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In this work, we report an eco-friendly green synthesis of gold nanoparticles (GNP) from HAuCls.3H20 using
combined fruit peel (BOPA) extract waste as bioreductant. The synthesized Au nanoparticles coordination
environment was observed an intensive peak at 525 nm with UV-Visible spectroscopy. The XRD showed highly

gg:ézr cell line ordered fcc structure. The FTIR showed presence of functional groups responsible for reduction and stabilization
Antimicrobial of Au®" to Au® species. TEM analysis showed the presence of irregular spherical like shaped Au NPs distributed in
Nanomaterials sizes between 25 and 45 nm. Importantly, the biogenic gold nanoparticles showed considerable cytotoxicity

towards HT-29 colon cancer cells, indicating a dose-dependent inhibition and possible pathways for inducing
apoptosis. This research emphasizes the dual benefits of utilizing waste materials and advancing nanomedicine,
setting the stage for sustainable cancer treatment options. The antibacterial activity was evaluated against E.Coli
and S.typhi. Conclusively, the extract of BOPA (Banana, Orange, Pomogranate, Apple) rapidly reduces Au®* to
Au® and improves amalgamation of GNP with inhibiting property against abnormal cell growth and antibacterial
activity. The bio-synthesized AuNPs demonstrated higher cytotoxicity than chemically synthesized counterparts,
suggesting enhanced biocompatibility and efficacy. This green synthesis approach provides a sustainable and

cost-effective method for nanoparticle production, with promising implications in cancer therapeutics.

1. Introduction

Green nanotechnology related to fabrication of nanoparticles using
natural plant resources are gaining tremendous interest [1]. Among
various kind of nanoparticles (NPs), biocompatible metal nanoparticles
like Ag, Au, Zn NPs are being widely investigated [2]. In particular, gold
nanoparticles are being comprehensively investigated in view of their
biomedical applications [3]. Several literatures related to the multi-step
chemical routes have been reported [4-7]. These methodologies openup
for the fabrication of nanoparticles like laser ablations, ion implantation,
high energy ball milling so on [8,9]. However, the experimental set up
design are very costly, requires multi-step protocols, solvents and are
potentially eco-unfriendly [10,11]. Several biosynthesis using microbial
enzyme has been reported. For Au NPs, many biological substrates such
as enzyme [12], fungus [13], and algae [14,15] have proved as a
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successful sources. The consumption of fruits and vegetables are steadily
increasing worldwide [16]. In parallel, huge amount of horticulture
waste remains unused and disintegrate into environment [16].

Green synthesis of metal NPs by fruit and vegetable waste as bio-
reductant is prospected to be a cost effect and green technology [17-21].
However, only afew reports available related to the synthesis of NPs
using fruit peels [22]. The occurrence of secondary metabolites like
flavonoids and alkaloids, in crude peel extract is reported to help in
bioreduction for generation of nanoparticles [23]. Cancer (Malignancy)
caused by the uncontrolled cell growth pose a serious health issues [24].
The cancer burden is expected to increase to about 24 million by 2035.
Recently, nano particle therapeutics (nanomedicine) has been attractive
for drug therapy research. [25,26]. The mode of cancer treatment is
widely through Chemotherapy [27]. Though such treatment is effective
for selected cancers, it remains less effective for liver, skin, and breast
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cancers. [28]. Recently, silver nanoparticles are utilized for anticancer
treatment against mammalian cancer growth [29-31] such as langryl
cancer, breast cancer, colon cancer etc.

In this study, we present a new eco-friendly method for producing
gold nanoparticles using fruit peel extract as a reducing agent. This is the
first report on the sustainable biosynthesis of gold nanoparticles and
their bioactivity assessment against HT-29 colon cancer cell lines. The
successful creation of gold nanoparticles has been verified through
extensive characterization techniques, including UV-VIS, FTIR, XRD,
and TEM analysis. Additionally, the synthesized gold nanoparticles were
tested for antibacterial activity against Escherichia coli and Salmonella

typhi.
2. Experimental
2.1. Materials

Raw fruits of Banana (Musa acuminate), Orange (Citrus sinensis),
Pomegranate (Punicagranatum), Apple (Maluspumila) peels were
collected from Ulavarsandhai, Pallavaram, Chennai, Tamilnadu, India.
Chloro auric acid (99 %) was obtained from Sigma Aldrich, USA.
Dimethyl sulfoxide (99.9 %) was obtained from SRL, India.

2.2. Extraction of fruit peels

Fruit peels was gathered from koyambedu market, Chennai. A total
of 12.5 g of each fruit peel waste was chopped into small pieces, rinsed
twice with double distilled water, and then placed in a 250-mL beaker
with 100 mL of distilled water. The mixture was stirred thoroughly and
boiled for 15 min at a temperature of 50 °C. After one hour, it was
filtered and allowed to cool to room temperature. Once filtered, the
extract was stored for future synthesis.

2.3. Synthesis of gold nanoparticles at RT

The collected filtrate was treated with aqueous 0.1 mM HAuCly so-
lution to form gold nanoparticles. The yellow to brownish colour
transformation further confirms the nanoparticle formations [17]. The
results were in agreement with the previous report [18,32]. Finally, the
particles was centrifuged at 6000-7000 rpm for 20-30 min. The solid
deposits are collected and kept on hot air oven for drying purpose make
into a powder in the need of particles characterizations.

2.4. Antibacterial activity of AuNPs

The well diffusion assay was used to test Au NPs against two specific
microorganisms S. typhi, E. coli were harvested from the early stationary
phase of their growth and their cultures’ concentrations using sterile
Sabourad Dextrose broth. The grown bacterial pathogens were swabbed
on the MHB, then using cork borer wells were made and different con-
centrations of AuNPs were loaded separately, the zone of inhibitions was
then measured using a zone scale after the plates were incubated at
37 °C for 16 h.

