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ABSTRACT: In the past few years, substantial progress has been made in the field
of microwave-assisted biosynthesis of gold nanoparticles (AuNPs) using quercetin
(QT) as a natural reducing and stabilizing agent. This study explores the rapid and
eco-friendly synthesis of AuNPs facilitated by microwave irradiation, offering a
time-efficient alternative to conventional methods. The AuNPs were thoroughly
characterized to confirm their morphology, size, crystalline structure, and surface
plasmon resonance (SPR). The synthesized AuNPs were confirmed by visual color
change from yellow to violet and characteristic SPR peak at 519 nm. Furthermore,
XRD studies clearly confirmed the crystalline nature of the face-centered cubic
structure of AuNPs. Moreover, TEM images reveal that the AuNPs were found to
be more or less spherical and have a slightly variable morphology with an average
diameter of 14 nm. The antibacterial properties of QT and AuNPs were evaluated
against two different bacterial strains via Staphylococcus aureus and Escherichia coli,
demonstrating significant activity, particularly due to the stabilizing effect of QT. Additionally, the catalytic efficiency of the AuNPs
was evaluated by their ability to reduce 4-nitrophenol to 4-aminophenol, a model reaction for the catalytic activity. The results were
promising, with the rate constant of QT-AuNPs determined to be 0.1016 s−1. This work highlights the dual functionality of QT-
mediated AuNPs in enhancing both antimicrobial and catalytic properties, contributing to their potential applications in the
biomedical and environmental fields. This study highlights the dual role of QT-mediated AuNPs in enhancing antimicrobial and
catalytic properties, paving the way for innovative applications in both the biomedical and environmental fields. The uniqueness lies
in leveraging the natural properties of QT to simultaneously improve biological activity and catalytic efficiency, offering a sustainable
and multifunctional QT-AuNP solution.

1. INTRODUCTION
The development of nanomaterials, particularly metal nano-
particles, has attracted significant attention due to their unique
physicochemical properties and wide-ranging applications in
fields such as catalysis, medicine, and environmental science.
Noble metal nanoparticles�including silver, gold, palladium,
platinum, and ruthenium�have been especially noted for their
potential in medical and industrial applications.1,2 Among
these, AuNPs stand out for their stability, biocompatibility, and
catalytic properties, making them ideal candidates for various
industrial and biomedical uses.3,4 However, a key challenge lies
in synthesizing AuNPs through eco-friendly, efficient, and
selective methods that avoid toxic chemicals.5,6 In this context,
the use of natural biomolecules as stabilizing agents presents a
promising green chemistry approach.7,8 Nguyen et al. reported
the biosynthesis of AuNPs using Ganoderma lucidum extract via
a microwave-assisted method, which produced smaller AuNPs
in a shorter reaction time.9 Green synthesis of AuNPs
demonstrated excellent catalytic activity in reducing 4-

nitrophenol to 4-aminophenol, along with high stability,
maintaining performance through four catalytic cycles.3,9

The biomolecule of quercetin (QT) is of greater interest for
the green synthesis of metal nanoparticles.10 The QT-
containing flavonoid has antioxidant properties, which can
act as both a reducing and stabilizing agent for AuNP
synthesis.11 Various methods have been employed to
synthesize AuNPs, including chemical reduction, microwave-
assisted synthesis, biological methods, seed-mediated growth,
polyol reduction, laser ablation, sol−gel techniques, electro-
chemical synthesis, ultrasonic synthesis, and chemical vapor
deposition.12−14 Among these, the microwave-assisted syn-
thesis using QT has proven to be a powerful method for
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producing AuNPs with uniform particle size distribution,
enhanced purity, and shorter reaction times.15 The rapid
heating and uniform energy distribution provided by micro-
wave irradiation significantly improve the synthesis process
compared to conventional techniques.16,17 In the case of AuNP
synthesis, microwave irradiation accelerates the reduction of
gold ions, facilitating the formation of stable nanoparticles
when natural stabilizers, such as QT, are used. This
combination of microwave irradiation and QT stabilization
presents a green and efficient route for AuNP synthesis with
potential applications in catalytic and biomedical fields.
Parthiban et al. reported the green synthesis of AuNPs
stabilized by QT, a biomolecule derived from mangrove plants.
The synthesized AuNPs exhibited remarkable fluorescence
properties and demonstrated significant anticancer activity
against A549 and HeLa cell lines.11 The catalytic activity of
AuNPs, particularly in hydrogenation reactions, has been
extensively studied due to their ability to facilitate electron
transfer and lower activation energies.18

