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Abstract

Background Rising global mortality due to antibiotic-resistant pathogens necessitates novel antibacterial and anti-
fungal agents. This study focuses on synthesizing gold nanoparticles (GNPs) via tricyclic microwave irradiation

(TMI) to combat Multi-Drug-Resistant Bacteria and Fungus. The demand for sustainable synthesis methods has led
to the exploration of TMI for GNP production.

Results Characterization demonstrates consistent, uniform, and dispersed GNPs with trigonal and hexagonal shapes.
GNPs sized 20-55 nm exhibit superior antibacterial and antifungal activity, particularly against drug-resistant Gram-
positive bacteria. Notably, GNPs display consistent efficacy against drug-resistant fungus and demonstrate potential
for broad-spectrum antimicrobial applications.

Conclusion TMI-synthesized GNPs, characterized by their favorable physical properties and size-dependent effi-
cacy, show promise as effective agents against drug-resistant pathogens. Their ability to combat Gram-positive
bacteria, Gram-negative bacteria, and drug-resistant fungus positions them as valuable tools in biomedical sciences.
By addressing the urgent need for novel antimicrobial agents, TMI-synthesized GNPs offer a sustainable solution

to the escalating global health challenge of antibiotic resistance.
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1 Background

Morbidity and mortality resulting from chronic dis-
eases are consequences of bacterial and fungal infec-
tions, presenting a significant global health issue and
economic burden [1, 2]. The primary approach to com-
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emergence of antibiotic resistance has evolved into a
substantial issue, driven by the diminishing effective-
ness of existing antimicrobial drugs. This trend is evi-
dent in the increasing number of pathogens developing
resistance to drug treatments both within hospital set-
tings and in the community as whole. This issue esca-
lated rapidly due to the widespread indiscriminate use
of the drugs, which evolved in microorganism strains
developing high resistance to the treatments [4-6].
Recently, the U.S. Centers for Disease Control and Pre-
vention reported that antibiotic-resistant microbes are
the cause of millions of chronic infections and thou-
sands of death every year [7]. In spite of substantial
investments aimed at addressing the notable increase
in multidrug-resistant (MDR) bacterial strains, it is
disheartening to note that the rate of MDR evolution
surpasses the development of advanced classes of anti-
biotics [8]. In response to the escalating demand for
solutions, there is an urgent need to explore innova-
tive and less toxic approaches to prevent and combat
multidrug-resistant (MDR) bacterial strains [9]. In con-
temporary healthcare, nanomedicine has gained wide-
spread popularity as a potent strategy in combating
drug-resistant microbes. This approach harnesses the
unique properties of nanoscale materials to enhance
drug delivery, targeting, and efficacy, offering a promis-
ing avenue to overcome challenges posed by microbial
resistance in the medical field [10-15].

Recent exploration indicates that nanotechnology
holds significant potential in addressing bacterial resist-
ance through the use of nanoparticles. These particles,
typically in the size range of 10—100 nm, exhibit unique
physical and chemical characteristics. Metal nanopar-
ticles, in particular, showcase exceptional properties
attributable to their small size and large surface-to-
volume ratio [16, 17]. This enables close interaction
with microorganisms, enhancing antibacterial efficacy
substantially [11, 18]. Recent reports highlight that
the physico-chemical properties of gold nanoparticles
(GNPs) create favorable conditions for interaction with
microorganisms. This unique property enhances the
efficacy of GNPs in suppressing microbial proliferation.
Notably, the interaction inhibits DNA/protein synthe-
sis, leading to the death of the microbes. This striking
feature underscores the potential of GNPs as effective
agents against microbial threats [19-24]. The notable
properties of nanoparticles have positioned them as a
preferred option in addressing antibiotic resistance.
Therefore, nanomedicine, especially metallic nanopar-
ticles like GNPs, emerges as a vital strategy, leveraging
unique physico-chemical properties to effectively com-
bat microbial resistance. This approach holds promise
in overcoming antibiotic challenges and addressing
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the urgent need for innovative solutions in the field of
medicine.

