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old nanoparticles mediated
through Ocimum oil extracts induces reactive
oxygen species and mitochondrial instability
against MCF-7 breast carcinoma
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Phytomedicines are potential immunity-boosting components with effective anticystic properties, minimal

side effects, and biomedical applications, making them valuable for combating various diseases. India is

renowned globally for Ayurveda, an ancient treatment methodology known for its holistic approach in

identifying the root cause of diseases. Tulsi (Ocimum sanctum) is a common household medicine in

India. While essential oils from plants like Tulsi have long been recognized for their medicinal properties,

there is a gap in understanding their potential in synthesizing gold nanoparticles (AuNPs) and their

efficacy against breast carcinoma, particularly in the context of immunosuppressive conditions. We

investigated the potential application of essential oils isolated from O. sanctum in the synthesis of AuNPs

and their efficacy against MCF-7 breast carcinoma. Gas chromatography-mass spectroscopy identified

compounds with potential anticancer effects against breast cancer cells. Synthesised AuNPs displayed

high hemocompatibility and antimicrobial activity against nosocomial Pseudomonas aeruginosa,

Escherichia coli, Vibrio cholerae, and Bacillus subtilis strains. Os-AuNPs induced chromosomal instability

and mitotic arrest in the G2/M cell cycle phase. Subsequent fluorescence and cell cytometry studies

demonstrated the systemic release of ROS, depolarisation of mitochondrial membrane potential, and

production of apoptotic bodies. DNA damage and comet assays confirmed the anticancer potential of

synthesised AuNPs. This study illuminates the potential of O. sanctum-derived AuNPs in breast

carcinoma treatment, paving the way for future AuNP-based therapies in biomedicine.
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1 Introduction

With the surge in disease miscellany, prognosis, and develop-
ment of multiple drug-resistant microorganisms, the search for
novel bioactive components and pharmaceutically active
molecules has augmented research in national and interna-
tional forums. Various pharmaceutically active phytochemicals,
such as alkaloids, amines, phenols, terpenoids, polyphenols,
quinones, and essential oils, have been isolated and charac-
terised. Plants and their secondary metabolites have been used
to treat various ailments in humans, cattle, and in agricultural
practices since the medieval period.1–4 These phytochemicals
function as defence tactics for plants, as they have evolved over
time to interfere with the metabolism, neuronal transmission,
and reproduction of interacting microorganisms or predators
such as herbivores.5,6 A large number of pharmacologically
active compounds used as herbal medicines exhibit a positive
correlation with their modern pharmaceutical drug counter-
parts.7 One group of such secondary metabolites is essential
oils, which are volatile components responsible for the aroma of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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plants and defence mechanisms against invading microbial
agents.8,9 They can be described as plant-derived hydrophobic,
organic, and less viscous volatile oils that are colourless and
possess distinctive and specic odours or fragrances with water-
like textures.10,11 Essential oils are found in almost every part of
the plant and are primarily produced to protect it from invading
pests, bacteria, fungi, viruses, and potential predators. The
fragrance of essential oils also promotes pollination by
attracting insects.12

Species of the Lamiaceae family are autochthonous plants
that are distributed worldwide. They have been used tradition-
ally for centuries in culinary activities as avouring agents,
fragrances, and food preservatives, and most signicantly, for
their medicinal properties.13,14 The most noteworthy and largest
genera of the Lamiaceae family is the genus Ocimum which is
considered as the “Grand Master Herb” or the “King of Herbs.15

Tulsi (Ocimum sanctum) commonly known as the “Holy basil” is
native to India and widely distributed all over the Asian
subcontinent. In Ayurveda, it has been considered a “Life tonic”
as it provides solutions for various ailments, including common
cold, cough, headache, stomach disorder, inammation, anti-
septic, malaria, asthma, and conjunctivitis.16–18 The essential
oils present in Tulsi have been widely accepted to boost
immunity and are considered a part of herbal tea during Covid-
19.19–21

The global Cancer Observatory, under the guidance of the
International Agency for Research on Cancer (IARC) of the
World Health Organization, estimated that ∼17.4% of the
female population in India had breast carcinoma in 2020
(GLOBOCAN 2020). Surgery and subsequent chemotherapy
sessions provide facultative bacteria and other microorganisms
with a golden opportunity to invade patients with immuno-
suppressive breast cancer. The use of nanoparticles in various
ointments and therapeutics has been well documented.22 Bio-
logical synthesis of metallic nanoparticles provides novel
approach for the bio-fabrication of metallic salts and their
components compared to the chemically synthesized nano-
materials. Herein, a simple and cost-effective method for syn-
thesising AuNPs biologically from essential oils of Ocimum
sanctum oil extracts is described, including the exploration of
their anticancer and antimicrobial activities through cell cycle
analysis and mitochondrial membrane potential destabilisa-
tion studies. The effects of AuNPs on the DNA machinery of
cancer cells were demonstrated using DNA fragmentation,
comet formation, and colony formation assays. The synergistic
effect of Ocimum sanctum-synthesised gold nanoparticles (Os-
AuNPs) and essential oils from Ocimum sanctum against MCF-
7 breast cancer cells may be useful for the transdermal
delivery of pharmacologically active nanoformulations using
novel gels or formulations.

