stabilizing agents on the surface of the AgNPs-GuLE. Specially,
a unique absorption peak at 417 cm ™", observed only in the
AgNPs spectrum, was characteristic of the vibrations associated
with silver metal.*” These results are in accord with previous
studies on the synthesis of AgNPs using plant extracts.**>°

3.6. TEM imaging analysis

As illustrated in Fig. 7, the majority of the silver nanoparticles
(AgNPs) exhibit a spherical morphology and demonstrate
a relatively polydisperse particle size distribution. It is note-
worthy that aggregates of AgNPs can be observed in certain
regions of the figure, while individual particles also exist inde-
pendently. The average size of the particles was found to be
12 nm, with a standard deviation of 6 nm. This indicates that
the sizes of the particles could range from 4 nm to 18 nm (SD =
+ 9.0 nm). This broad range highlights the polydispersity in
particle sizes (Fig. S31), which is an important factor to consider
when analyzing their properties and potential applications.*
These findings are consistent with those of prior research
conducted by Kordy et al.** and Gonzalez-Pedroza et al.**

-C-O-C/-C-OH
streching band

i

-OH streching band

—AgN Ps-GuLE

—Guava leaf extract slrechlng

band 440 420 400

o MY

4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (cm™')

Fig.6 FTIR spectra of the guava leaf extract (red) and the AQNPs-GuLE
suspension.
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Fig. 7 TEM image of AgNPs-GuLE.

3.7. Photocatalytic degradation of MR using AgNPs-GuLE

3.7.1 Effect of pH on photocatalytic MR degradation. Fig. 8
depict the results of MR decomposition at varying pH levels. It
should be emphasized that MR, which is a pH indicator with
a pK, of 5.1, exhibits the color change as a function of pH
conditions. In other words, it turns red at pH below 4.4, yellow
at pH above 6.2, and orange in between (Fig. S4(a), ESIT).
Therefore, UV-vis spectra of MR show a distinct shift in the peak
position from 518 nm in pH under 4 to 431-435 nm in pH over 5
(Figure S4(b), ESIt). Upon the addition of AgNPs-GuLE at pH 1.5
and 2, the UV-vis absorbance at 518 nm decreased (Fig. 8a), and

350 400 450 500 550 600 650 700
Wavelength (nm)
(a)

100

80
60
40
20
0
15 2.0 3.0 4.0
(b)

Fig. 8 UV-vis spectral analysis of MR degradation at varying pH (a) and
corresponding % MR photodegradation (b) (initial MR concentration:
10 mg L~% sunlight exposure: 72 h: AgNPs-GULE dosage: 1 mL of 2.5
mM).
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the % PD percentages were 96 + 3% and 95 + 4% (£SD),
respectively (Fig. 8b). Conversely, as the pH increased from 5 to
11, the UV-vis absorbance at 435 nm increased, indicating
ineffective MR decomposition at these pH values and the
dispersion of AgNPs-GuLE in solution. This phenomenon could
be attributed to electrostatic interactions. In an acidic envi-
ronment, the negatively charged carboxylate group of MR* and
the somewhat positively charged surface of AgNPs green-
synthesized attract each other,* facilitating effective MR
decomposition at low pH. However, in a basic environment,
both the MR and AgNP surfaces acquire negative charges,
leading to electrostatic repulsion and ineffective interaction,
thus preventing MR removal. These results are consistent with
the results of previous studies.

3.7.2 Influence of exposure duration on the photocatalytic
degradation of MR. In this experiment, a 10 mg L™ MR solution
was treated with AgNPs-GuLE as a photocatalyst and exposed to
sunlight for varying durations. A gradual color change from
dark red to colorless was observed (Fig. 9a, inset), most notably
between 36 and 72 hours, indicating that exposure time
significantly affected MR removal efficiency. This is consistent
with previous findings.*® Fig. 9b demonstrates a gradual
decrease in absorbance at 518 nm with increasing exposure
time, indicating a progressive degradation of MR. The highest
photocatalytic degradation performance (% PD) of 97.6 & 0.24%
(£SD) was achieved after 72 hours, as shown in Fig. 9a. The
pseudo-first-order (PFO) and pseudo-second-order (PSO) kinetic
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Fig. 9 The percentage of MR photodegradation over different expo-
sure durations (a) and the corresponding UV-vis spectral changes
during MR degradation (b) (initial MR concentration: 10 mg L™, pH: 2;
sunlight exposure: 1-72 h; AgNPs-GuLE dosage: 1 mL of 2.5 mM).
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models were analyzed for mechanistic insights into the photo-
catalytic degradation process.”” The results (Figure S5, ESIT)
show that the PSO kinetic model (R*> = 0.9855) fitted the
experimental data better than the PFO model (R* = 0.8919).
Adherence to the PSO model indicates chemical adsorption
occurs, implying that the interaction between the adsorbent
and adsorbate is primarily governed by chemical bonding
rather than physical attraction. This suggests that the photo-
catalyst AgNPs-GuLE maintained sufficient active sites for effi-
cient MR removal throughout the reaction period. These
findings are consistent with previous studies.>®