The sustainable synthesis of nanoparticles employs
eco-friendly methods, minimizing the use of hazard-
ous materials and energy consumption. This approach
prioritizes biocompatibility, reduces waste generation,
and ensures a minimal environmental footprint, mak-
ing it a promising avenue for environmentally conscious
applications in various fields, including biomedicine and
catalysis [25—27]. The primary objective of this study is
to develop advanced and rapid methods for synthesizing
GNPs using minimal chemicals and a commercial micro-
wave. The goal is to produce uniform, dispersed, and
size-controlled nanoparticles and assess their efficacy in
combating multidrug-resistant bacteria. Current meth-
ods either yield unstable, non-uniform nanoparticles or
use toxic chemicals, increasing metal toxicity to mamma-
lian cells, environmental pollution, and cost.

The tricyclic microwave irradiation (TMI) method
for preparing gold nanoparticles offers rapid, controlled
synthesis with uniform size and shape. Microwave heat-
ing enables homogeneous energy distribution, enhancing
yield and efficiency while allowing versatile reaction con-
ditions adjustment. TMI is energy-efficient and scalable,
making it suitable for industrial applications. Compared
to green synthesis methods, TMI provides faster synthe-
sis, precise control over nanoparticle properties, and effi-
cient energy utilization, making it a promising approach
for advanced nanoparticle fabrication.

The synthesized GNPs have potential biomedical appli-
cations, particularly in antimicrobial activity against mul-
tidrug-resistant bacteria and fungus.

2 Methods

Chloroauric acid (HAuCl4), citric acid, Cetrimonium
bromide (CTAB), 2,7-Dihydroxynaphthalene, hydrazine
hydrate, and Sodium citrate were obtained from Sigma-
Aldrich (St Louis, MO, USA). Whereas, all the microbes
were procured from American Type Culture Collection
(ATCC; Manassas, VA, USA).

2.1 Synthesis of nanoparticles

In the first method, for the synthesis of the GNPs, we
used approximately 15 ml of 10 mM chloroauric acid
(HAuCl4) H,0O, citric acid, and 0.2 mg of cetrimonium
bromide (CTAB) [28]. The mixture was continuously
stirred to obtain an aqueous solution. This solution was
subjected to TMI, i.e., the mixture was heated in a com-
mercial microwave oven at 100 W power for three times
ending at 60 s with 20 s intervals. The heating results in
an immediate change of color of the solution from light
yellow to shining orange, indicating the formation of
GNPs. In the second and third methods we used different
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reducing agents including Sodium Citrate (50 mL, triso-
dium citrate, 2.2 mM) with HAuCl4 - 3H20 (1 mlL,
10 mM) and hydrazine hydrate (10 ml) with 30 ml of
HAuCl4 - 3H20 (10 mM), respectively. These mixtures
were stirred separately and subjected to TMI as stated
above.

2.2 Characterization of nanoparticles

The GNPs were characterized using various instruments
to ensure the uniformity, size, shape, and dispersion of
the nanoparticles.

2.3 UV-Vis spectrophotometry

To investigate the changes in surface plasmon resonance
(SPR) of the synthesized GNPs Spectrophotometric anal-
ysis (Cary 60 UV-Vis, Agilent Technologies, CA, USA)
was performed at the spectrum range of 300-800 nm.
The procedure was repeated from 24 h to 30 days to
measure the stability of the GNPs.

2.4 Scanning electron microscopy

Surface morphology of GNPs was determined using a
scanning electron microscope (SEM; EVO LS10; Zeiss,
Cambridge, UK). GNP samples were mounted on stubs
having adhesive carbon tapes and coated with gold under
vacuum conditions with a Q150R sputter coater (Quo-
rum Technologies Ltd. East Sussex, UK). The whole pro-
cess was carried out in Argon atmosphere at a current of
20 mA and in 120 s. Afterward, the GNPs were examined
and photographed to study the surface properties.