2 Materials and methods

Hydrogen tetrachloroaurate(III) trihydrate (HAuCl4$3H2O), 3-
[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide
(MTT), 2,2-diphenyl-1-picrylhydrazyl (DPPH), Dulbecco's modi-
ed Eagle's medium (DMEM), Rhodamine 123, and Propidium
© 2024 The Author(s). Published by the Royal Society of Chemistry
iodide were procured from Sigma-Aldrich, USA. Nutrient agar,
Nutrient broth, and different analytical-grade chemicals were
purchased from Merck, India.

2.1. Collection and preparation of extract

Ocimum sanctum leaves were collected from the herbal garden of
University of Science and Technology Meghalaya, India. The
leaves were rinsed with Millipore water to remove dust and
subjected to hydro distillation using a Soxhlet apparatus (Bor-
osil) for 3 h. The obtained methanolic extract was subsequently
fractionated by column chromatography. The obtained oil was
subjected to Gas Chromatography (GC 2400™ PerkinElmer,
USA) for compound identication and was stored at 4 °C for
further characterisation.

2.2. Gas chromatography-mass spectroscopy (GC-MS) of O.
sanctum essential oil

The oil extract of O. sanctum was analysed to detect various
pharmaceutically active compounds using the standard
protocol for GC-MS.23 Briey, 40 mL of methoxyamine hydro-
chloride (MeOX) was added to the oil extract and incubated for
2 h at 60 °C. Later, 80 mL of mono-trimethylsilyl-
trifuoroacetamide (MSTFA) was added to it and was further
incubated for 1 h. Before GC-MS analysis, the samples were
centrifuged, and the supernatant was collected for data
acquisition.24,25

2.3. Green synthesis of gold nanoparticles by the O. sanctum
essential oils (Os-AuNPs)

AuNPs were prepared according to a method previously re-
ported by our group.26 Briey, to synthesise the Os-AuNPs,
10 mL of diluted O. sanctum essential oil was added to 90 mL
of 1.0 mM aq. HAuCl4$3H2O solution to obtain AuNPs. The
subsequent change in the reaction mixture from brownish to
ruby-red/wine red provided the primary inference of the bio-
logical reduction of the HAuCl4$3H2O salt to AuNPs. Finally, the
Os-AuNPs were centrifuged at 10 000 rpm for 30 min. The ob-
tained pellets were rinsed thrice with distilled water and
centrifuged. Finally, the obtained pellets were lyophilised and
stored at 4 °C for further characterisation.

2.4. Characterization of the synthesized Os-AuNPs

The synthesised Os-AuNPs were scanned using a UV-Vis spec-
trophotometer (UV-5704SS double-beam spectrophotometer) in
the wavelength range of 300–800 nm. Dynamic light scattering
(DLS) was performed to determine the overall size and charge of
the bio-reduced Os-AuNPs. Briey, the synthesised Os-AuNPs
were dispersed in water via water bath sonication and ana-
lysed using a Zetasizer (ZS 90, Malvern, UK). The surface size
and composition of the synthesised Os-AuNPs were examined
using scanning electron microscopy (SEM) (Lyra3 TESCAN
VEGA3) and transmission electron microscopy (TEM) (JEOL
2100F) at 200 kV. The Os-AuNPs were adhered to glass slides
and coated with gold using a gold-sputter module in a high-
vacuum evaporator. Energy Dispersive X-ray spectroscopy
RSC Adv., 2024, 14, 27816–27830 | 27817
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(EDX) was used to scan the elemental constituents of the Os-
AuNPs. XRD patterns were captured using an X-ray diffrac-
tometer (PANalytical X'Pert, Almelo, Netherlands) tted with
a Ni lter and radiation source of Cu Ka (l = 1.54056 Å). The 2q
angle was varied within 10–90° at a scanning rate of 0.05° s−1.
Attenuated total reection Fourier-transform infrared (ATR-
FTIR) spectroscopy was used to investigate the surface modi-
cation of the synthesised nanoparticles. At a resolution of
4 cm−1 and spectral region of 4000–500 cm−1, the samples were
scanned using ATR-FTIR (Bruker ALPHA, Ettlinger, Germany).
2.5. Hemocompatibility assay

A potential hemolytic activity test of the green-synthesised Os-
AuNPs was performed using a standard protocol with slight
modications.27 Briey, blood was collected from healthy volun-
teers and mixed with normal saline (NS) buffer. Accordingly, 200
mL (1mgmL−1) of Os-AuNPs was added to 5mL of NS followed by
addition of 0.2 mL diluted blood. The mixture was incubated for
1 h at 30 °C and was later centrifuged at 1000 rpm for 5 min. The
optical density (OD) of the supernatant was measured at 540 nm
using a UV-Vis spectrophotometer. 0.1% sodium carbonate was
used as a positive control, and normal saline was used as the
negative control.