Hydrogenation plays a crucial role in organic chemistry by
converting unsaturated compounds into saturated ones.19 QT-
AuNPs are hypothesized to offer enhanced catalytic perform-
ance and antimicrobial activity due to the synergistic effects of
the nanoparticles’ surface properties and QT’s functional
groups.20−22 Shen et al. reported the hydrogenation of 4-NP
using AuNPs with a cell-free extract of Aspergillus sp.18

Particularly, the AuNPs have high resistance of pathogens, thus
strongly exhibiting antimicrobial activity by disrupting micro-
bial cell membranes and interfering with cellular functions.23,24

QT, with its inherent antioxidant and antimicrobial properties,
may further enhance the biological activity of AuNPs, offering
a dual-function system for both catalytic and antimicrobial
uses.
Therefore, this study aims to investigate the microwave-

assisted green synthesis of QT-stabilized AuNPs and evaluate
their catalytic efficiency in hydrogenation reactions, as well as
their antimicrobial potential against various pathogens. In
addition, the optical and morphological properties, crystal
structure, and particle size distribution of AuNPs were
examined. This present study investigates microwave-assisted
QT-stabilized AuNPs to explore the dual functionality of the
QT-AuNP system, offering a promising approach for the
development of sustainable materials with applications in green
chemistry and biomedical fields.

2. DISCUSSION
2.1. UV−Visible Spectrum Analysis of QT-AuNPs. The

UV−visible absorption spectra of the QT-AuNPs measured at
different time intervals (10, 30, 60, and 100 min) exhibit
characteristic features indicative of the formation of gold
nanoparticles and growth over time (Figure 1). The pure form
QT spectrum shows no significant absorption in the visible
region, thus indicating that pure QT does not contain any
nanoparticles. After the addition of HAuCl4, a well-defined
surface plasmon resonance (SPR) band begins to emerge
around 520−525 nm, which is typical for the formation of
spherical AuNPs. At 10 min, a weak SPR band is observed at
approximately 530 nm, suggesting the early stages of
nanoparticle nucleation.25−27 As the reaction time progresses,
the intensity of the SPR band increases, reaching a maximum
around 60 min, which correlates with the growth of the
AuNPs. This increase in the intensity corresponds to the
progressive accumulation of free electrons, leading to a more

pronounced plasmonic effect. The SPR peak position remains
constant at 100 min, thus indicating that Au3+ ions may have
been completely converted into Au0.28,29 Furthermore, in the
lower wavelength region (300−400 nm), the absorbance
increases, which may also indicate contributions from the QT-
AuNP complex, possibly related to interactions between QT
(QT) and the AuNP surface. These results demonstrate that
both the size and the concentration of AuNPs increase with
time, as evidenced by the evolving UV−visible spectra.
2.2. FTIR Study of QT and QT-AuNPs. The FTIR spectra

of QT and QT-functionalized gold nanoparticles (QT-AuNPs)
are shown in Figure 2. FTIR spectroscopy was used to identify

the functional groups in pure QT and to examine any changes
in these groups after the stabilization of AuNPs. The broad
absorption peak observed around 3400 cm−1 corresponds to
O−H stretching vibrations, indicative of hydroxyl groups
present in the QT structure. This broad peak is characteristic
of phenolic hydroxyl groups, which are known for forming
strong hydrogen bonds. Additionally, a strong peak at 1670
cm−1 is attributed to C�O stretching vibrations of the
carbonyl group in the QT molecule, which is a key feature of
the flavonoid backbone. The intensity of this peak suggests a
well-defined presence of conjugated carbonyl functionalities.
The absorption band around 1513−1624 cm−1 corresponds

to C�C stretching vibrations of the aromatic rings, confirming
the presence of QT’s phenyl groups. Furthermore, the bands
observed in the range of 1260−1385 cm−1 are assigned to C−
O stretching, providing evidence of phenolic ethers and
hydroxyl groups in QT. In the FTIR spectrum of QT-AuNPs,
significant peak shifts are observed. The broad O−H and C�
O stretching bands are slightly reduced in intensity, indicating

Figure 1. UV−visible spectra of the AuNPs.