2.5 Transmission electron microscope

For TEM analysis, a drop of the GNP suspension from
three different formulations was placed on a carbon-
coated copper grid which was negatively stained with
2% phosphotungstic acid and left to dry naturally. After
drying sample was placed under TEM (JEM-1230; JEOL,
Tokyo, Japan) to be examined and photographed.

2.6 Particle size, polydispersity index, and zeta potential
The particle size, zeta potential, and PDI, of the GNPs,
were measured by dynamic light scattering principle with
the help of Zetasizer (Nano ZS analyzer; Malvern Instru-
ments, Malvern, UK). The colloidal solution containing
GNPs was diluted with the help of distilled water and
mixed properly. Helium laser was used as a light source,
which helps in collecting light scattering data. Photon
correlation spectroscopy were applied to obtain the mean
results.
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2.7 Antibacterial activity

2.7.1 The microbes and growth conditions

The efficacy of GNPs was evaluated against Gram-pos-
itive and Gram-negative bacteria and fungus. Gram-
positive bacteria include S. aureus (ATCC 29213,
Vancomycin-resistant), B. subtilis (ATCC NCTC10400,
sensitive strain), and Methicillin-resistant staphylococcus
aureus (MRSA) (ATCC 43300), whereas, Gram-negative
bacteria include P. aeruginosa (ATCC 27853, Multidrug-
resistant), E. coli (ATCC 25922, Fluoroquinolone resist-
ant), and E. coli (ATCC 10536, Vancomycin-resistant).
Moreover, fungal species tested was C. albicans (ATCC
10231, Fluconazole resistant). Bacterial species were
sub-cultured and maintained in tryptic soya broth (TSB)
(Oxoid, Ltd., Basingstoke, UK). Additionally, the anti-
fungal efficacy of GNPs was tested by using fluconazole-
resistant fungus Candida albicans.

2.7.2 Zone inhibition assay

Briefly, in the qualitative assay, bacterial strains were
grown at 37 °C with shaking in appropriate growth
medium in aerobic condition to the mid-log phase. Sub-
sequently, three different GNPs of one concentration
500 pg (10 ul) from the stock of 50 mg/mL spotted on LB
agar plate. As an applied spot of the extract on Petri plate,
dried, bacterial cells of the count of approximately 10’
cells/mL were spread by mixing in melted soft LB agar
for even distribution across the Petri plate surface. To
see bacterial sensitivity, the zone of inhibition of different
type of gold nanoparticle was compared with a standard
broad-spectrum conventional antibiotic. For positive and
negative controls, a spot of antibiotic (Positive control for
bacterial strain used antibiotics-Azithromycin; 2.5 mg/
mL and for fungus used fluconazole 2.5 mg/mL) and sol-
vent used to suspend gold nanoparticle was applied on
Petri plate.

2.7.3 Brothdilution assay

For quantitative assessment of antibacterial efficacy
of gold nanoparticle, broth dilution assay was done in
96-well microtiter plates against different Gram-positive
and Gram-negative bacterial strains. In brief, bacterial
strains were grown at 37 °C with shaking in appropri-
ate growth medium in aerobic condition to the mid-log
phase, determined by the optical density at 600 nm, sub-
sequently diluted in same media to the level of 10> CFU/
mL. After that, 100 pl of this count was added in 100 pl
of water containing twofold serially diluted different gold
nanoparticle in each well and incubated for 18-20 h at
37 °C. Gold nanoparticle antibacterial activities were
expressed as their minimum inhibitory concentra-
tion (MIC) (the exact concentration which resulted in
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90-100% inhibition of microbial growth), assessed by
measuring the absorbance at 600 nm. For positive and
negative control, broad-spectrum antibiotics azithromy-
cin and solvent used for suspending nanoparticle were
employed.