Hemolysis ð%Þ ¼ ODt �ODnc

ODpc �ODnc

(1)

2.5.1. Hemagglutination assay. The hemagglutinin activity
of the Os-AuNPs was determined according to a standard
protocol.28 Briey, In a 96 “U”-shaped plate, 100 mL of NS was
added to each well. The 1st column served as the (−)ve control,
containing only RBCs and NS. On the other hand, the 12th

column served as a (+) ve control, containing only sodium
carbonate and RBCs. In all wells, 1 mg mL−1 Os-AuNPs was
serially diluted from well 2 to well 11, and at last diluted RBCs
(100 mL) were added to each well. Aer 2 h of incubation,
a button-like morphology was observed.
2.6. Antibacterial activity

The agar well assay and minimum inhibitory concentration
(MIC) activity of Os-AuNPs were conducted using nosocomial
strains of Pseudomonas aeruginosa (MTCC 1688), Escherichia coli
(MTCC 1098), Vibrio cholerae (MTCC 3904), and Bacillus subtilis
(MTCC 1427). Bacteria were obtained from the Microbial Type
Culture Collection (MTCC), Chandigarh, India. Isolated colo-
nies of the test organism were injected into 20 mL of sterile
MHB (Mueller Hinton Broth, 95% purity), and the mixture was
cultured at 37 °C for 24 h. Aer incubation, a sterile glass rod
spreader was used to transfer the turbid test culture to the MHA
plates, and a sterile cork borer was used to create wells in each
plate. Finally, 100 mL of an aqueous solution of Os-AuNPs at
a concentration of 100 mg mL−1 was added to each well, and the
plates were incubated for 24 h at 37 °C. The standard antibiotic
Gentamycin was used as positive control. Furthermore, the
micro broth dilution (MBD) method was used to assess the
minimum inhibitory concentration (MIC) of Os-AuNPs on
27818 | RSC Adv., 2024, 14, 27816–27830
bacterial strains.29 Microbial growth and inhibition were
measured at 600 nm using a Microplate Reader (Bio-Rad) in 96-
well plates. IC50/IC90 Laboratory Excel Calculation Tools were
used to determine the MIC, which was then converted to IC50

values. Each experiment was performed three times to ensure
accurate results, and the percentage of inhibition was reported
using the mean standard deviation.

2.7. MTT assay

The cell viability and proliferative activity of the Os-AuNPs were
determined using the MTT assay following a standard protocol.30

Briey,MCF-7 cells (a Breast Cancer cell line) were procured from
NCCS (Pune, India) and grown using Dulbecco's Modied Eagle
Medium (DMEM) supplemented with 10% Fetal Bovine Serum
(FBS) and 1% antibiotic solution (Penicillin/Streptomycin), in
a 5% CO2 incubator, at 37 °C. Briey, the cells were grown up to
96 well plates for 70% conuency and then different concentra-
tions (10–200 mg mL−1) of Os-AuNPs were incubated with MCF-7
cells for 24 h. Later, 100 mL of MTT (5mgmL−1) was added to the
96 well plates and incubated for 4 h. Subsequently, aer dis-
carding the MTT solution, 100 mL of DMSO was added and
incubated for 15 min. Finally, the OD was measured at 595 nm
(2030 Multilabel Processor Victor™X3, PerkinElmer, USA).

2.8. Cell cycle analysis by ow cytometer

The effect of the Os-AuNPs on the cell cycle of MCF-7 breast
cancer cells was analysed by ow cytometry using a standard
protocol.31 The MCF-7 cells aer treatment with Os-AuNPs were
processed and stained with Propidium Iodide (PI) dye. Aer
staining, the cells were incubated at 4 °C for 30 min and ana-
lysed using a BD Accuri C6 ow cytometer (BD Biosciences).

2.9. Detection of total ROS activity

The total ROS activity of Os-AuNP-treated MCF-7 cells was
measured using a standard dichlorodihydrouorescein diac-
etate (DCFH-DA) dye, following a standard protocol.32 Total
internal Reactive Oxygen Species were monitored by ow
cytometry using an FL-1 lter, and uorescent images were
captured using an Epi-uorescence microscope (Olympus IX71,
Olympus, Tokyo, Japan).

2.10. Mitochondrial membrane potential analysis

To estimate the mitochondrial membrane potential of Os-
AuNP-treated MCF-7 breast cancer cells using ow cytometry
and uorescence microscopy, a Rhodamine 123 assay was per-
formed following the standard protocol.33 The uorescence
intensity of nanoparticle-treated cells aer incubation with
10 mM Rhodamine 123 (Rh 123) dye was measured using ow
cytometry. For uorescence microscopy imaging, Rh 123
stained cells were xed with paraformaldehyde and images were
captured using an epi-uorescence microscope.