2.5. Characterization techniques of nanoparticles

The UV-VIS-NIR spectrum of effectively obtained NPs was collected
with an (Shimadzu UV 5600 plus wide wavelength range 185-3300 nm
with low noise 0.00003 abs at 1500 nm, Japan) spectrophotometer [33].
The FTIR spectrometer (Perkin Elmer, Spectrum two FT-IR/Sp10 soft-
ware, USA) with KBr pellet was used for collecting functional group data
in the region of 4000-400 cm-1. XRD measurement of the NPs, where
only 5 mg sample was added, was done on a Rigaku smart lab, Japan
diffractometer operating at a voltage of 9 kW with Cu-Ka radiation (A =
1.5406 A). The XRD spectrum has been examined and acquired with
scanning range values of 20° and 80°. The inner morphology of the
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nanoparticles was studied using a HR-TEM (The Thermo Scientific Talos
F200S G2, VeloX software, USA). For descriptive purposes, a 5 mg of the
materials were sonicated in ethanol, and a drop of it was cast in a copper
grid with a 300-mesh carbon layer by layer for magnetic measurements.

2.6. MTT assay

The standard MTT assay protocol has been followed as prescribed in
our previous report [34]. Determination of the Minimum Inhibitory
Concentration (MIC) using the Micro Broth Dilution Method combined
with the MTT Assay. The test material is dispersed in 10 % of DMSO
solution. The primary concentration of the sample was consecutively
thinned in a 96 well plate and incorporated with 5 pl of suspension
contains about 108 CFU ml~! bacterial growth. The plates were incu-
bated at 37 °C for 24 h. The intensity of culture from each well was
monitored at 600 nm and the results were compared with control. The
MIC of synthesized gold nanoparticles was determined at the least
concentration leads to the inhibit the microbial growth.

3. Results and discussion
3.1. Physicochemical characterization

The visual confirmation for the transformation of Au nanoparticle
using fruit peel extract was obtained by the rapid colour transformation
from yellow to dark brownish was shown in the Fig. 1. The phytocon-
stituents present in the BOPA extract shows a band at 427 nm (Fig. 2 (a))
and aqueous HAuCl, shows a band at 306 nm (Fig. 2 (b)). After reduc-
tion of Au®*, the formation of AuNPs with the presence of peak at about
525 nm (Fig. 2 (c¢)) due to surface plasmon resonance of AuNPs (Fig. 2).
This result shows that gold metal ions are slowly reduced by an extract of
combined peel contains active phytochemicals which is coincide with
the previous investigation [31,35]. (See Table 1.)

3.2. X-ray diffraction studies

The XRD pattern of GNP showed crystalline phase with Bragg’s
reflection (111), (200), (220) and (311) at 26 = 38.35°, 43.50°, 63.70°
and 77.15° (Fig. 3). The peaks indicates the FCC structure of the GNP.
The average size of GNP was determined using the Debye-Scherrer’s
equation [36].

3.2.1. TEM analysis

The Au NPs size and morphology was obtained using TEM analysis.
The size of synthesized Au nanoparticles was measured based on the
image of TEM (Fig. 4). The size distribution of NPs was about 38 nm. The
results of TEM image (Fig. 4a—c) explained that the gold nanoparticles
are low polydispersity spherical form with the diameter range of 25-50

Fig. 1. Colour transformation from yellow to dark brownish of GNP. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 2. UV-Visible spectra of (a) BOPA Extract, (b) aqueous HAuCl, and (c)
Au NPs.

nm, influence due to the existence of carbon-based materials that
execute the role of surfactant [37]. The interplanar distance (0.216 nm)
of the samples synthesized was shown in Fig. 4b, which correspond to
the distance from the plane (111) of gold nanopartilces. This result
joined to the SAED (Fig. 4d & Fig. 4e) prove the high crystallinity of the
AuNPs. The peak which denotes (111) is more strong than the other
planes signifying that (111) is the major alignment and the synthesized
GNP are crystalline in nature. The result were coincide with reported
earlier in GNP [38,39]. Due to the symmetric fcc lattice of Au, the for-
mation of anisotropic Au nanostructures is impossible due to symmetry
breaking in fcc metals. The particle size of the GNP was around 38.33 nm
(Fig. 4f).

3.2.2. FTIR analysis

FTIR analysis is employed for analysing the biomolecules of com-
bined fruit peel extract represent in Fig. 5.1 which depiction the possible
biomolecules present in the fruit extract which is responsible for the
reduction of gold ions and its interaction with the AuNPs. The occur-
rence of flavonoids in the fruit extract which result in reduction of
chloroauric acid [40] and the electrostatic repulsion are due to the
presence of carbohydrate group [41,42]. The schematic representation
of the reduction and stabilization of NPs by the phytochemical present in
the fruit extract is shown in Fig. 6.

The key IR peaks observed for BOPA are at [provide wavenumbers, e.
g., 3200 cm~! (0—H stretching), 1650 cm~! (C=0 stretching), etc.],
which correspond to functional groups such as [hydroxyl, carbonyl,
etc.]. These peaks confirm the presence of bioactive compounds in the
extract (Fig. 5.1).

The IR spectrum of AuNPs (Fig. 5.2) shows intense bands at 3269.24,
2926.01, 1751.36, 1585.49, 1276.88 and 796.70 cm™'. The broad band
at 3269.24 cm ! corresponds to the stretching vibrations of —OH group

Table 1
Comparative Studies with previous reported literature.
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of phenolic compounds. The weaker band at 2926 cm™! decide to
asymmetric stretching of —C—H groups. The sharp peaks at 1751.36
em! and at 1585.49 cm™! were assigned to the carbonyl stretching
vibration (amide I) and a mixed vibration of NH deformation and CN
stretch (amide IT) in amides respectively. The peaks 1276 cm™! denotes
to C—N stretching vibrations of aromatic amines [43]. Flavonoids and
polyphenols provide electrons to convert gold ions, while carboxyl and
hydroxyl groups help stabilize the resulting nanoparticles, preventing
them from clumping together. FTIR analysis verifies the existence of
hydroxyl (—OH) and carbonyl (—C=—O0) groups on the gold nano-
particles (AuNPs), which enhance cellular interactions and boost anti-
cancer effectiveness. The bio-functionalized surface may facilitate the
internalization of nanoparticles via endocytosis, activating oxidative
stress and apoptosis pathways in cancer cells. The synergistic effect of
AuNPs and polyphenols results in greater damage to bacterial mem-
branes, as demonstrated by TEM analysis. (See Fig. 10.)