3.7.3 Effect of AgNPs-GuLE dosage on the photocatalytic
removal of MR. The effect of AgNPs-GuLE dosage on the pho-
tocatalytic degradation of MR was evaluated by adjusting the
volume of AgNPs-GuLE introduced into a 10 mL solution con-
taining 10 mg L™ of MR. The reactions were carried out at pH 2
and subjected to sunlight for 72 hours. Fig. 10 (a, inset) clearly
demonstrates a gradual fading of the solution's color as the
amount of AgNPs-GuLE volume increased. At 1 mL of AgNPs-
GuLE in 10 mL of the 10 mg L' MR solution, complete MR
degradation was evident, marked by the absolute disappearance
of the red color and the formation of a precipitate. This obser-
vation underscores the critical role of the AgNPs-GuLE dosage
in the photocatalytic degradation process.

As illustrated in Fig. 10b, the UV-vis absorption decreased
progressively with an increase in the AgNPs-GuLE dosage,
indicating that a higher concentration of AgNPs-GuLE
enhanced the removal efficiency of MR from the solution.

-

40
0
01 0.2 04 06 0.8 1.0

AgNPs-GuLE dosage (mL) {a)

100 O1mL 02mL 04mL 06mL OSmL 1mL

80 ...
I B )

%PD

Wavelength (nm) ( b)

Fig. 10 The percentage of MR photodegradation at elevated AgNPs
dosage (a) and the corresponding UV-vis spectral changes during MR
degradation (b) (initial MR concentration: 10 mg L™%; pH: 2; sunlight
exposure: 72 h; AgNPs-GuLE dosage: 0.1-1 mL of 2.5 mM).
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Sufficient AgNPs concentration ensures better dispersion and
greater availability at active sites, thereby optimizing the pho-
tocatalytic degradation of MR.* Fig. 10a indicates that at
a volume of 1 mL of AgNPs-GuLE, the maximum percentage of
photodegradation (% PD) achieved was 95 + 4% (£SD),
corroborating the findings of prior research.*

3.7.4 Effect of light exposure on the photocatalytic removal
of MR. The impact of various light types and intensities on the
photocatalytic degradation of MR was assessed by combining
a10 mg L™ MR solution at pH 2 with 1 mL of AgNPs-GuLE. This
mixture was subjected to different light types and intensities
over a period of 72 hours. Fig. 11 illustrates the impact of
varying lighting conditions and intensities. Under room
lighting at 230 Lux and LED lighting ranging from 353 Lux to
764 Lux, the red color of the solution exhibited a decrease but
still existed. However, in direct sunlight, the solution transi-
tioned distinctly to a colorless state (Fig. 11a, inset).

In the investigation of room light with an intensity of 230
Lux, it was observed that sunlight penetrated the room during
daylight hours, whereas samples exposed to the LED light
condition were shielded from natural illumination. The
decrease in absorbance at 518 nm was more pronounced when
samples were exposed to the 230 Lux room light compared to
the 353 Lux LED light, which produces a small amount of UV
compared to that generated by sunlight. This resulted in
a higher percentage of photodegradation (%PD) for the 230 Lux
room light relative to the LED intensities of 353 Lux. Further-
more, as the LED light intensity was increased to 588 Lux and
764 Lux, a gradual decrease in absorbance was noted, with % PD

100

60 =

%PD

40
20

0
Room light LED (353 Lux) LED (461 Lux) LED (588 Lux) LED (764 Lux) Sunlight (2394)
(230 Lux) Lux

Light Exposure (
a)