2.11. DNA-AuNPs interaction studies

DNA-AuNP interaction studies were performed to assess the
DNA damage caused by incubation with Os-AuNPs.34 Briey,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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aer treatment with Os-AuNPs, MCF-7 cells were harvested and
processed for 1.5% gel electrophoresis. Fragmented DNA bands
were visualised using a gel documentation system (Bio-Rad,
India). A comet assay was performed to detect the ameliora-
tion of DNA at the single-cell stage. The Os-AuNP-treated MCF-7
cells were harvested and processed with low-melting agarose,
followed by electrophoresis. The slides were then stained with
PI dye, and images were captured using an Epi uorescent
microscope. Various comet parameters were analysed using
ImageJ Open Comet.

2.12. Annexin V-FITC staining

Annexin V-FITC staining of Os-AuNP-treated MCF-7 cells was
performed to categorise the nanoparticle-induced death
mechanism following a standard protocol.27 Briey,
nanoparticle-treated cells were harvested by trypsinisation and
centrifugation. The resulting pellet was washed and incubated
in Annexin V-binding buffer (100 mL) and Annexin V-FITC (5 mL)
for 15 min. The samples were further centrifuged, the pellet was
resuspended in binding buffer (200 mL), and before analysis, PI
dye (5 mL) was added and scanned on a BD Accuri C6 ow
cytometer with emission lters of 495–520 nm for FITC (green)
and 600 nm for PI (red).

2.13. Colony forming assay

An in vitro clonogenic assay was performed according to
a standard protocol.34 Briey, in a six-well plate, MCF-7 breast
cancer cells were treated with Os-AuNPs, and aer 14 days, they
were stained (crystal violet and glutaraldehyde), and the colo-
nies were counted aer air drying.

2.14. Statistical analysis

Statistical signicance of the data was determined using Dun-
can's test. All data are presented as mean ± standard deviation
(SD). Data were considered statistically signicant at p < 0.05.
All experiments were performed in triplicate.

3 Results and discussion
3.1. GC-MS analysis

Aromatic plants are known to be a storehouse of diverse array of
essential oils. O. sanctum widely known as Tulsi is well known
for its medicinal properties has high accumulation of essential
oils. In the current investigation, the GC-MS analysis of the oil
extracts demonstrated the presence of benzene, 1,2-dimethoxy-
4-(2-propenyl) – (synonym: methyl isoeugenol), iso-
caryophyllene (synonym: caryophyllene), and eugenol
(synonym: 2-methoxy 4-(2-propenyl) phenol). Fig. 1 shows the
GC-MS chromatogram of the major components of the O.
sanctum oil extracts.

3.2. Synthesis and characterization of Os-AuNPs

Colour change was the rst visible observation that indicated
the synthesis of nanoparticles.26 In this study, essential oils
were obtained from the leaf extracts of Ocimum sanctum,
© 2024 The Author(s). Published by the Royal Society of Chemistry
commonly known as holy basil, in India. Upon the addition of
HAuCl4, the colour of the solution rapidly changed from
brownish yellow to ruby wine red, indicating the reduction of
the HAuCl4 salt to AuNPs. This colour change is primarily due to
a phenomenon called surface plasmon resonance (SPR) which
is generally caused by a change in the surface-to-volume ratio of
the synthesised nanoparticles. The synthesised Os-AuNPs were
scanned using a UV-Vis spectrophotometer in the range of 300–
800 nm wavelength to conrm the results observed visually. The
results obtained by UV-Vis spectroscopy revealed the formation
of absorption peaks at ∼540 nm (Fig. 2), which signied the
formation of AuNPs in the reaction mixtures, suggesting the
justication for the reduction of Au3+ to Au0.35,36 Compounds
such as eugenol, caryophyllene, and benzene-1,2-dimethoxy-4-
1-propenyl may play a profound role in the reduction of
HAuCl4 to gold nanoparticles.

A broad and sharp band was observed at approximately
540 nm, corresponding to the SPR band of the Os-AuNPs.
Several groups have reported similar spectral bands for green-
synthesised AuNPs.23,37,38 The occurrence of a broad and single
spectral band during scanning in the range of 300–800 nm was
attributed to the synthesis of monodisperse and homogenous
AuNPs.