Figure 2. FTIR spectra of QT and QT-AuNPs.
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interactions between the hydroxyl groups of QT and the
surface of the gold nanoparticles.30,31 This suggests that the
hydroxyl groups play a role in stabilizing and binding QT to
the gold nanoparticle surface.8,32 Additionally, the C�O
stretching peak at 1650 cm−1 shifts to a lower wavenumber in
the QT-AuNP spectrum, implying coordination between the
C�O group and the AuNPs. This interaction decreases the
vibrational energy of the C�O bond, confirming the
successful functionalization of AuNPs with QT. These spectral
findings are consistent with the successful functionalization of
AuNPs, where QT acts as both a reducing and capping agent,
stabilizing the AuNPs through its functional groups. This is
crucial for the development of AuNP systems with potential
biomedical applications.
2.3. XRD Spectrum Analysis of AuNPs. The X-ray

diffraction (XRD) spectrum primarily helps to analyze the
crystalline structure and phase purity of the as-prepared
materials and the corresponding spectrum shown in Figure 3.

The XRD pattern of the synthesized AuNPs reveals distinct
diffraction peaks at 38.33°, 44.31°, 64.77°, and 77.83°,
corresponding to the (111), (200), (220), and (311)
crystallographic planes of face-centered cubic (FCC) gold,
respectively (JCPDS file no. 04-0784).33 The intense peak at
38.33° associated with the (111) plane indicates a predom-

inant growth orientation, which is typical for AuNPs,
suggesting that the (111) plane is the most stable and
energetically favorable. The presence of sharp, well-defined
peaks confirms the crystalline nature of the AuNPs. The
broadening of the peaks can be attributed to the nanoscale
dimensions of the AuNPs, as smaller particles tend to exhibit
broader diffraction peaks due to the Scherrer effect. For the
determination of fwhm values, we used Origin software. In this
case, we utilized the peak with a maximum intensity at 38.33°
and calculated the fwhm value as 0.95065. Based on this fwhm
value, the crystallite size was found to be 9.24 nm.
Additionally, the absence of extra peaks indicates the high
purity of the AuNPs, with no significant contamination from
other crystalline phases.
2.4. Morphological Study. The surface morphology and

elemental composition of the synthesized QT-AuNPs were
characterized by using FESEM and EDAX analyses, as shown
in Figure 4a,b. The corresponding elemental composition
values are listed in Figure 4b. Figure 4a reveals spherical white
spots with uniform sizes ranging from approximately 16.5 to
26.8 nm, confirming the successful formation of AuNPs.
Additionally, the black layer observed in the image corresponds
to the organic moiety of QT, which stabilizes the AuNPs.34

The small and uniform particle sizes of the QT-AuNPs
enhance the surface-to-volume ratio, which is crucial for
catalytic applications, such as the reduction of 4-NP to 4-AP
and antibacterial activities. Figure 4b shows the elemental
composition of the QT-AuNPs, as determined by EDAX
analysis. The results indicate that the prepared QT-AuNPs
contain significant amounts of carbon (C), oxygen (O), and
gold (Au). Carbon and oxygen are the predominant elements,
with weight percentages of 56.63 and 26.66%, respectively,
likely originating from the base material or the organic
components of QT. Gold is detected with a weight percentage
of 16.36%, confirming the successful incorporation of Au
nanoparticles, which are expected to enhance photocatalytic
and electronic properties. Additionally, trace amounts of
silicon (0.27%) and chlorine (0.08%) are observed, which
may arise from residual precursors or minor contamination
during the synthesis process. This analysis confirms the
successful synthesis of QT-AuNPs with the desired morphol-
ogy and elemental composition, supporting their potential
applicability in catalytic and antibacterial applications.

Figure 3. XRD spectra of the AuNPs.