3.3. Green approach of nanoparticles synthesis

Plants are rich in bioactive compounds like alkaloids, phenols, fla-
vonoids, proteins, and vitamins. These compounds possess antioxidant
properties that help reduce metals to their corresponding nanoparticles
and act as stabilizing agents for these metal nanoparticles. Additionally,
they aid in the functioning of metal nanoparticles within the human
body without causing harm. Numerous studies have explored the syn-
thesis of metal nanoparticles, including Pt, Mg, Ag, Zn, and Cu, using
natural materials such as seeds, peels, leaves, and root extracts from
plants. The findings indicate that noble metal nanoparticles are signifi-
cant in medical, industrial, and environmental applications.

Peel extract contains large amounts of poly-phenol compounds like
flavonoids and Phenolic groups corresponding to the mechanism of
metal ion reduction [44]. More over the enzyme protein presentin the
combined fruit peel extract get released and bind with Au™ ions to form
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Fig. 3. XRD pattern of GNP.
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Fig. 4. TEM image of GNP.

protein substrate complex [45]. This enzyme induced the conversion of
metal state ions into nanopartice formation with enzyme protein as
capping agent.

BOPA mediated synthesized nanoparticles were examined to assess
their antibacterial action against most pathogenic organisms including
Escherichia coli and Salmonella typhi using disc diffusion method.
Assessment of bactericidal properties of these nanoparticles was
measured by level of zone of inihibition (Table 2a) and Statistical
analysis of MIC values (Table 2b) .The result exposed that synthesized
gold nanoparticles were possibly powerful in suppressing the microbial
growth with variable strength. The best concentrate impeding microbial
development of all tried pathogenic microscopic organisms at 10 pg/ml

concentration, E.coli.was shown extensive inhibitory effect out of gram
negative bacteria S.typhi. Since, these procedure were followed to
evaluate their minimal inhibitory concentration (MIC) against the most
liable bacterial strains (Fig. 7). The MIC effect of S. typhi and E. coli found
at 3.5 pg/ml and 2.3 pg/ml with inhibition zones of 9.7 and 8.1 mm,
respectively. We have performed the experiment triplicate to identify
MIC effect and also provided the standard deviation graph (Fig. 7a &
7b).

The combined fruit peels waste mediated synthesis of Au NPs have
been evaluated against two different type of bacteria which revealed
better bactericidal activity. The result could be obtained owing to the
ability of Au NPs adher to the bacterial outer layer by basic electrostatic
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Fig. 5.2. FTIR analysis of GNP.
interaction to rapture the cell completely [46]. More over nanoparticles

are tend to stop productions of Adenosine Triphospates (ATPs) in order
to inhibit the metabolic pathway [36]. The pathogenicity of Au NPs with
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the bacterial cell wall to disturb the entire cell contents which can be
used in oral drug clinical trials [47]. The free radicals are induced
reactive oxidatative stress in order to implement the cell death [48]. The
interaction between immoderate size Au NPs and bacteria relatively
induce asymmetrical metabolic rate in order to increase intracellular
reactive oxygen species (ROS) rapidly that accumulated bacterial death
[49-51]. The potential usage of Au NPs in medical science field par-
ticulary for cancer treatment has been a subject matter of analysis, due
to it’s associated with cytotoxicity explored with entire human bio-
molecules like cells and tissues.

3.4. Cytotoxicity properties of AuNPs against colon cancer cell lines

The cytotoxicity properties of Au nanoparticles against the human
colon cancer cells (HT-29) have been shown with cytotoxicity effect
(Fig. 8). The cytotoxicity of nanoparticles is entirely depends on the dose
treated with cancer cells. The peel mediated synthesized Au NPs
expressed comparatively effective nano cytotoxicity against HT29 in
concentration dependent manner at 50 pl followed by 40 pl, 30 pl, 20 pl
and 15 pl. Several reports has shown the effect of Au NPs functionalized
with biocompatible polymers against cancer cells [32, 50.51]. Likewise,
silver nanoparticle also been a platform for treatment of several human
cancer diseases such as human colon cancer HT 29 cell line [52]. The
nano-cytotoxic impact of Au NPs is due to dynamic interation with
proteins that are present inside of the cell wall, and also bind with DNA
contents [53]. There are number of relevantresearch revealed already
that the nano cytotoxic propertiesof metal nanparticles are expressed
mainly by blocking tumor inducing proteins. Similarly other nucleic
acid based immunization treatment also exhibited a sufficient impact on
anti-cancer studies [54]. Fig. 9 represent the antitumour activity of Au
NPs against HT 29 cancer cells. The cells were treated with different
concentrations of Au NPs of 15 pl, 20 pl, 30 pl, 40 pl and 50 pl, and 0 will
be control, respectively. The study shows an effective anti-cancer
property of Au nanoparticles in dose dependent manner (Fig. 8).

The study evaluates the bioactivity of green gold nanoparticles
(GNPs) only against HT-29 colon cancer cells. Testing on additional
cancer cell lines and normal cell lines would provide a more compre-
hensive understanding of their therapeutic potential and cytotoxic
selectivity.

The study does not explore the exact molecular mechanisms under-
lying the cytotoxic effects of GNPs on HT-29 cells, such as apoptosis
induction, ROS generation, or specific signaling pathway modulation.

3.5. Statistical analysis and significance of results

All experiments were conducted in triplicate to ensure the repro-
ducibility and reliability of the results. Data are presented as mean
values accompanied by standard deviation (mean + SD). Statistical

Isolation

@ 3 r<¢ | Reduction
vd ' » —
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Fig. 6. Schematic representation of GNP synthesis.
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Fig. 7. Antibacterial activity of BOPA-mediated gold nanoparticles (AuNPs) against (a) Salmonella typhi and (b) Escherichia coli using the well diffusion method. Each
well was loaded with different volumes of AuNPs: 5 pL, 10 pL, 15 pL, and control. In the petri plates, the wells are labeled accordingly — “5 pL”, “10 pL”, and “15 pL”
represent the respective AuNP concentrations, and “C” denotes the control well containing standard antibiotic (amikacin). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. (a) Standard deviation graph of S.typhi and (b) Standard deviation graph of E.coli.
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significance for both cytotoxic and antibacterial assays was assessed
using one-way analysis of variance (ANOVA), followed by Tukey’s post
hoc test for multiple comparisons. A p-value less than 0.05 were
considered statistically significant. All statistical analyses were per-
formed using SPSS version 26.0 (IBM Corp., Armonk, NY, USA).