1 ——Room light (230 Lux)
——LED (353 Lux)
——LED (461 Lux)

LED (588 Lux)
——LED (764 Lux)
——Sunlight

350 400 450 500 550 600 650 700

Wavelength (nm) (b)

Fig. 11 The percentage of MR photodegradation under different light
conditions (a) and the corresponding UV-vis spectral changes during
MR degradation (b) (initial MR concentration: 10 mg L™ pH: 2; light
exposure: 72 h; AgNPs-GuLE dosage: 1 mL of 2.5 mM).
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values of 68 &+ 0.2% (£SD) and 79 + 1.2% (+SD), respectively
(Fig. 11a). These findings underscore the significant impact of
the light nature and intensity on the efficiency of MR
decomposition.

Under continuous sunlight exposure from sunrise to sunset,
with an average intensity of 2394 Lux, the removal of methyl red
(MR) displayed the highest efficiency among the three light
types, achieving a % PD of 96 + 0.2% (£SD). This interaction
with sunlight, which is a full-spectrum light and contains
a significant amount of UV radiation, promotes the excitation of
electrons in silver nanoparticles (AgNPs), facilitating the
generation of electron-hole pairs.**®* The generated photo-
electrons interacting with atmospheric oxygen form superoxide
radicals (O, ), while the photogenerated holes produce highly
reactive hydroxyl radicals ("OH). The adsorbed MR can inject
electrons into positive holes and be reduced,**** thereby pre-
venting the recombination process. Free radicals oxidize MR
molecules and cause the mineralization of MR. These reactive
oxygen species are capable of decomposing MR into carbon
dioxide, water, and various ions.*®** While the intensity of
illumination does influence the photocatalytic degradation of
MR, the most rapid and marked effects are observed under solar
radiation, aligning with the findings of prior studies.”®*

3.7.5 Evaluation of MR photocatalytic degradation in tap,
filtered, and unfiltered river water. This study investigated the
photocatalytic removal of MR using AgNPs-GuLE in various real-
world matrices to evaluate its practical feasibility. The results
(Fig. 12) show that AgNPs-GuLE maintained high MR removal
efficiency in filtered and unfiltered river water, as well as tap
water, comparable to distilled water. However, the percentage
degradation (%PD) was slightly lower in unfiltered river water
(90 £ 0.7%) due to increased interferents such as total organic
carbon,* whereas filtered river water (93 + 0.5%) and tap water
(93 £ 1.9%) exhibited comparable % PD values. These findings
demonstrate the robust applicability of AgNPs-GuLE in real-life
scenarios. In terms of the AgNPs-GuLE's reusability, the
preliminary assessment was conducted, and the tabulated
result (Table S1, ESIY) illustrates that AgNPs can be recovered

100

% PD
'S
S

Filtered river
water

Unfiltered river
water

Tap water

Matrix

Fig. 12 The percentage of MR photodegradation in different aqueous
matrices (initial spiked MR concentration: 10 mg L™ pH: 2; light
exposure: 72 h; AgNPs-GuLE dosage: 1 mL of 2.5 mM).
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and reused. The photocatalytic degradation performance
maintains approximately 74% after three cycles.

3.8. Antibacterial activity

Research indicates that phytochemicals found in guava leaf
extracts possess selective antibacterial properties against Gram-
positive bacterial strains.®>*® Furthermore, the antibacterial
efficacy and the biocompatibility of green-synthesized AgNPs,
particularly the safety of plant-synthesized AgNPs, have been
extensively documented, mitigating concerns regarding AgNP
toxicity.”” Assessments of the cytotoxicity of these green-
synthesized AgNPs across various cell lines demonstrate
robust antiproliferative activity against cancerous cell lines, e.g.,
lungs, pancreas, and prostate,”® with minimal impact on
normal cell lines.”

This study evaluates guava leaf extract-mediated silver
nanoparticles (AgNPs-GuLE) for their antibacterial activity
against three bacterial strains: Staphylococcus aureus (S. aureus)
and Enterococcus faecalis (E. faecalis), which are Gram-positive,
alongside Pseudomonas aeruginosa (P. aeruginosa), a Gram-
negative bacterium. These pathogens are frequently impli-
cated in infected wounds.””* These findings underline the
enhanced antibacterial activity of AgNPs-GuLE compared to the
guava leaf extract, highlighting the potential of green-
synthesized nanoparticles for developing novel antimicrobial
agents (Fig. 13 and S6, ESIY).