Figure 4. (a) FESEM and (b) EDAX images of the QT-AuNPs.
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The TEM analysis provided detailed information about the
as-prepared AuNPs at very high resolution, typically at the
atomic or molecular level. The TEM images of the synthesized
AuNPs are shown in Figure 5a,b. Figure 5a reveals the
morphology and distribution of the AuNPs, which are
predominantly spherical with slight size variations. The
particles are well-dispersed with minimal agglomeration,
indicating good stability. Furthermore, the observed particles
range in size from approximately 10−20 nm, with more detail
visible in the higher magnification image in Figure 5b. Figure
5c shows surface-induced diffraction of the AuNPs, displaying
a distinct ring pattern that confirms their crystalline nature.
This ring pattern can be attributed to the face-centered cubic
(FCC) structure of the AuNPs, further affirming the successful
synthesis of crystalline nanoparticles.35 The particle size
distribution, as illustrated in the histogram in Figure 5d,
indicates that the synthesized AuNPs predominantly fall within
the size range of 10−16 nm, with an average particle size of
approximately 14 nm. The relatively narrow distribution
highlights the uniformity of the AuNP synthesis process. QT
plays an important role in stabilizing the particle size, which is
crucial for enhancing their catalytic and antimicrobial proper-
ties. Overall, the TEM results demonstrate that the prepared
AuNPs are spherical and crystalline and exhibit a relatively

narrow size distribution, contributing to improved catalytic
activity and high toxicity against bacteria and fungi.
2.5. Catalytic Activity of AuNPs. The catalytic efficiency

of the AuNPs was examined through the reduction of 4-NP by
NaBH4 in the presence of AuNPs as catalysts. In this case,
aqueous NaBH4 is considered relatively eco-friendly due to the
low toxicity of borates and its thermodynamically favorable
reaction (E0 for 4-NP/4-AP = −0.76 V and H3BO3/BH4− =
−1.33 V). Figure 6 shows the UV−vis spectra of catalytic
reduction of 4-NP; in label (a), the absorbance peaks are
observed at 326 nm.3,36 After the addition of NaBH4, the 326
nm peak shifted to 401 nm, which confirmed the formation 4-
nitrophenolate ions (4-NP−). This peak diminishes over time
as the reaction progresses, indicating the reduction of 4-NP to
4-aminophenol (4-AP).37 The reduction is evidenced by the
simultaneous decrease in the intensity of the 400 nm peak and
the appearance of a new peak near 300 nm, labeled as (b),
which corresponds to the formation of 4-AP. The spectra
clearly demonstrate the dependent reduction, with distinct
absorption changes at intervals of 0−24 min. At 0 min, the
absorption peak at 400 nm is strong, indicating the presence of
4-nitrophenolate. When the reaction was initiated, the peak
intensity of 401 nm decreased, while the intensity of the peak
at 300 nm increased, signifying the production of 4-AP. The
peak at 401 nm almost completely disappears within 24 min,

Figure 5. TEM images of the AuNPs: (a) Low magnification, (b) high magnification, (c) SAED pattern, and (d) particle size distribution curve.
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thus confirming the near completion of the reduction reaction.
The AuNPs serve as an efficient catalyst for this reaction,
facilitating electron transfer from NaBH4 to 4-NP, resulting in
the reduction to 4-AP. The steady decrease in the absorption
at 400 nm and the corresponding increase in absorption at 300
nm demonstrate the catalytic efficiency and stability of the
AuNPs.38 The time-dependent UV−vis spectra confirm the
effective role of AuNPs in accelerating the reduction process of
4-NP, making this system highly suitable for environmental
remediation applications involving nitroaromatic pollutants.
Based on the UV−visible spectrum, the kinetic plots for the

reduction of 4-nitrophenol (4-NP) in the presence of AuNPs
are illustrated in Figure 7a,b. Figure 7a shows the time-

dependent decrease in the normalized concentration of 4-NP
(C/C0) vs time. The concentration of 4-NP decreases steadily,
indicating that the catalytic reduction follows a consistent
reaction pathway. At the initial stage, the sharp initial decline
in concentration, followed by a slower reduction toward the
end, reveals that the AuNPs facilitate a rapid reaction at the
initial stage, which then slows as the substrate concentration
decreases. Figure 7b represents the pseudo-first-order kinetic
model for the reduction process. Figure 7b plotted by −ln(C/
C0) Vs time shows a strong linear correlation ((R2 = 0.9943),
indicating that the reaction follows pseudo-first-order kinetics
with respect to the concentration of 4-NP, when an excess
amount of NaBH4 is present. The observed rate constant for
the reduction reaction is calculated as 0.1016 s−1, demonstrat-
ing the catalytic efficiency of AuNPs in the reduction process.
The high R2 value confirms the reliability of the kinetic model,
and the relatively large rate constant suggests that the AuNPs
provide an effective surface for electron transfer, facilitating the
reduction of 4-NP to 4-AP. The results reinforce the role of