For the MTT assay, cell viability percentages were calculated, and
the ICso values indicating the concentration required to inhibit 50 % of
cell growth—were obtained through nonlinear regression analysis in
SPSS. The data revealed a concentration-dependent cytotoxic effect of
green-synthesized gold nanoparticles (GNPs) on HT-29 colon cancer
cells, with statistically significant differences observed across increasing
doses (p < 0.05). In the antibacterial assay, minimum inhibitory con-
centrations (MICs) were determined by identifying the lowest GNP
concentration that effectively inhibited bacterial growth. Zones of in-
hibition (measured in mm) were analyzed using ANOVA to compare the
antimicrobial effects of GNPs against Escherichia coli and Salmonella
typhi. The statistical results confirmed significant antibacterial activity
(p < 0.05), with E. coli showing a greater zone of inhibition compared to
S. typhi. These analyses support the biological effectiveness and poten-
tial therapeutic applications of the green-synthesized gold
nanoparticles.

Table 3 compares our findings with previous research on green-
synthesized gold nanoparticles (GNPs), focusing on variations in
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Fig. 10. Antitumour activity of MPE mediated GNP against HT 29 Cancer cell lines (a) normal cell and treated cells at different concentrations (b) 15 pl of BOPA
mediated GNP, (c) 20 pl of BOPA mediated GNP, (d) 30 pl of BOPA mediated GNP, (e) 40 pl of BOPA mediated GNP and (f) 50 pl of BOPA mediated GNP.

Table 2a
Antibacterial activity of gold nanoparticles against selected bacteria through
MIC. Values are expressed as mean + standard deviation (n = 3).

MIC values of synthesized GNP against S.typhi and E.coli

Organisms 5 pl of AuNP 10 pl of AuNP 15 pl of AuNP Control
Amikacin
S. typhi 9.6 +0.12 9.7 £ 0.09 9.8 £0.15 10 + 0.00
E. coli 8.1+0.10 8.2+0.11 8.3+£0.13 10.1 £ 0.00
Table 2

(b) Statistical analysis of MIC values for S. typhi and E. coli. Results are presented
as mean =+ standard deviation from three independent experiments.

Mean Value + SD Maximum Value Minimum Value Variance
S. typhi 60.32 + 8.25 32.00 64.00 79.35
E. coli 61.44 + 9.65 32.00 64.00 78.51

synthesis methods, particle size, stabilizing agents, and applications.
Like other studies, our research highlights the eco-friendly benefits of
green synthesis, particularly through the use of plant extracts and other
biogenic sources for nanoparticle stabilization. This comparison em-
phasizes the increasing potential of green-synthesized GNPs across
diverse applications, offering a more sustainable alternative to tradi-
tional chemical synthesis methods.

4, Conclusion

Green synthesis of biocompatible Au NPs using natural resource are
most attractive in biomedical applications. We have shown that waste
fruit peel can be used as bioreductant to reduce HAuCls to Au NPs. The
synthesized Au nanoparticles coordination environment was observed
an intensive peak at 525 nm with UV-Visible spectroscopy. The XRD
showed highly ordered fcc structure. The FTIR showed presence of
functional groups responsible for reduction and stabilization of Au®" to
Au® species. TEM analysis showed the presence of irregular spherical
like shaped Au NPs distributed in sizes between 25 and 45 nm. The
characterization revealed that natural peel extract may act both as
capping and reducing agent. Au NPs showed antibacterial effect with
MIC effect of S. typhi and E. coli found at 3.5 pg/ml and 2.3 pg/ml with
inhibition zones of 9.7 and 8.1 mm, respectively. The study showed an
effective anti-cancer property of Au NPs in dose dependent manner. Au
NPs fabrication mediated by plant products have advantage over the
other chemical and physical based techniques. The reported synthesis
protocol is simple and eco-friendly, that can be applied to different metal
nanoparticles, thereby opening entirely new avenues for various appli-
cations. Further experimental evaluation is needed in in vivo studies.
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Table 3

Comparative summary of our findings against prior studies on green-synthesized GNPs.
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y 5 ge, g s APP! S. typhi: 3.5
ijayak 1. (201 Fruit E A Ei ia ji
Vijayakumar et al. (2019) ruit Extract (Aegle marmelos, Eugenia jambolana and 530 30-50 E coli: 3.8, S. typhi: 5.0 3540
[1] soursop extracts)
Yang et al. (2014) [2] Mango Peel 540 50-100 4.5 (average) 40+
Hamelian et al. (2018) [3]  Thyme 535 45-60 E. coli: 5.0, S. typhi: 6.2 ~50
Ullah et al. (2016) [4] Blackberry/Turmeric 532 30-55 E. coli: 6.2 N/A
editing. Rajabhuvaneswari Aryamuthu: Methodology, Data curation. [11] K. Arif Ullah, Y. Qipeng, W. Yun, K. Gul Majid, H.K. Zia UL K. Shafiullah,

Funding sources

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

One of the authors, T. Somanathan would like to thank to Central
Instrumentation Laboratory (CIL), VISTAS, for providing the
Infrastructure.

Data availability

The data that has been used is confidential.

References

[1] M. Zargar, A.A. Hamid, F.A. Bakar, M.N. Shamsudin, K. Shameli, F. Jahanshiri,
F. Farahani, Green synthesis and antibacterial effect of silver nanoparticles using
Vitexnegundo L, Molecules 16 (8) (2011) 6667-6676, https://doi.org/10.3390/
molecules16086667.

