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ABSTRACT. Two-dimensional graphene derivatives exhibit excellent biocompatibility, structural robustness, and
chemical stability, making them promising candidates for biomedical applications. This study presents a sustainable,
phytochemical-assisted green approach for the synthesis of reduced graphene oxide (rGO) using Nigella sativa seed
(NSS) extract as a natural reducing and stabilizing agent. Comprehensive characterization using XRD, FTIR, TEM,
SEM, EDS, XPS, and DLS confirmed the successful reduction of graphene oxide. XRD analysis revealed a broad
diffraction peak at 20 ~ 25°, corresponding to the (002) plane of graphitic carbon, while FTIR spectra showed
substantial removal of oxygen-containing functional groups with residual biomolecular signatures originating from
NSS extract. Electron microscopy demonstrated transparent, crumpled, and wrinkled nanosheets, and EDS analysis
confirmed high carbon purity (98.85%). XPS further validated effective deoxygenation and restoration of sp?-
hybridized carbon networks. DLS measurements indicated a multimodal size distribution with moderate colloidal
stability ({ = +17 £ 6.58 mV). Biologically, the NSS- rGO exhibited strong antibacterial activity against Bacillus
subtilis, Escherichia coli, and Candida albicans. Additionally, MTT assays revealed dose-dependent anticancer
activity against MCF-7 and HCT-116 cell lines, with ICso values of 3.125 and 1.56 mg/mL, respectively. These
results highlight the potential of NSS-rGO as a sustainable and effective material for biomedical applications.
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INTRODUCTION

Graphene is the fundamental basis of other materials such as graphite and carbon nanotubes [1].
Graphene oxide and reduced graphene oxide are examples of functional graphene derivatives,
which are regarded as multifunctional, solution-processable next-generation materials. Because
of their distinct electrical, optical, mechanical, and chemical characteristics, they are utilized in
numerous industries such as energy conversion, electronics, storage technologies, electrochemical
sensors, and ultrathin optoelectronics [2,3]. Furthermore, these derivatives, in particular reduced
graphene oxide, are being thoroughly investigated for potential application as antibacterial and
anticancer delivery systems [4-6]. Recently, many pharmacological studies focused on creating
better drug delivery systems that can deliver medications precisely to predetermined sites
throughout the body at regulated rates with few adverse effects [7]. In this regard, graphene
nanomaterials are receiving much attention, particularly because of their growing capacity to
precisely and effectively target cancer cells. Since graphene derivatives have oxygen atoms and
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other functional groups, they offer a great surface on which drug molecules may adhere, making
them effective drug carriers [8]. Furthermore, they can be mixed with other biocompatible
substances to form hybrid complexes that have desired properties for use in biomedical
applications. For example, nano-graphene coated with biocompatible polyethylene glycol (PEG)
has been successfully utilized for photothermal ablation of tumors in a mouse model and has
shown significant passive tumor absorption in vivo [9,10]. Additionally, graphene-based
biosensors that use distinct methods to detect different biomolecules have been produced. Even
though it is still in its early stages, graphene-based nanomedicine is promising and may soon offer
new methods for diagnosing and treating illnesses [11-13]. Recent studies have focused on
enhancing the manufacturing of graphene nanoparticles and expanding their surface modification
methods to fully realize their potential. In this context, "green™ synthesis methods have gained
attention, as traditional chemical methods are costly and involve hazardous chemicals and organic
solvents [14].

The present study explores the use of NSS extract as a green, scalable, and cost-effective
reducing agent for the synthesis of rGO nanosheets. The synthesis methodology has previously
been protected by a patent from the same authors and research group [15]. The current work
extends this patented technology through comprehensive characterization and biological
evaluation of the synthesized rGO nanosheets, providing detailed insights into their structural,
optical, surface, and biomedical properties.