AuNPs as efficient nanocatalysts, making them suitable for
applications in catalytic transformations, especially in environ-
mental remediation processes. Furthermore, Table 1 presents

the rate constant values for the catalytic reduction of 4-NP to
4-AP using various types of AuNP catalysts reported in
previous studies. These differences may be attributed to
variations in the structure, size, reaction time, and composition
of the nanoparticles. It is evident that the reduction of 4-NP is
significantly influenced by the structure, size, and composition
of the nanoparticles.
Figure 8 illustrates the proposed mechanism for the catalytic

reduction of 4-NP to 4-AP. In this process, NaBH4 serves as

both an electron donor and a hydrogen source, while the QT-
AuNPs function as electron transfer mediators. The QT-
AuNPs facilitate the transfer of electrons from the borohydride
ion (BH4−) to 4-NA, enabling the reduction reaction.

39,40

Hydrogen species from BH4− and 4-NA are rapidly adsorbed
onto the surface of QT-AuNPs, and the diffusion of these
adsorbed species on the nanoparticle surface results in the
desorption of the product 4-AP. Additionally, the QT-AuNPs
play a crucial role as an electron relay to sustain the reduction
process. The small, spherical QT-AuNPs possess a high surface
area-to-volume ratio, providing a greater number of active
catalytic sites compared to larger nanoparticles. Conversely,
larger QT-AuNPs experience increased steric interactions
between the adsorbed reactant species, which can hinder
adsorption and subsequently reduce the reaction rate.41 This
highlights the significance of the nanoparticle size in
optimizing catalytic activity.
2.6. Antibacterial Activity. The antibacterial activity of

QT against S. aureus and E. coli was examined through a well-
diffusion method. The results are depicted in Figure 9a,b, and
the corresponding zone inhibition values are given in Table 2.

Figure 6. UV−visible spectra of the reduction of 4-NP using AuNPs.

Figure 7. (a) Time-dependent plot for reduction of 4-NP and (b)
kinetic plots for the reduction of 4-NP in the presence of AuNPs.

Table 1. Comparison of Catalytic Reduction of 4-NP to 4-
AP by Various AuNPs

catalysts
reducing
agents rate constant time

particle
size ref

Au NPs NaBH4 0.360 min−1 9 24.1 42
Au/CD_100_3 NaBH4 0.660 min−1 9 5.3 42
Au(0)@TpPa-1 NaBH4 5.35 × 10−3 s−1 13 43
Au/GO NPs NaBH4 0.368 min−1 10 5 44
Au NPs NaBH4 0.36 min−1 14 24.1 45
QT-AuNPs NaBH4 0.1016 s−1 24 14 this

work

Figure 8. Possible mechanism of the reduction of 4-NP to 4-AP.
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The zone of inhibition was measured for varying concen-
trations of QT (500, 250, 100, and 50 μg/mL), with a positive
control to compare efficacy.46,47 Figure 9a shows the
antibacterial activity of S. aureus, and the obtained results
reveal that QT exhibited a significant inhibitory effect, with the
largest zone of inhibition observed at the highest concentration
of 500 μg/mL, indicating strong antibacterial activity. The
zone of inhibition gradually decreased as the concentration
reduced, with the lowest inhibition observed at 50 μg/mL.
This dose-dependent effect suggests that higher concentrations
of QT are required for effective bacterial inhibition.
Furthermore, Figure 9b displays the antibacterial effect of E.
coli, and the obtained results show a similar trend, where QT
inhibits bacterial growth more effectively at higher concen-
trations. However, the overall zone of inhibition was smaller
compared to that of S. aureus, indicating that QT is less
effective against E. coli. At 500 μg/mL, the inhibition was
significant; however, as the concentration dropped, the