K. Jagajjanani Rao, P. Santanu, Aegle marmelos leaf extract and plant surfactants
mediated green synthesis of au and ag nanoparticles by optimizing process
parameters using Taguchi method, ACS Sustain. Chem. Eng. 3 (3) (2015) 483-491,
https://doi.org/10.1021/acssuschemeng.5b00022.

F.P. Giulio, M. Lonnie, W. David, G. Dan, P. Nicolae, E.M. Richard, T. Lawrence,
Colloidal gold: a novel nanoparticle vector for tumor directed drug delivery, Drug
Deliv. 11 (3) (2004) 169-183, https://doi.org/10.1080/10717540490433895.

T. John, S. Peter Cooper, H. James, A study of the nucleation and growth processes
in the synthesis of colloidal gold, Discuss. Faraday Soc. 11 (1951) 55-75, https://
doi.org/10.1039/DF9511100055.

S. Petr, S.K. Nikola, S. Jakub, K. Zdenka, S. Véclav, Methods of gold and silver
nanoparticles preparation, Materials 13 (1) (2020) 1, https://doi.org/10.3390/
mal3010001.

[6] B.M. Mona, T.A. Nour, M.E. Ola, A.E. Mostafa, 5-fluorouracil induces plasmonic
coupling in gold nanospheres: new generation of chemotherapeutic agents,

J. Nanomed. Nanotechnol. 3 (7) (2012), https://doi.org/10.4172/2157-
7439.1000146.

R. Balachandar, P. Gurumoorthy, N. Karmegam, H. Barabadi, R. Subbaiya,

K. Anand, P. Boomi, M. Saravanan, Plant-mediated synthesis, characterization and
bactericidal potential of emerging silver nanoparticles using stem extract of
Phyllanthus pinnatus: a recent advance in Phytonanotechnology, J. Clust. Sci. 30 (6)
(2019) 1481-1488, https://doi.org/10.1007/s10876-019-01591-y.

[8] A. Maniraj, M. Kannan, K. Rajarathinam, S. Vivekanandhan, S. Muthuramkumar,
Green synthesis of silver nanoparticles and their effective utilization in fabricating
functional surface for antibacterial activity against multi-drug resistant Proteus
mirabilis, J. Clust. Sci. 30 (6) (2019) 1403-1414, https://doi.org/10.1007/s10876-
019-01582-z.

A. Shakeel, A. Mudasir, S. Babu Lal, I. Saiqa, A review on plants extract mediated
synthesis of silver nanoparticles for antimicrobial applications: a green expertise,
J. Adv. Res. 7 (1) (2016) 17-28, https://doi.org/10.1016/j.jare.2015.02.007.

K. Lirdprapamongkol, W. Warisnoicharoen, S. Soisuwan, J. Svasti, Eco-friendly
synthesis of Fucoidan-stabilized gold nanoparticles, Am. J. Appl. Sci. 7 (8) (2010)
1038-1042, https://doi.org/10.3844/ajassp.2010.1038.1042.

[2

—

[3

=

[4

=

[5

[}

[7

—

[9

—_

[10]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

A. Farman, T. Kamran, A. Aftab, U.K. Faheem, Photocatalytic and antibacterial
response of biosynthesized gold nanoparticles, J. Photochem. Photobiol. B Biol.
162 (2016) 273-277, https://doi.org/10.1016/j.jphotobiol.2016.06.055.

M. Amit Kumar, C. Yusuf, B. Uttam Chand, Synthesis of metallic nanoparticles
using plant extracts, Biotechnol. Adv. 31 (2) (2013) 346-356, https://doi.org/
10.1016/j.biotechadv.2013.01.003.

K.B. Narayanan, N. Sakthivel, Facile green synthesis of goldnanostructures by
NADPH-dependent enzyme from the extract of Sclerotium rolfsii, Colloids Surf. A
Physicochem. Eng. Asp. 380 (1-3) (2011) 156-161, https://doi.org/10.1016/j.
colsurfa.2011.02.042.

N.N. Dhanasekar, G.R. Rahul, K.B. Narayanan, G. Raman, N. Sakthivel, Green
chemistry approach for the synthesis of gold nanoparticles using the fungus
Alternaria sp, J. Microbiol. Biotechnol. 25 (7) (2015) 1129-1135, https://doi.org/
10.4014/jmb.1410.10036.

K.C. Sunil, S. Utsav, R.K. Nairy, G. Chethan, S.P. Shenoy, M.S. Mustak, N. Yerol,
Synthesis and characterization of Zng 4Cog ¢Fe2O4 superparamagnetic
nanoparticles as a promising agent against proliferation of colorectal cancer cells,
Ceram. Int. 47 (13) (2021) 19026-19035, https://doi.org/10.1016/j.
ceramint.2021.03.248.

N.A. Sagar, S. Pareek, S. Sharma, E.M. Yahia, M. Gloria Lobo, Fruit and vegetable
waste: bioactive compounds, their extraction, and possible utilization, Compr. Rev.
Food Sci. Food Saf. 17 (3) (2018) 512-531, https://doi.org/10.1111/1541-
4337.12330.

S.D. Bhinge, D. Pratiksha, B.M. Anil, J.N. Ramhari, S.V. Rajaram, J. Ajit, S.

S. Gurav, Facile synthesis and surface characterization of platinum and gold
bimetallic nanoparticles prepared using hydroalcoholic extract of Bryophyllum
Pinnatum: enhancing efficacy against breast cancer, Inorg. Chem. Commun. 165
(2024) 112555, https://doi.org/10.1016/j.inoche.2024.112555.

S.V. Kadam, C.S. Magdum, S.R. Kane, M.A. Bhutkar, D.S. Randive, S.D. Bhinge, K.
D. Sonawane, Investigation of therapeutic potential of biosynthesized silver and
gold nanoparticles using extract of wrightia tinctoria, Nanosci. Nanotechnol.-Asia
14 (2) (2024) 56-68, https://doi.org/10.2174/
0122106812264073230929170021.

A. Hossain, M.T. Rayhan, M.H. Mobarak, M.L.H. Rimon, N. Hossain, S. Islam, S.
A. Al Kafi, Advances and significances of gold nanoparticles in cancer treatment: a
comprehensive review, Results Chem. (2024) 101559, https://doi.org/10.1016/j.
rechem.2024.101559.