MATERIALS AND METHODS
Preparation of seed extract

The seeds of Nigella sativa were thoroughly washed several times with distilled water to remove
dust and surface impurities. Subsequently, 30 g of finely powdered seeds were boiled in 150 mL
of double-distilled water for 5 min to facilitate the extraction of bioactive phytochemicals and
reducing agents responsible for the reduction and stabilization processes during nanoparticle
synthesis. The obtained mixture was centrifuged and filtered, and the filtrate was collected and
stored at 4 °C for further use [16].

Green synthesis of rGO nanosheets

Soot generated during the combustion of natural wood during the baking process was collected
and utilized as the carbon precursor for graphene oxide (GO) synthesis. The collected soot was
purified by washing with dilute HCI (5%) to remove inorganic contaminants and metallic
impurities, followed by repeated rinsing with deionized (DI) water until a neutral pH was
achieved. The purified soot was then dried at 80 °C prior to further use. Subsequently, the
modified Hummers’ method was employed due to its effectiveness in oxidizing carbonaceous
materials and producing graphene oxide sheets enriched with oxygen-containing functional
groups. The modified Hummers’ method was employed due to its effectiveness in producing
oxygenated graphene oxide sheets from carbonaceous materials. In a typical synthesis, 1 g of soot
was dispersed in 50 mL of concentrated H>.SO4 and stirred for 5 min to ensure uniform dispersion
and acid activation of the carbon material. Subsequently, 5 g of KMnO. was gradually added
under ice-bath conditions to control the exothermic oxidation reaction and prevent overheating.
The suspension was then stirred at 35 °C for 10 min to promote the controlled oxidation of carbon
layers, followed by increasing the temperature to 60 °C for 15 min to enhance exfoliation and
oxidation efficiency. Continuous addition of NSS extract was performed until the total suspension
volume reached 150 mL. The NSS extract served as a natural reducing and stabilizing agent for
the conversion of GO into rGO, while the selected temperature facilitated the reduction process
without excessive structural damage to the graphene sheets. After 5 min, 5 mL of H.O: was added
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to terminate the oxidation reaction and reduce residual permanganate and manganese
intermediates. The obtained product was subjected to ultrasonic probe treatment to improve
exfoliation and dispersion of the nanosheets. The suspension was then centrifuged and repeatedly
washed with 5% HCI solution and deionized water to remove residual metal ions, acids, and
impurities. Finally, the purified product was dried at 350 °C to obtain rGO nanosheets with
improved crystallinity and reduced oxygen-containing functional groups (Figure 1).
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Figure 1. lllustration of the steps of the eco-friendly synthesis of rGO
Characterization of synthesized rGO nanosheets

Transmission electron microscopy (JEM-1011; JEOL; Japan) and an X-ray diffractometer (XRD;
D8 ADVANCE; Bruker; UK) were used to characterize the product. The structure and
morphology of the rGO produced were characterized using scanning electron microscopy (SEM;
JEOL-FE SEM), and the presence of elements was verified using energy-dispersive spectroscopy
(EDX). The surface functional groups of the as-prepared rGO were characterized using Fourier-
transform infrared spectroscopy (FTIR, Shimadzu IR, Prestige 21, Nakagyo-Ku, Kyoto, Japan),
with spectra acquired over a range of 4000-500 cm™. The average particle size and zeta potential
(©) of the synthesized rGO were measured using a Zetasizer (Nano series, HT Laser, ZEN3600,
Malvern Instruments, UK) through Dynamic Light Scattering (DLS), providing characterization
of the green-synthesized rGO. The surface chemical composition, specifically the presence of
carbon and oxygen, was analyzed using X-ray Photoelectron Spectroscopy (XPS) with a JEOL
JPS 9030 photoelectron spectrometer equipped with a 500 W X-ray source (JEOL Ltd., Akishima,
Tokyo, Japan).