antibacterial effect diminished. Finally, QT showed promising
antibacterial properties, especially against S. aureus, but was
less effective against E. coli. The results suggest that the Gram-
positive bacterium (S. aureus) is more susceptible to QT than
the Gram-negative bacterium (E. coli), which may be due to
structural differences in their cell walls. These findings support
QT’s potential use as a natural antimicrobial agent; however,
further studies are required to enhance its effectiveness,
especially against Gram-negative bacteria.
Furthermore, the antibacterial activity of the QT-AuNPs was

assessed against the same S. aureus and E. coli using a well-
diffusion assay, as illustrated in Figure 10a,b, and the
corresponding zone inhibition values are given in Table 2.
The inhibition zones for different concentrations of AuNPs
(500, 250, 100, and 50 μg/mL) were measured with positive
controls used for comparison. Figure 10a shows the S. aureus
well plate, and the results demonstrate that AuNPs possess
significant antibacterial activity. The highest concentration of

Figure 9. Antibacterial activity of QT against (a) S. aureus and (b) E. coli.

Table 2. Antibacterial Activity of QT and QT-AuNPs

sample name

zone of Inhibition (mm)

S. aureus

500 μg/mL 250 μg/mL 100 μg/mL 50 μg/mL positive control

QT 8.4 ± 0.56 7.3 ± 042 5.15 ± 0.21 4.1 ± 0.14 16.35 ± 0.49
QT-AuNPs 15.75 ± 1.06 12.35 ± 0.49 6.2 ± 0.28 5.15 ± 0.21 18.4 ± 0.56

E. coli
QT 9.45 ± 0.6 6.3 ± 0.42 4.15 ± 0.21 0 15.35 ± 0.49

QT-AuNPs 14.5 ± 0.707 11.35 ± 0.49 5.3 ± 0.42 4.2 ± 0.28 16.75 ± 1.06
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500 μg/mL produced the largest zone of inhibition, which
steadily decreased with lower concentrations. The 100 and 50
μg/mL concentrations showed reduced but measurable
inhibition, indicating a concentration-dependent antibacterial
effect. The strong inhibitory action of AuNPs against S. aureus
suggests their potential as an effective antimicrobial agent
against Gram-positive bacteria. Furthermore, similar trends
appeared in E. coli bacteria, as shown in Figure 10b. The
highest concentration (500 μg/mL) yielded a substantial zone
of inhibition, indicating good antibacterial efficacy. However,
the zones of inhibition were smaller compared to those seen
for S. aureus, particularly at lower concentrations, such as 50
μg/mL. This finding suggests that while AuNPs are effective
against E. coli, the Gram-negative bacterium is less susceptible
to their antibacterial effects compared to the Gram-positive S.
aureus. The comparative analysis between the two bacteria
indicates that AuNPs exhibit stronger antibacterial activity
against S. aureus than E. coli. This may be attributed to the
differences in cell wall structure between Gram-positive and
Gram-negative bacteria, where the thicker peptidoglycan layer
in Gram-positive bacteria could allow more interaction with
AuNPs. Furthermore, AuNPs present a promising antimicro-
bial agent, particularly against Gram-positive bacteria like S.
aureus, though their efficacy against Gram-negative bacteria
like E. coli could benefit from further optimization or increased
concentrations. On comparing the antibacterial activity of QT
and QT-AuNPs, QT-AuNPs show superior antibacterial
activity compared with QT, possibly due to enhanced
penetration and bioavailability, particle size, surface area,
synergistic effect of AuNPs, intrinsic antibacterial properties of
AuNPs, solubility, etc. Table 3 displays the diameter of the
inhibition zone values compared with different AuNPs. The
obtained results reveal that QT-AuNPs show better anti-
bacterial performance than QT. Vijayaraghavan et al. reported

that the metal nanoparticles can easily penetrate the bacterial
cell wall, leading to increased cell permeability and subsequent
cell death.48

3. CONCLUSIONS
In summary, this study demonstrates the successful microwave-
assisted biosynthesis of QT-stabilized gold nanoparticles (QT-
AuNPs), providing a rapid, eco-friendly, and efficient method
for nanoparticle production. The synthesized AuNPs exhibited
favorable characteristics, including a face-centered cubic
crystalline structure, a spherical morphology with an average
size of 14 nm, and a distinct SPR peak at 519 nm. The QT-
mediated stabilization enhanced both the antimicrobial and
catalytic properties of the AuNPs, showing significant
antibacterial activity against S. aureus and E. coli, as well as
effective catalytic performance in the reduction of 4-NP. The
QT-AuNPs show outstanding catalytic properties, with the rate
constant value found to be 0.1016 s−1. These findings highlight
the potential applications of QT-AuNPs in the biomedical and
environmental fields, emphasizing their dual functionality in
antimicrobial and catalytic processes.