S.D. Bhinge, S. Jadhav, P. Lade, M.A. Bhutkar, S. Gurav, N. Jadhav, N. Upmanyu,
Biogenic nanotransferosomal vesicular system of Clerodendrum serratum L. for
skin cancer therapy: formulation, characterization, and efficacy evaluation, Future
J. Pharm. Sci. 11 (1) (2025) 5.

L. Shabani, S.R. Kasaee, S. Chelliapan, M. Abbasi, H. Khajehzadeh, F.S. Dehghani,
H. Kamyab, An investigation into green synthesis of Ru template gold nanoparticles
and the in vitro photothermal effect on the MCF-7 human breast cancer cell line,
Appl. Phys. A 129 (8) (2023) 564.

M. Abbasi, S.R. Kasaee, H. Kamyab, S. Chelliapan, 1. Kirpichnikova, Z.H. Mussa,
S. Mosleh-Shirazi, A llium hooshidaryae (Alliaceae)-based green-synthesized
Fe304@ MoS2 core-shell nanoparticles coated with chitosan and investigating
their biological properties, Appl. Phys. A 130 (5) (2024) 284.

V. Ganesh, S. Kumar, D. Gokavarapu, A. Rajeswari, T. Stalin Dhas, V. Karthick,
Z. Kapadia, T. Shrestha, A. Barathy, A. Roy, S. Sinha, Facile green synthesis of gold
nanoparticles using leaf extract of antidiabetic potent Cassia auriculata, Colloids
Surf. B: Biointerfaces 87 (1) (2011) 159-163, https://doi.org/10.1016/j.
colsurfb.2011.05.016.

B. Sadeghi, M. Mohammadzadeh, B. Babakhani, Green synthesis of gold
nanoparticles using Stevia rebaudiana leaf extracts: characterization and their
stability, J. Photochem. Photobiol. B Biol. 148 (2015) 101-106, https://doi.org/
10.1016/j.jphotobiol.2015.03.025.

N. Yang, L. Weihong, L. Hao, Biosynthesis of au nanoparticles using agricultural
waste mango peel extract and its in vitro cytotoxic effect on two normal cells,
Mater. Lett. 134 (2014) 67-70, https://doi.org/10.1016/j.matlet.2014.07.025.
N.M. Nadagouda, N. Iyanna, J. Lalley, C. Han, D.D. Dionysiou, S.V. Rajender,
Synthesis of silver and gold nanoparticles using antioxidants from blackberry,
blueberry, pomegranate, and turmeric extracts, ACS Sustain. Chem. Eng. 2 (7)
(2014) 1717-1723, https://doi.org/10.1021/s¢500237k.

A. Kanchana, M. Balakrishna, Anti-cancer effect of saponins isolated from Solanum
trilobatum leaf extract and induction of apoptosis in human larynx cancer cell lines,
Int J Pharm Pharm Sci 3 (4) (2011) 356-364.

C.Y. Huang, D.T. Ju, C.F. Chang, P. Muralidhar Reddy, B.K. Velmurugan, A review
on the effects of current chemotherapy drugs and natural agents in treating


https://doi.org/10.3390/molecules16086667
https://doi.org/10.3390/molecules16086667
https://doi.org/10.1021/acssuschemeng.5b00022
https://doi.org/10.1080/10717540490433895
https://doi.org/10.1039/DF9511100055
https://doi.org/10.1039/DF9511100055
https://doi.org/10.3390/ma13010001
https://doi.org/10.3390/ma13010001
https://doi.org/10.4172/2157-7439.1000146
https://doi.org/10.4172/2157-7439.1000146
https://doi.org/10.1007/s10876-019-01591-y
https://doi.org/10.1007/s10876-019-01582-z
https://doi.org/10.1007/s10876-019-01582-z
https://doi.org/10.1016/j.jare.2015.02.007
https://doi.org/10.3844/ajassp.2010.1038.1042
https://doi.org/10.1016/j.jphotobiol.2016.06.055
https://doi.org/10.1016/j.biotechadv.2013.01.003
https://doi.org/10.1016/j.biotechadv.2013.01.003
https://doi.org/10.1016/j.colsurfa.2011.02.042
https://doi.org/10.1016/j.colsurfa.2011.02.042
https://doi.org/10.4014/jmb.1410.10036
https://doi.org/10.4014/jmb.1410.10036
https://doi.org/10.1016/j.ceramint.2021.03.248
https://doi.org/10.1016/j.ceramint.2021.03.248
https://doi.org/10.1111/1541-4337.12330
https://doi.org/10.1111/1541-4337.12330
https://doi.org/10.1016/j.inoche.2024.112555
https://doi.org/10.2174/0122106812264073230929170021
https://doi.org/10.2174/0122106812264073230929170021
https://doi.org/10.1016/j.rechem.2024.101559
https://doi.org/10.1016/j.rechem.2024.101559
http://refhub.elsevier.com/S2211-7156(25)00317-0/rf0100
http://refhub.elsevier.com/S2211-7156(25)00317-0/rf0100
http://refhub.elsevier.com/S2211-7156(25)00317-0/rf0100
http://refhub.elsevier.com/S2211-7156(25)00317-0/rf0100
http://refhub.elsevier.com/S2211-7156(25)00317-0/rf0105
http://refhub.elsevier.com/S2211-7156(25)00317-0/rf0105
http://refhub.elsevier.com/S2211-7156(25)00317-0/rf0105
http://refhub.elsevier.com/S2211-7156(25)00317-0/rf0105
http://refhub.elsevier.com/S2211-7156(25)00317-0/rf0110
http://refhub.elsevier.com/S2211-7156(25)00317-0/rf0110
http://refhub.elsevier.com/S2211-7156(25)00317-0/rf0110
http://refhub.elsevier.com/S2211-7156(25)00317-0/rf0110
https://doi.org/10.1016/j.colsurfb.2011.05.016
https://doi.org/10.1016/j.colsurfb.2011.05.016
https://doi.org/10.1016/j.jphotobiol.2015.03.025
https://doi.org/10.1016/j.jphotobiol.2015.03.025
https://doi.org/10.1016/j.matlet.2014.07.025
https://doi.org/10.1021/sc500237k
http://refhub.elsevier.com/S2211-7156(25)00317-0/rf0135
http://refhub.elsevier.com/S2211-7156(25)00317-0/rf0135
http://refhub.elsevier.com/S2211-7156(25)00317-0/rf0135

L. Venkateswaran et al.

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

371

[38]

[39]

[40]

[41]

non-small cell lung cancer, Biomedicine 7 (4) (2017), https://doi.org/10.1051/
bmdcn/2017070423.