To further validate the morphology and UV spectroscopy
results, essential oil-synthesised Os-AuNPs were subjected to
DLS analysis. Fig. 3 shows the characteristic size and charge of
the synthesised Os-AuNPs using DLS which provided an overall
inference of the hydrodynamic diameter of the prepared AuNPs.
The Z-average size was found to be 57.81 nm, and the poly-
disparity index (PDI) was 0.42. PDI values below 1 were
considered good, indicating that the synthesised Os-AuNPs did
not auto-aggregate when dispersed in an aqueous solution.
Hence, the Z-average size and PDI values correlated well with
the results obtained through UV-visible spectroscopy, thus
exhibiting a homogenous distribution of nanoparticles formed
during the green synthesis route. The zeta potential of Os-
AuNPs was found to be −27.6 mV: the higher the surface zeta
potential, the greater their overall stability. Modulation of the
surface zeta potential is crucial for developing nanoparticles
which can be targeted for specic drug delivery.

SEM and TEM images of the synthesised Os-AuNPs are
shown in Fig. 4. The SEM images provided a rough estimate of
the overall shape of the synthesised nanoparticles (Fig. 4a)
which was further conrmed by the TEM images. The TEM
measurements shed light on the morphology and particle size
of the green-synthesised Os-AuNPs. However, during green
synthesis, many gold nanostructures, such as triangles and
tetrahedrons, were formed. The TEMmicrographs revealed that
the synthesised Os-AuNPs were in the range of 14–54 nm, with
an overall average size range of 24 to 28 nm (Fig. 4b). The
bottom-up synthesis of the anisotropic structures in AuNPs
clearly indicates that, owing to the reaction mixtures using
essential oils39 and associated metabolites in the mixture solu-
tion, the plant products acted as a predominant capping agent
for the formation of the anisotropic structures40 of AuNPs.
Different plant metabolites, especially the associated essential
oils present in Tulsi plant extracts, act as directional capping
RSC Adv., 2024, 14, 27816–27830 | 27819
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Fig. 1 GC-MS spectral peaks of the O. sanctum essential oil extract.

Fig. 2 UV-visible absorption bands and visual color change inference (inset) of the green synthesized Os-AuNPs mediated through the oil
extracts of O. sanctum.

27820 | RSC Adv., 2024, 14, 27816–27830 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Dynamic light scattering studies characterizations of the synthesized Os-AuNPs mediated through the oil extracts of O. sanctum (a)
hydrodynamic diameter (Z-average size); (b) surface zeta potential (mV).

Fig. 4 Electron microscopy of the synthesized Os-AuNPs observed through (a) SEM; (b) TEM.
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elements that dictate the dynamics and directional formation of
differently shaped (from spherical to prismatic) edged AuNPs in
solution. Such anisotropic AuNP formation plays a critical role
in eliciting robust anti-microbial and anti-cancerous activities
under in vitro conditions owing to the presence of surface
edges41 in their structures, which aids in achieving the desired
© 2024 The Author(s). Published by the Royal Society of Chemistry
penetration and percolation properties in targeted biological
systems.

Fig. 5a shows the diffraction pattern of green-synthesised Os-
AuNPs. Major XRD patterns were observed at the lattice planes
of 27.32°, 36.72°, 42.90°, 63.25°, and 76.38° lattice, which are in
accordance with the standard pattern JCPDS-04-0783 database.
The XRD patterns illustrate the synthesis of the face-centred
RSC Adv., 2024, 14, 27816–27830 | 27821
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Fig. 5 Characteristic studies of the green synthesized Os-AuNPs (a) XRD diffractogram; (b) FTIR spectrum; (c) EDX.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Se

pt
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 1

/1
/2

02
6 

12
:3

8:
29

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
cubic crystal structure of the Os-AuNPs. Such crystallinity in the
as-prepared AuNPs42 resulted in the display of potential anti-
bacterial and anticancer activities under in vitro conditions
owing to their surface modulations and grain size. The crys-
tallinity of nanoparticles determines the sharper edges during
the bottom-up formation of particles, which causes different
reactions with biological systems to achieve myriad therapeutic
activities.

The FT-IR spectra of the synthesised Os-AuNPs were recor-
ded to determine the biomolecules responsible for metal ion
bio-reduction and NP encapsulation. Fig. 5b shows the ATR-
FTIR spectral bands of the Os-AuNPs scanned in the range of
500–4000 cm−1. The spectra of different vibration modes were
centred at 1053.8, 1160.9, 1239, 1384.4, 1497.3, 1,526, 1630.3,
2248, and 3420 cm−1 owing to the presence of various vibra-
tions, such as C]O stretching vibrations (presence of amide I
group), N–O, –C]C, –C]O (presence of carboxylic acids and
carbonyl groups), and C–N (presence of aliphatic amine
groups). Furthermore, the occurrence of broad bands suggested
the presence of phenolic groups (O–H stretching) and aromatic
rings (C–O groups). Ocimum species are rich in many poly-
phenolic components, such as caffeic acid, luteolin, aesculin,
27822 | RSC Adv., 2024, 14, 27816–27830
and chlorogenic acid. During nanoparticle synthesis, the poly-
phenolic compounds present in the essential oil extract may
reduce HAuCl4 via an oxidation–reduction reaction. Similar
results have been reported by various groups for green-
synthesised AuNPs.43,44

Fig. 5c shows the EDX spectra of the synthesised Os-AuNPs.
At ∼1.5 keV the EDX spectrum indicated the presence of
elemental gold which was possibly due to the bioreduction of
the precursor HAuCl4 to AuNPs. Furthermore, the weak oxygen
peaks may be due to the surface adsorption of biomolecules
during the synthesis of Os-AuNPs.