Figure 10. Antibacterial activity of QT-AuNPs against (a) S. aureus and (b) E. coli.

Table 3. Diameter of Inhibition Zone of E. coli and S. aureus
Bacteria Using Different AuNPs

sample

diameter of inhibition zone (mm)

refE. coli (mm) S. aureus (mm)

Oi-AuNPs 5.46 - 49
AuNPs 28 25 50
AuNPs 6 2 51
AuNPs 25 12.5 52
QT-AuNPs 14.5 15.75 this study
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4. EXPERIMENTAL SECTION
4.1. Materials. QT was purchased from Sigma-Aldrich Pvt.

Ltd., USA. Chloroauric acid (HAuCl4·3H2O) was purchased
from Loba Chemie Pvt. Ltd., Mumbai, India. Sodium
borohydride (NaBH4), 4-NP, ammonium hydroxide
(NH4OH, 25%), acetone, agar−agar solution, and ethanol
(99%) were obtained from Sigma-Aldrich, USA. All chemicals
were used as received without further purification.
4.2. Synthesis of AuNPs. The AuNPs were synthesized by

QT using the microwave irradiation process.49 In a typical
process, 10 mL of 1 mM chloroauric acid was added to 10 mL
of QT dissolved in ethanol. For the preparation process with
the assistance of microwave irradiation, the reaction mixture
was placed in a microwave oven to react for 10 min at 400 W.
The colloidal AuNPs were precipitated using 95% ethanol (v/
v), followed by centrifugation (4000 rpm, 20 min). The pellets
obtained were then dried in an oven at 100 °C for 12 h and
stored for studying both the physicochemical characteristics
and the catalytic activity (Scheme 1).

4.3. Catalytic Activity of AuNPs. The catalytic efficiency
of AuNPs in the reduction of 4-NP was evaluated in an
aqueous solution at room temperature.49,53 In a typical
procedure, 250 μL of 1 mM 4-NP, 250 μL of 0.1 M sodium
borohydride (NaBH4), and 2 mL of deionized water were
placed in a quartz cuvette. Following this, 1 mg of AuNPs was
introduced into the cuvette, and the reaction was monitored by
using a UV−vis spectrophotometer. The reduction process was
tracked by recording the UV−vis spectra at regular time
intervals within a wavelength range of 200−500 nm to observe
changes in the absorption profile of the reaction mixture.
4.4. Antibacterial Activity. The antibacterial properties of

QT and QT-AuNPs were evaluated against S. aureus and E. coli
using Nutrient Agar medium. Initially, 20 mL of nutrient agar
was poured into Petri plates and seeded with a 24 h culture.
Wells containing S. aureus 902 and E. coli 443 were treated
with different concentrations of QT and AuNPs (500, 250,
100, and 50 μg/mL). The plates were incubated at 37 °C for
24 h. Antibacterial activity was assessed by measuring the
diameter of the inhibition zones, which were formed around
the wells.54 Gentamicin (10 μL) was used as a positive control.
The data were analyzed using GraphPad Prism 6.0 software
(USA).
4.5. Characterization. The green synthesis of AuNPs and

the optical properties of these samples were examined using a
UV−vis V-630 spectrophotometer. The crystal structure and
phase purity of the prepared AuNPs were examined through
XRD (D8-Bruker, Germany) equipped with CuKα radiation (λ

= 1.5406 Å). The particle size, distribution, and surface
morphology of the synthesized AuNPs were observed using a
transmission electron microscope (JEOL-1010, Japan) inte-
grated with a scanning electron microscope (JEOL JSM-6510,
Japan). Moreover, the elemental and atomic weight
composition of the samples were examined by EDX.
Furthermore, to identify the functional groups of multiple
biomolecules in these samples, FTIR analysis was then
performed using an R-Prestige-21 Shimadzu FTIR spectropho-
tometer using the KBr pellet method.
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