2.8 Scanning electron microscopy of bacteria

The SEM observation of untreated (control) and GNPs
treated bacteria was performed as per the earlier pub-
lished method [29] with little modifications. Bacteria in
the exponential growth phase were treated as control.
Bacteria of mid long phase diluted to 10° CFU/mL and
incubated with three-time of MIC of respected type
of GNPs for 2 h with mild shaking at 37 °C. Thereafter,
treated samples were centrifuged at 2000 rpm for 15 min.
Bacterial pellets were washed three times with 10 mM
phosphate buffer saline (PBS) and then fixed in acetic
acid/ethanol (1:3) for around 20 min at 25 °C. The fixed
cells were washed with PBS and re-suspended in Milli-
Q Type-1 water for further examination by SEM (SEM;
EVO LS10; Zeiss, Cambridge, UK).

2.9 Statistical analysis

The characterization and antibacterial activity of GNPs
were performed in triplicates. ANOVA was used for
testing between groups, and a p-value of <0.05 was con-
sidered as significant. The antibacterial activity data for
testing were imported to Statistical Package for the Social
Sciences (SPSS) software, version 14.0 (SPSS Inc., Chi-
cago, IL, United States).

3 Results

3.1 Synthesis and characterization of GNPs

GNPs were synthesized by reduction of HAuCl, using
different types of reducing agents, including Citric
acid+CTAB, Sodium citrate, and Hydrazine hydrate
(Table 1). During the process, the formation of GNPs
was established by the appearance of ruby red color. All
three formulations were positive for this color change.
Furthermore, the formation of nanoparticles was con-
firmed by measuring the absorbance using a UV spec-
trophotometer in the range of 300—800 nm (Fig. 1), with
maximum absorbance (Amax) peaks at 482, 495, and

Table 1 Scheme of preparation of nanoparticles with different
reducing agents

Nanoparticles Base Reducing agents
GNP1 10 mM Chloroauric acid Citric acid+CTAB
GNP2 10 mM Chloroauric acid Sodium citrate
GNP3 10 mM Chloroauric acid Hydrazine hydrate

Citric acid and CTAB were used in combination
GNP gold nanoparticles, CTAB cetyltrimethyl-ammonium bromide
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Fig. 1 Characterization of GNPs (GNP1, GNP2 and GNP3) by UV-
Visible spectrophotometry. Note: Absorption spectrum showing
a shift toward higher wavelength as the particle size decreases.
Abbreviations: GNPs, gold nanoparticles

506 nm for GNP1, GNP2, and GNP3, respectively. This
demonstrates a shifting and broadening of absorption
peaks from GNP1 to GNP3, indicative of smaller parti-
cle size. TEM images confirmed the formation of GNPs,
revealing nanoparticles of trigonal, spherical, tetragonal,
hexagonal, and other shapes (Fig. 2). The NPs of GNP1
were larger with irregular contours compared to GNP2,
which contained smaller particles with spherical shapes.
GNP3 formulation contained even smaller particles than
the other formulations. SEM images showed that the
nanoparticles have a smooth and multizonal surface, with
GNP3 particles being smaller and more spherical com-
pared to the other two formulations (Fig. 3). Particle size,
size distribution, and zeta potential were measured using
a Zetasizer (Table 2). The data indicated that the use of
citric acid + CTAB as reducing agents resulted in the for-
mation of larger nanoparticles (55+ 6 nm), sodium citrate
produced medium-sized GNPs (23+4 nm), and hydra-
zine hydrate led to the smallest GNPs (9+3 nm). The
produced nanoparticles had low PDI values of 0.21 + 0.05,
0.26 +0.06, and 0.16 +0.03 for GNP1, GNP2, and GNP3,
respectively (Fig. 4). Additionally, all three formulations
were found to have a negative zeta potential of —30+2.8,
—28+3.2,and —18+ 2.6, respectively.