Biocompatibility with blood components is essential for the
development of new pharmaceutical formulations. Blood is the
lifeline of our body, and any compound administered must pass
through hemolysis and hemagglutination tests. Fig. 6 shows the
hemolytic activity of the green-synthesised Os-AuNPs and Os
extract. From Fig. 5a, one can clearly observe that the syn-
thesised Os-AuNPs exhibited negligible hemotoxicity towards
haemoglobin. Furthermore, the hemagglutination assay
(Fig. 6b) showed that, with subsequent dilution, button-like
structures were observed in the blood and nanoparticle inter-
action wells. Clear round button-like structures could be seen in
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Hemocompatibility assays of the green synthesized OS-AuNPs (a) hemolysis activity; (b) hemagglutination activity.

Fig. 7 Minimum inhibitory concentrations of Os-AuNPs against P.
aeruginosa, E. coli, V. cholerae and B. subtilis (p # 0.05) and standard
antibiotic Gentamycin as control.
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the 4th well, whereas in the Os extracts, they were visible in the
2nd well itself. According to ISO/TR 7406, for biomaterial
application, >5% hemolysis value is considered safe for use.28

Hence, from the observed results, it is clear that the synthesised
OS-AuNPs exhibited negligible hemolysis with blood corpuscles
and were thus biocompatible in nature.

3.3. Antibacterial activities

The antibacterial effect of green-synthesised AuNPs against
a wide range of pathogenic species was anticipated in this study.
Preliminary studies using an agar well diffusion assay revealed
zones of inhibition (ZI) against nosocomial bacterial strains.
Ocimum sanctum essential oil-functionalized AuNPs exhibited
potential antibacterial activity against human pathogenic
bacteria, thus affirming that Os-AuNPs are promising antibac-
terial agents. The screening results (ZIs) served as the basis for
further examination of AuNPs against individual pathogens
using a microbroth dilution method. The MIC values of the Os-
AuNPs for each pathogenic bacterial strain are shown in Fig. 7.

The IC50 values observed in the microbroth dilution assay
indicated strong antimicrobial activity of the synthesised Os-
AuNPs. MIC values of 17.37 ± 0.67, 42.09 ± 0.47, 58.52 ± 0.37
and 34.65± 1.47 mg mL−1 was observed against P. aeruginosa, E.
coli, V. cholera and B. subtilis, respectively. Gentamycin a widely
used antibiotic was used as positive control for the above anti-
microbial test against the pathogenic test microorganisms. The
precise mechanism and reactive species involved in the bacte-
ricidal action of nanoparticles such as AuNPs or liberated Au+,
are not well established and continue to be a topic of discus-
sion. However, recent investigations have shown that the
© 2024 The Author(s). Published by the Royal Society of Chemistry
released Au+, and not the actual AuNPs themselves, may be the
antimicrobial agent responsible for causing cell damage and,
ultimately, death. The generation of reactive oxygen species,
free radicals derived from the surface of AuNPs, gold ion stress,
coating agents, and interactions with bacterial cells can lead to
depletion of intracellular ATP levels. Damage to respiratory
enzymes is one of the pathways proposed for the bactericidal
activity of AuNPs.

The higher the surface area of the AuNPs in contact with the
bacterial membrane, the more potent their bactericidal action.
RSC Adv., 2024, 14, 27816–27830 | 27823
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The cell shape is altered because of the repulsion between the
positively charged Au ions and negatively charged cell
membranes, resulting in leakage and eventual cell death.
Hence, AuNPs kill bacteria by increasing the permeability of
their membranes, which is accomplished by generating pores or
pits in the cell walls.
3.4. MTT assay

The MTT cell cytotoxicity assay relies on the activity of the
oxidoreductase enzyme present in the mitochondria to reduce
the MTT dye to an insoluble formazan product, and the amount
of formazan produced determines the rate of cellular metabo-
lism.45 Hence, intact cells produce more formazan than dead
cells. Therefore, theoretically, Os-AuNP-treated MCF-7 breast
carcinoma cells should produce less formazan than untreated
control cells. Fig. 8i depicts the % cell viability of MCF-7 breast
carcinoma cells treated with standard cisplatin, Os extract, and
green-synthesised Os-AuNPs. Os-extracts and Os-AuNPs
Fig. 8 Cell cytotoxicity assay performed against MCF-7 breast carcinom
assay; (ii) cell cycle analysis using flow cytometry (a) cisplatin treated ce