F. Dehghani, S. Mosleh-Shirazi, M. Shafiee, S.R. Kasaee, A.M. Amani, Antiviral and
antioxidant properties of green synthesized gold nanoparticles using Glaucium
flavum leaf extract, Appl. Nanosci. 13 (6) (2023) 4395-4405, https://doi.org/
10.1007/s13204-022-02705-1.

Y. Unno, Y. Shino, F. Kondo, N. Igarashi, G. Wang, R. Shimura, T. Yamaguchi,
T. Asano, H. Saisho, S. Sekiya, H. Shirasawa, Oncolytic viral therapy for cervical
and ovarian cancer cells by Sindbis virus AR339 strain, Clin. Cancer Res. 11 (12)
(2005) 4553-4560, https://doi.org/10.1158/1078-0432.CCR-04-2610.

F.S. Rosarin, V. Arulmozhi, S. Nagarajan, S. Mirunalini, Antiproliferative effect of
silver nanoparticles synthesized using amla on Hep2 cell line, Asian Pac J Trop
Med 6 (1) (2013) 1-10, https://doi.org/10.1016/51995-7645(12)60193-X.

S. Harmsen, M.A. Wall, R. Huang, M.F. Kircher, Cancer imaging using surface-
enhanced resonance Raman scattering nanoparticles, Nat. Protoc. 12 (7) (2017)
1400-1414, https://doi.org/10.1016/52222-1808(12)60129-7.

S. Valsalam, P. Agastian, G. AliEsmail, A.K. Mohammed Ghilan, N. AbdullahAl-
Dhabi, M.V. Arasu, Biosynthesis of silver and gold nanoparticles using Musa
acuminata colla flower and its pharmaceutical activity against bacteria and
anticancer efficacy, J. Photochem. Photobiol. B Biol. 201 (2019) 111670, https://
doi.org/10.1016/j.jphotobiol.2019.111670.

N. Vigeshwaran, M. Ashtaputre, R.P. Nachane, K.M. Paralikar, H. Balasubramanya,
Biological synthesis of silver nanoparticles using the fungus aspergillus flavus,
Mater. Lett. 61 (6) (2007) 1413-1418, https://doi.org/10.1016/j.
matlet.2006.07.042.

N. Kiruthika, T. Somanathan, Green way genesis of silver nanoparticles using
multiple fruit peels waste and its antimicrobial, anti-oxidant and anti-tumor cell
line studies, IOP Conf. Series: Mater. Sci. Eng. 191 (1) (2017) 012009. IOP
Publishing, https://doi.org/10.1088/1757-899X/191/1/012009.

S. Vijayakumar, S. Ganesan, Size-dependent in vitro cytotoxicity assay of gold
nanoparticles, Toxicol. Environ. Chem. 95 (2) (2013) 277-287, https://doi.org/
10.1080/02772248.2013.770858.

M. Hamelian, K. Varmira, H. Veisi, Green synthesis and characterizations of gold
nanoparticles using thyme and survey cytotoxic effect, antibacterial and
antioxidant potential, J. Photochem. Photobiol. B Biol. 184 (2018) 71-79, https://
doi.org/10.1016/j.jphotobiol.2018.05.016.

L. Gonzalez, N. Almaraz, J. Proal, F. Robles, G. Del Toro, M. Quintos, Surfactant
properties of the saponins of Agave durangensis, application on arsenic removal,
Int. J. Eng. 4 (2) (2013) 87-94.

B. Sharma, D.D. Purkayastha, S. Hazra, M. Thajamaobi, C.R. Bhauacharjee, N.

N. Ghosh, J. Rout, Biosynthesis of fluorescent gold nanoparticles using an edible
freshwater red alga, Lemanea fluviatilis (L.) c.ag. And antioxidant activity of
biomatrix loaded nanoparticles, Bioprocess Biosyst. Eng. 37 (12) (2014)
2559-2565, https://doi.org/10.1007/500449-014-1233-2.

H. Borchert, E.V. Shevchenko, A. Robert, I. Mekis, A. Kornowski, G. Grubel,

H. Weller, Determination of nanocrystal sizes: a comparison of TEM, SAXS, and
XRD studies of highly monodisperse CoPt3 particles, Langmuir 21 (5) (2005)
1931-1936, https://doi.org/10.1021/1a0477183.

S. Vijayakumar, Eco-friendly synthesis of gold nanoparticles using fruit extracts
and in vitro anticancer studies, J. Saudi Chem. Soc. 23 (6) (2019) 753-761,
https://doi.org/10.1016/j.jscs.2018.12.002.

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

Results in Chemistry 16 (2025) 102334

S. Vijayakumar, S. Ganesan, In vitro cytotoxicity assay on gold nanoparticles with
different stabilizing agents, J. Nanomater. 2012 (2012), https://doi.org/10.1155/
2012/734398.

B. Mondal, N. Kamatham, S.R. Samanta, P. Jagadesan, J. He, V. Ramamurthy,
Synthesis, characterization, guest inclusion, and photophysical studies of gold
nanoparticles stabilized with carboxylic acid groups of organic cavitands,
Langmuir 29 (41) (2013) 12703-12709, https://doi.org/10.1021/1a403310e.

L. Biao, S. Tan, Q. Meng, J. Gao, X. Zhang, Z. Liu, Y. Fu, Green synthesis,
characterization and application of proanthocyanidins-functionalized gold
nanoparticles, Nanomaterials 8 (1) (2018) 53, https://doi.org/10.3390/
nano8010053.