3.2 Antibacterial activity

The newly synthesized nanoparticles were subjected to
antibacterial efficacy testing using two primary assays:
the zone inhibition assay and the broth dilution assay.
These tests targeted a range of organisms, including
Gram-positive bacteria (S. aureus, B. subtilis, MRSA),
Gram-negative bacteria (E. coli, P aeruginosa), and the
fungus C. albicans.
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Fig. 2 SEM micrograph of GNPs formulation for GNP1 (A), GNP2 (B) and GNP3 (C). Note: As shown in the figure, the newly synthesized GNPs
when observed under SEM were found to have a multigonal bright surface. Abbreviations: SEM, scanning electron microscope, GNPs, gold

nanoparticles

3.2.1 Zone inhibition assay

In the qualitative assay, we observed a significant zone
of inhibition for each type of nanoparticle against dif-
ferent Gram-positive and Gram-negative bacterial
strains and fungus compared to the positive control
(Fig. 5). Zone of inhibition in the bacteria including S.
aureus, B. subtilis, and MRSA was found in all three-
nanoparticle formulations. Whereas maximum zone of
inhibition was observed in the case of Gram-negative
bacteria including E. coli and P. aeruginosa. GNPs were
found to be equally effective for fungus C. albicans
as well. In all the developed formulations, the GNP1
was found to be having a maximum zone of inhibition
except in the case of E. coli, where maximum efficacy
was shown by the GNP2. C. albicans was found to be
equally sensitive for all the GNPs, whereas, maxi-
mum efficacy was reported to be with GNP1followed
by GNP2 and GNP3. Although, in the zone inhibition
assay, we used a significantly high concentration of
gold nanoparticle. Therefore, in order to evaluate the
value of the antibacterial activity quantitatively, we per-
formed broth dilution assay.

3.2.2 Broth dilution assay

In this assay, we notice that GNP1 and GNP2 were
approximately twofold more active compared to GNP3
(p<0.05) and simultaneously we observed that Gram-
positive strains were more sensitive than Gram-nega-
tive strains against each type of nanoparticles (Table 3).
GNP1 was found to be more effective against B. sub-
tilis and S. aureus with a MIC level of 21.48 +2.24 and
23.62+3.23 ug/mL, respectively. Whereas, GNP3 was
found to be lesser effective for B. subtilis and S. aureus
with a MIC level of 44.58+5.32 and 51.65+5.47 pg/mL,
respectively. E. coli and P. aeruginosa were found to be
comparatively less sensitive with the GNPs with a MIC
range of 41-43 pg/mL for GNP1 and GNP2. Whereas,
the MIC level was doubled for E. coli, and P. aeruginosa
in case of GNP3 which we observed as 98.24+6.95 and
102.48 +7.59 pg/mL, respectively (p<0.05). Similar to
bacteria, the fungus C. albicans was more suscepti-
ble to the GNP1 in comparison to other preparations.
The GNP1 was having a MIC of 32.65+3.26 pg/mL for
C. albicans, whereas, GNP3 exhibited relatively lesser
MIC of 53.84+4.62 pg/mL for C. albicans (p<0.05). The
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Table 2 Characterization of GNPs by DLS using Zetasizer

Nanoparticles Particle size (nm) PDI Zeta potential (mV)

GNP1 55+6 021+005 -30+28
GNP2 23+4 026+006 —28+32
GNP3 9+3 0.16+0.03 —18+26

Mean = SD (n=3) for three formulations

GNP gold nanoparticles, PDI polydispersity index, DLS dynamic light scattering,
SD standard deviation

antibacterial efficacy of all three GNPs is summarized in
Table 3.

It is evident from the data that all the formulations
were active against the drug-resistant bacteria and fun-
gus, but the intensity of activity was found to be differ-
ent for each preparation. This may be due to the different
sizes of the nanoparticles. The formulations having a par-
ticle size in the range of 20-50 nm (GNP1 and GNP2)
are having better antibacterial and antifungal efficacy as
compared with GNP3. The GNPs whose size was <20 nm
(GNP3) has been demonstrated lesser activity against
these pathogens.