27824 | RSC Adv., 2024, 14, 27816–27830
demonstrated dose-dependent cytotoxicity with IC50 values of
71.29 ± 3.2 and 78.51 ± 2.4 mg mL−1 respectively. The Ocimum
extract exhibited a statistically signicant difference in toxicity,
as demonstrated by the Os-AuNPs. Various groups have re-
ported similar results using AuNPs against HCT-116, MCF-7,
A549, and RAW264.7 cancer cells, which correlated with our
current observation of green-synthesised AuNPs.46–50

The cell cycle is a complex process governed by various
checkpoint mechanisms. During mutation or stress conditions,
cells are further restricted from synthesising mutated genetic
material.51 In cancer, this restriction is completely absent, as
most of the checkpoint signalling cascades themselves are
mutated, resulting in unconditional growth potentials forming
tumorous outgrowth. Cell cycle analysis was performed using
ow cytometry aer treating MCF-7 breast carcinoma cells with
the Os-extract and Os-AuNPs, with the standard drug cisplatin
as a positive control (Fig. 8ii). Under in vitro conditions, cancer
cells treated with Os-extracts and Os-AuNPs exhibited chromo-
somal instability and mitotic arrest. This was evident from the
a cell lines after treatment with green synthesized Os-AuNPs (i) MTT
lls; (b) Os-extract treated cells; (c) Os-AuNPs treated cells.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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G2/M phase expression prole and the intensity of the S phase.
Compared with the control group, the Os-extract and Os-AuNPs
exhibited 16.0% and 10.3% G2/M phases, respectively, and both
samples were effective in controlling the S phase at 4.89 and
4.7%. The sub G0 phase, indicating apoptotic cells, was
observed in Os-AuNP-treated cells at approximately 18.45,
indicating that the synthesised Os-AuNPs had the potential to
induce apoptosis in MCF-7 breast carcinoma cells.

Reactive oxygen species (ROS) are produced naturally in cells
and instigate various biochemical pathways; however, excessive
production of ROS can induce pathological conditions leading
to cancer cell development.52 Various reports have documented
the efficiency of AuNPs in initiating intracellular ROS.53,54 Fig. 9
shows the intracellular production of ROS aer treatment with
the Os extracts and Os-AuNPs. DCFH-DA efficiently indicated
the overall accumulation of H2O2, OH–, carbonate radicals, and
NO in the cells. Upon contact with ROS, the non-uorescent dye
becomes sensitive and produces uorescence which ultimately
results in increased uorescence in ROS-generating cells.
Fig. 9a shows the uorescence intensity of the DCFH-DA dye
using ow cytometry, where higher-intensity peaks indicate
higher ROS generation in Os-AuNP-treated cells than in Os-
extract-treated cells. Similarly, higher uorescence intensity of
the cells indicated higher ROS production in the uorescence
microscopy images (Fig. 9b) than in the untreated control cells.

Fig. 10 exhibits the uorescence intensity of rhodamine 123
using ow cytometry and uorescence microscopy images. Any
change in the mitochondrial membrane potential can disrupt
the electron transport chain, which can be harmful to cells.
Rhodamine 123 stains the mitochondria; therefore, intact cells
produce more uorescence than dead cells. Fig. 10a clearly
shows that the uorescence intensity measured by ow cytom-
etry in untreated control cells was higher than that in the Os-
Fig. 9 Intracellular ROS production activity detected through (a) flow cy
through ImageJ software.

© 2024 The Author(s). Published by the Royal Society of Chemistry
extract- and Os-AuNP-treated cells. Fluorescence microscopy
yielded similar results (Fig. 10b). Hence, it can be inferred that
the synthesised Os-AuNPs trigger intracellular ROS production
which depolarises and regulates the mitochondrial perme-
ability transition pore complex (PTPC). This facilitates the
invasion of free radicals and solutes which target mitochondrial
DNA, thereby disturbing the transcriptional and cellular
harmony inside the cell. Mitochondrial damage directly affects
ATP formation and prevents cellular energy depletion. The
Rhodamine 123 assay visually demonstrated that Os-AuNPs and
Os extracts trigger intracellular ROS that ultimately leads to
altered DJm which facilitates a probable apoptotic cell death
mechanism.