The specific mechanisms underlying the antibacterial
selectivity of AgNPs towards Gram-negative and Gram-positive
bacteria remain unclear. Various factors may influence this
selectivity, including the size,” shape,””* surface charge,” and
surface chemistry’® of AgNPs, as well as the distinctive compo-
sition of bacterial cell walls.””””® Certain key factors must be
considered as a rule of thumb in the fabrication of AgNPs for
robust antibacterial activity, high biocompatibility, and
controlled toxicity. The surface chemistry should be engineered
for dispersion stability, preventing aggregation while simulta-
neously improving tailored Ag" release through optimized
chemical instability.®” A positive surface charge strengthens
adhesion to bacterial cell membranes. Furthermore, mini-
mizing particle size™ and a spherical or platelet-like shape
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016 u E. faecalis

m P. aeruginosa
0.12
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Guava leaf extract AgNPs-GuLE

Fig. 13 Measurement of normalized inhibition zone widths for guava
leaf extract and AgNPs against S. aureus, E. faecalis, and P. aeruginosa.
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maximizes specific surface area and increases the Ag' release
rate from the AgNPs dissolution, thereby amplifying antibac-
terial efficacy. Despite substantial research on the antimicrobial
properties of plant-mediated AgNPs, the precise mechanisms
are not yet fully elucidated. Two main mechanisms have been
proposed: (i) AgNPs self-affix to the bacterial cell wall, penetrate
the membrane, and subsequently damage intracellular
biomolecules such as DNA and proteins,® and (i) Ag" ions
released from AgNPs (“Trojan horse” mechanistic pathway®?)
leads to the disruption of cellular functions by interacting with
essential proteins and enzymes. Moreover, the production of
reactive oxygen species (ROS) by both AgNPs and the released
Ag" ions®® can interfere with vital cellular processes, including
respiration and cell division, ultimately compromising micro-
bial survival and function.

4. Conclusions

This study demonstrates the effects of critical parameters,
including pH and AgNO; concentration, on the synthesis of
silver nanoparticles (AgNPs) using guava leaf extract as
a reductant and a stabilizer (AgNPs-GuLE). Various character-
ization techniques, such as UV-vis, DLS, XRD, TEM, FTIR were
employed to confirm the successful synthesis of AgNPs via
guava leaf extract. The UV-vis spectrum displayed surface plas-
mon resonance (SPR) bands in the 415-420 nm range, con-
firming the successful synthesis of silver nanoparticles (AgNPs)
under optimized conditions. These conditions included a pH
range of 8-10, a silver nitrate to guava leaf extract volume ratio
of 5:1, and a reaction time of 30 minutes. The resulting AgNPs,
produced through this green synthesis approach, had an
average particle size of approximately 12 nm. The XRD results
confirmed the pure crystallinity of the AgNPs derived from
guava extract. The FTIR characterization demonstrated the
presence of capping agents on the surface of AgNPs-GuLE,
partly shedding light on the mechanism of the AgNPs-GuLE
synthesis. Furthermore, the AgNPs-GuLE exhibited significant
antibacterial activity against both Gram-positive (S. aureus and
E. faecalis) and Gram-negative (P. aeruginosa) bacterial strains,
highlighting their potential applications in the pharmaceutical,
cosmetic, and agricultural sectors. The demonstration of effi-
cient photocatalytic dye degradation by AgNPs-GuLE highlights
their potential as an innovative approach to wastewater treat-
ment, offering a promising alternative for environmental
remediation. The potential toxicity of AgNPs has prompted
widespread safety concerns regarding cell selectivity, dosage,
short-term and long-term exposure, etc. Continued in vitro and
in vivo research can help tackle these issues to deploy the full
potential of AgNPs and accelerate clinical studies. Moreover,
understanding the exact impacts of size, shape, and phyto-
chemicals of plant extracts on the antibacterial mechanism
could result in fit-for-purpose AgNPs, which can be accom-
plished through precise optimization of the nanosynthesis.
Research into the application of green-synthesized AgNPs in
agriculture, food safety and security is expected to achieve
promising outcomes.
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