-
ZOfman

Fig. 3 TEM photographs of GNPs formulation for GNP1 (A), GNP2 (B) and GNP3 (C). Notes: TEM photographs demonstrate that the prepared
nanoparticles are trigonal, spherical and hexagonal in shapes, Scale bar=50 nm. Abbreviations: TEM, transmission electron microscope, GNPs, gold
nanoparticles

4 Discussion

The choice of different reducing agents in this study
aimed to explore the formation of ideal nanoparticles
through a common synthesis technique. The use of TMI
resulted in the quick formation of nanoparticles, which is
advantageous over traditional methods that require sev-
eral hours of incubation to produce nanoparticles. The
varying absorption peaks observed in the UV-Vis spec-
trums indicate differences in particle size among the for-
mulations, corroborated by TEM and SEM imaging. The
difference in particle size and shape among the formula-
tions is attributed to the use of different reducing agents.
This variability highlights the importance of selecting
appropriate reducing agents based on desired nanoparti-
cle characteristics. The observed smooth and multizonal
surface of the GNPs, as well as the size and shape vari-
ations, demonstrate the versatility of the synthesis pro-
cess. The measured zeta potential values indicate that all
three nanoparticle formulations possess a stable negative
charge, contributing to their stability in suspension. The
low polydispersity index (PDI) across all formulations
suggests uniformity in particle size, which is crucial for
many biomedical applications. Our findings suggest that
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the synthesis of GNPs can be effectively tailored through are often expensive, complicated, time-consuming, and
the choice of reducing agents, offering rapid and straight-  result in unstable nanoparticles. The produced GNPs
forward methods to produce size-controlled GNPs. This  hold potential for various biomedical applications,
contrasts with conventional synthesis methods, which
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Table 3 MICs level of different microbes after treatment with
developed nanoparticles formulations

Microbes MICs (pug/mL)*
GNP1 GNP2 GNP3

S.aureus 23.62+323 24.53+354 51.65+£547
B. subtilis 2148+224 25364342 4458+532
C. albicans 32.65+3.26 31464458 53.84+4.62
E. coli 4146+257 4258+563 98.24+6.95
P aeruginosa 52.63+5.64 46.57+£4.51 102.48+7.59
MRSA 32.58+543 29.54+347 63.53+6.85

* All MICs values against all bacterium are Mean+SD (n=3)

GNP gold nanoparticles, MICs minimum inhibitory concentrations

underscoring the importance of optimizing synthesis
techniques to meet specific demands.

Our research findings are consistent with a previous
study that examined the antimicrobial effects of silver
and gold nanoparticles (NPs) and the resistance devel-
oped by S. aureus. It was reported that gold nanoparti-
cles (GNPs) with an average size of 20 nm demonstrated
a lower minimum inhibitory concentration (MIC) com-
pared to GNPs with an average particle size of 10 nm
[18]. In another study, it was found that smaller gold nan-
oparticles (GNPs) were more effective in killing bacteria
compared to larger GNPs. However, the formulations in
the study encompassed a wide size range of GNPs, rang-
ing from 6 to 34 nm for the first formulation and 20 to
40 nm for the second formulation. This wide range of
sizes complicates the interpretation of results, making it
difficult to draw definitive conclusions [30]. The proper-
ties and application of metal nanoparticles are strongly
dependent on their size and shape [31]. For therapeutic
applications, gold in nanoparticle form is much more
efficacious than in a macroscale form. During the manu-
facturing process, certain parameters determine the size
of the final product. For example, smaller nanoparticles
are obtained under conditions of fast reaction rates and
more significant amounts of the stabilizing agent [32].
Higher temperatures also result in more monodispersed
particles [33].