Cell cycle analysis and mitochondrial membrane potential
studies provided a strong signal for the apoptotic cell death
pathway in Os-AuNP- and Os-extract-treatedMCF-7 cells. Hence,
to validate the possible role of the anticancer mechanism
facilitated by green-synthesised Os-AuNPs through apoptosis or
necrosis, an Annexin V-FITC assay was performed (Fig. 11).
Annexins are a family of calcium-dependent phospholipid-
binding proteins which bind to phosphatidylserine on the cell
membrane to induce apoptosis. Phosphatidylserine is the basic
component of the cell membrane and remains in the inner wall
of the cytoplasm of healthy cells. During cell membrane
damage, phosphatidylserine residues are exposed on the outer
surface. Hence, Annexin V binds easily to this exposed layer of
phosphatidylserine and provides an indication of the onset of
apoptosis. As shown in Fig. 11, the % of dead cells was higher in
Os-AuNP-treated cells (Fig. 11b) than in Os-extract-treated cells
(Fig. 11a). Similar results were previously reported by Nayak
et al. using green-synthesised AgNPs against skin carcinoma
and osteosarcoma.55,56
tometry using FL1 filter; (b) fluorescence microscopy images analyzed

RSC Adv., 2024, 14, 27816–27830 | 27825
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Fig. 11 Annexin V-FITC studies (a) Os-extract treated cells; (b) Os-AuNPs treated cells.

Fig. 10 Mitochondrial membrane potential studies using Rhodamine 123 dye: (a) flow cytometric analysis through FL 1 filter; (b) fluorescence
microscopy images analyzed through image J software.
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As previous experiments of the Annexin V-FITC assay
demonstrated the possible role of Os-AuNPs in exerting
apoptotic pathways for their anticancer potential, DNA
damage studies were performed to visualise the fragmentation
of cellular DNA through agarose gel electrophoresis. Fig. 12a
shows the fragmented DNA patterns of the Os-extract- and Os-
AuNP-treated MCF-7 cells. DNA smear-like pattern formation
has generally been reported in nanoparticle-treated cells.44,57

To conrm our results, DNA damage studies were performed
at the single-cell level using a comet assay. Fig. 12b shows the
comets formed by uorescence spectroscopy aer treatment
with the synthesised Os-AuNPs and Os extracts. Some impor-
tant comet parameters, such as comet tail length, comet tail
27826 | RSC Adv., 2024, 14, 27816–27830
intensity, and comet olive tail movement, were analysed using
the openComet plugin of ImageJ soware (Fig. 12c). These
three parameters provide insight into the movement of DNA in
relation to the intensity of fragmentation upon its interaction
with nanoparticles and are considered statistically signicant
measurements.24

The colony-forming potential of MCF-7 cells upon incuba-
tion with Os-AuNPs and Os-extracts is shown in Fig. 13. Aer 14
days of incubation, the number of cells in the control group
increased exponentially, whereas in the AuNP- and extract-
treated groups, the number decreased. Hence, this assay
offers an indirect assessment that our synthesised nano-
particles were effective in restricting the aggressive growth
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Colony forming assay of the MCF-7 treated cells (a) control cells; (b) Os-extract treated cells; (c) Os-AuNPs treated cells.

Fig. 12 DNA damage studies: (a) agarose gel electrophoresis where the lane L1, L2, L3 and L4 represents the Os-AuNPs, Os-extracts, control and
DNA ladder respectively; (b) fluorescence images of Comets formed; (c) olive moment, tail moment and tail length analysis through opencomet
plugin of ImageJ software.
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potential of cancerous cells which is in agreement with our
previously discussed experimental results.58
4 Conclusion

Ocimum gold nanoparticles have been introduced as medici-
nally important entities using renewable extracts. The poly-
phenolic components of the extract serve as potential reducing
© 2024 The Author(s). Published by the Royal Society of Chemistry
and stabilising agents. The scanning and transmission electron
microscopy images demonstrated the triangular shaped AuNPs.
GC-MS and FTIR spectral analysis of AuNPs revealed a plethora
of bioactive compounds and functional groups associated with
particle synthesis that are responsible for metabolomic activi-
ties. The presence of multiple compounds in Os-AuNPs is
endowed with benecial attributes responsible for the antimi-
crobial activities against the nosocomial P. aeruginosa E. coli, V.
RSC Adv., 2024, 14, 27816–27830 | 27827
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cholerae, and B. subtilis strains. The MTT and cell cycle analysis
of the synthesized AuNPs illustrated the dose dependent cyto-
toxicity endowered upon the MCF-7 breast carcinoma cells.
Subsequent studies revealed their ROS inducing capabilities
thereby instigating a cascade of events to strategically destabi-
lize the mitochondrial membrane potential. The change in
membrane potential thus hampers the cellular harmony and
cell membrane integrity. The ethnomedicinal signicance of
Ocimum gold nanoparticles is enormous, and the results will be
of enormous help for nanotechnological and biochemical
applications. These ndings also support the use of environ-
mentally friendly AuNP synthesis methods that utilise bio
activating chemicals as reducers. Thus, further research on
synthesis procedure enhancement and optimisation is critical
for improving the bottom-up green synthesis approach for
functionalized nanoparticle synthesis and fabrication on a large
scale. Such rened strategies for the green synthesis of AuNPs
can avoid the toxicities associated with the conventional
chemical route of AuNPs and assist in biocompatible produc-
tion and applications in the biomedical domain.
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