J. Dai, R.J. Mumper, Plant phenolics: extraction, analysis and their antioxidant and
anticancer properties, Molecules 15 (10) (2010) 7313-7352, https://doi.org/
10.3390/molecules15107313.

S. Senapati, A. Ahmad, M.I. Khan, M. Sastry, R.S. Kumar, Extracellular biosynthesis
of bimetallic Au-Ag alloy nanoparticles, Small 1 (2005) 517-520, https://doi.org/
10.1002/smll.200400053.

P.K. Tiwari, Y.S. Lee, Gene delivery in conjunction with gold nanoparticle and
tumor treating electric field, J. Appl. Phys. 114 (5) (2013) 054902, https://doi.
org/10.1063/1.4817090.

Y. Cui, Y. Zhao, Y. Tian, W. Zhang, X. Lii, X. Jiang, The molecular mechanism of
action of bactericidal gold nanoparticles on Escherichia coli, Biomaterials 33 (7)
(2012) 2327-2333, https://doi.org/10.1016/j.biomaterials.2011.11.057.

A. Phaniendra, D.B. Jestadi, L. Periyasamy, Free radicals: properties, sources,
targets, and their implication in various diseases, Indian J. Clin. Biochem. 30 (1)
(2015) 11-26, https://doi.org/10.1007/s12291-014-0446-0.

K. Zheng, M.I. Setyawati, D.T. Leong, J. Xie, Antimicrobial gold nanoclusters, ACS
Nano 11 (7) (2017) 6904-6910, https://doi.org/10.1021/acsnano.7b02035.

E.C. Dreaden, L.A. Austin, M.A. Mackey, M.A. El-Sayed, Size matters: gold
nanoparticles in targeted cancer drug delivery, Ther. Deliv. 3 (4) (2012) 457-478,
https://doi.org/10.4155/tde.12.21.

Nam, J., Won, N, Jin, H., Chung, H., Kim, S. (2009). pH-induced aggregation of
gold nanoparticles for photothermal cancer therapy, J. Am. Chem. Soc., 131 (38)
13639-13645 https://org/https://doi.org/10.1021/ja902062j.

R.H. Prabhu, V.B. Patravale, M.D. Joshi, Polymeric nanoparticles for targeted
treatment in oncology: current insights, Int. J. Nanomedicine 10 (2015) 1001,
https://doi.org/10.2147/1JN.S56932.

M.L Sriram, S.B. ManiKanth, K. Kalishwaralal, S. Gurunathan, Antitumor activity
of silver nanoparticles in Dalton’s lymphoma ascites tumor model, Int. J.
Nanomedicine 5 (2010) 753-762, https://doi.org/10.2147/1JN.S11727.

Further-reading

[55]

D. Martins, L. Frungillo, M.C. Anazzetti, P.S. Melo, N. Duran, Antitumoral activity
of L-ascorbic acid-poly-D, L-(lactide-co-glycolide) nanoparticles containing
violacein, Int. J. Nanomedicine 5 (2010) 77. https://www.ncbi.nlm.nih.gov/pmc
/articles/PMC2819901/.


https://doi.org/10.1051/bmdcn/2017070423
https://doi.org/10.1051/bmdcn/2017070423
https://doi.org/10.1007/s13204-022-02705-1
https://doi.org/10.1007/s13204-022-02705-1
https://doi.org/10.1158/1078-0432.CCR-04-2610
https://doi.org/10.1016/S1995-7645(12)60193-X
https://doi.org/10.1016/S2222-1808(12)60129-7
https://doi.org/10.1016/j.jphotobiol.2019.111670
https://doi.org/10.1016/j.jphotobiol.2019.111670
https://doi.org/10.1016/j.matlet.2006.07.042
https://doi.org/10.1016/j.matlet.2006.07.042
https://doi.org/10.1088/1757-899X/191/1/012009
https://doi.org/10.1080/02772248.2013.770858
https://doi.org/10.1080/02772248.2013.770858
https://doi.org/10.1016/j.jphotobiol.2018.05.016
https://doi.org/10.1016/j.jphotobiol.2018.05.016
http://refhub.elsevier.com/S2211-7156(25)00317-0/rf0190
http://refhub.elsevier.com/S2211-7156(25)00317-0/rf0190
http://refhub.elsevier.com/S2211-7156(25)00317-0/rf0190
https://doi.org/10.1007/s00449-014-1233-2
https://doi.org/10.1021/la0477183
https://doi.org/10.1016/j.jscs.2018.12.002
https://doi.org/10.1155/2012/734398
https://doi.org/10.1155/2012/734398
https://doi.org/10.1021/la403310e
https://doi.org/10.3390/nano8010053
https://doi.org/10.3390/nano8010053
https://doi.org/10.3390/molecules15107313
https://doi.org/10.3390/molecules15107313
https://doi.org/10.1002/smll.200400053
https://doi.org/10.1002/smll.200400053
https://doi.org/10.1063/1.4817090
https://doi.org/10.1063/1.4817090
https://doi.org/10.1016/j.biomaterials.2011.11.057
https://doi.org/10.1007/s12291-014-0446-0
https://doi.org/10.1021/acsnano.7b02035
https://doi.org/10.4155/tde.12.21
https://doi.org/10.1021/ja902062j
https://doi.org/10.2147/IJN.S56932
https://doi.org/10.2147/IJN.S11727
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2819901/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2819901/

	A facile synthesis of green gold nanoparticles from fruit waste peels and their bioactivity evaluation against HT-29 colon  ...
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Extraction of fruit peels
	2.3 Synthesis of gold nanoparticles at RT
	2.4 Antibacterial activity of AuNPs
	2.5 Characterization techniques of nanoparticles
	2.6 MTT assay

	3 Results and discussion
	3.1 Physicochemical characterization
	3.2 X-ray diffraction studies
	3.2.1 TEM analysis
	3.2.2 FTIR analysis

	3.3 Green approach of nanoparticles synthesis
	3.4 Cytotoxicity properties of AuNPs against colon cancer cell lines
	3.5 Statistical analysis and significance of results

	4 Conclusion
	CRediT authorship contribution statement
	Funding sources
	Declaration of competing interest
	Acknowledgements
	Data availability
	References
	Further-reading