In our study, we also found that the antimicrobial
activity of GNPs are different in Gram-positive and
Gram-negative bacteria. The GNPs prepared by all three
methods are having higher activity toward Gram-pos-
itive than Gram-negative bacteria. This may be due to
the difference in the composition and structure of the
cell wall membrane of microbes. Plausibly, composition
of bacterial cell wall play crucial role in imparting dif-
ferential antibacterial property to GNPs. This phenom-
enon can be explained in terms of zeta potential and
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lipopolysaccharide composition of the cell wall. Gram-
negative bacteria are having little higher negative zeta
potential due to the presence of lipopolysaccharides;
a component of the cell wall. Whereas, Gram-positive
bacteria are having lower level of negative zeta potential
due to the absence of lipopolysaccharides, which is prob-
ably one of the reason of higher activity of GNPs against
Gram-positive bacteria [34]. Additionally, as mentioned
in the methodology, we performed SEM analysis of con-
trol as well as different GNPs treated bacteria (Fig. 6).
It can be seen clearly from the images that the bacteria
in the control group showed undetectable morphologi-
cal changes. However, the other treatment groups like
GNP1, GNP2, and GNP3 exhibited remarkable damage
to the bacterial cell wall. Hence, it can be concluded that
the GNPs are having potential to penetrate the cell wall
of bacteria and can make it dysfunctional. Because of this
extraordinary cell penetration property, GNPs are hav-
ing great potential and can be utilized in the treatment
of various infectious diseases caused by drug-resistant
microbes. Furthermore, gold can be used in various
fields of medicine and biotechnology, making it one of
the most essential elements as a nanoscale material. One
of the main reasons why incorporating GNPs into many
applications has gained popularity is due to its freeness
of toxic heavy metals and reactive chemical functional
groups [35].

GNPs are also being considered as a novel material
for labeling, imaging, and assaying applications due to
its high absorption and emission of near infrared light
that prevents interference from biological molecules,
unlike fluorescence labels [36]. Furthermore, studies
about creating metallic and bimetallic nanoparticles in
nanoscience have emerged recently due to their attrac-
tive properties like optical, electrical, and catalytic pos-
sessions. This is enhanced by their large surface area to
volume ratios. Nanoparticles of gold and silver usually
require stabilizing agents like polyvinylpyrrolidone for
their synthesis [37], However, in our research, we opted
for microwave-mediated synthesis, which produced sta-
ble and efficient GNPs. It offers an excellent alternative to
the preparation of metallic nanoparticles in the aqueous
solution. The existence of microbial organisms that have
drug resistance is the reason why there has been develop-
ment in the usage of nanoparticles [28].

5 Conclusion

In the present study, we demonstrated TMI mediated
synthesis of stable GNPs by using three different reduc-
ing agents. These GNPs were characterized for shape
and surface morphology and tested for antibacterial
and antifungal efficacy using drug-resistant Gram-
positive, Gram-negative bacteria, and C. albicans,
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Fig. 6 SEM images of E. coli after treatment with GNPs formulations, control (A), GNP1 (B) GNP2 (C) and GNP3 (D) demonstrating that the treatment
with GNPs causes significant cell damage to the bacteria. Abbreviations: GNPs, gold nanoparticles, SEM, scanning electron microscope

respectively. The prepared nanoparticles were mostly
trigonal, spherical and hexagonal in shape with low PDI
as an indicator of homogenous dispersion. The inten-
sity of activity of GNPs was found to be size-dependent.
The GNPs of size 20-50 nm demonstrated high anti-
bacterial, antifungal activity compared to those with a
size of <20 nm. The nanoparticles showed enhanced
activity against Gram-positive than Gram-negative
bacteria. The MIC level for GNP1 in case of B. sub-
tilis and S. aureus was found to be 21.48+2.24 and
23.62 +3.23 pg/mL, respectively. Contrastingly, in case
of GNP3, we observed significantly higher MIC level
(44.58+5.32 and 51.65+5.47 pg/mL) against B. sub-
tilis and S. aureus. Furthermore, we have noticed that
E. coli and P. aeruginosa showed comparatively lesser
sensitivity against all three GNPs, with a MIC range of
41-43 pg/mL for GNP1 and GNP2 and around 100 pg/
mL for GNP3. Similarly, against fungal strain C. albi-
cans, GNP1 and GNP2 exhibited comparatively much
better activity than GNP3. Based on these findings, it
can be concluded that the GNPs prepared through
TMI technique with Citric acid combine with CTAB
and sodium citrate as reducing agents could become a

useful tool in eradicating drug-resistant bacteria and
fungus. However, the safety of nanoparticles is a mat-
ter of concern, and further studies are warranted to
identify any toxicological issues associated with these
nanomaterials.
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