Screening of antimicrobial activities

For the antimicrobial assay, pure cultures of fungi including Aspergillus fumigatus (RCMB
02567) and Candida albicans (RCMB 05038), Gram-positive bacteria such as Streptococcus
pneumoniae (RCMB 010011) and Bacillus subtilis (RCMB 010068), and Gram-negative bacteria
including Pseudomonas aeruginosa (RCMB 010045), and Escherichia coli (RCMB 010054)
were employed. The antimicrobial activity of the synthesized rGO nanosheets was evaluated
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against selected Gram-positive bacteria, Gram-negative bacteria, and fungal strains using the agar
well diffusion method. Fresh microbial cultures were adjusted to approximately 1 x 1038 CFU/mL
(0.5 McFarland standard) and uniformly spread onto the surface of sterile Mueller—Hinton agar
plates for bacterial strains and Sabouraud dextrose agar plates for fungal strains. The synthesized
rGO nanosheets were dispersed in sterile deionized water and sonicated for 15 min to obtain a
homogeneous suspension. A stock suspension of 1 mg/mL rGO was prepared, and 100 puL of the
suspension was introduced into each agar well (6 mm diameter). Sterile deionized water was used
as the negative control, while standard antimicrobial agents were used as positive controls. For
antibacterial assays, 100 pL of Ampicillin (1 mg/mL) was used against Gram-positive bacteria
and 100 pL of Gentamicin (1 mg/mL) against Gram-negative bacteria. For antifungal assays,
Amphotericin B (100 1U/disc) was employed as the reference antifungal agent. Following sample
application, the plates were incubated at 37 °C for 24 h for bacterial cultures and at 28 °C for
48 h for fungal cultures. The antimicrobial activity was assessed by measuring the diameter of the
inhibition zones in millimeters (mm). All experiments were performed in triplicate (n = 3), and
the results were expressed as mean + standard deviation (SD). Statistical analysis was carried out
using one-way analysis of variance (ANOVA) followed by an appropriate post hoc test, and
differences were considered statistically significant at p < 0.05.

Assessment of cytotoxic effects using viability assay

The VACSERA Tissue Culture Unit provided the mammalian colon (HCT-116) and breast (MCF-
7) cancer cell lines. These lines were cultured under optimal growth conditions, i.e., maintained
at 5% CO, atmosphere and 37 °C. Regular inspection of cells was performed using an inverted
microscope. Using a cell counter and the 0.4% trypan blue exclusion test, the total number of cells
for each trial was ascertained. Cells were plated in 96-well plates with 90 pl of optimized media
at a density of 2 x 10° cells/well. Following a settling period of 24 hours, the cells were treated
with eight different rGO nanosheet concentrations. After that, the treated cells were given another
24 hours to develop. Each experiment was conducted in quadruplicate. Values for optical density
were normalized in relation to the untreated control cells. The cell viability numbers for untreated
cells were therefore set at 100%, but the values for treated cells can be lower or higher than 100%.
The following equation was used for calculations:

Cell viability (%) = ((Absorbance of the treated sample) / (Absorbance of the control)) X 100

RESULTS AND DISCUSSION
|. Characterization of rGO

XRD plays a pivotal role in analyzing crystalline structure, identifying phases, and detecting
lattice parameters of samples. Figure (2A) illustrates the XRD patterns of rGO synthesized via
the green method utilizing NSS extract. The primary peak was observed at 25° (corresponding to
(002) reflections and a d-spacing of approximately 0.35-0.36 nm). In the XRD spectrum, this
wider and stronger peak center indicates the elimination of a substantial amount of the oxygen
functional groups and is typical of reduced graphene oxide with few layers [16-18]. Likewise,
Vinodhkumar, G. et al. [27], revealed that the XRD pattern of rGO has a broad diffraction peak
at 20 = 18°-26°, which shows the partial restoration of carbon atoms in the graphite lattice and
the gap between the graphene layers for oxygen and other functional groups. At 26 = 42.2°, a very
small diffraction peak develops, probably as a result of incomplete oxidation. Accordingly, the
XRD data indicate that NSS extract successfully reduced both epoxide and carboxyl functional
groups, which is in line with earlier findings [19]. Table 1 summarizes the structural
characteristics of the synthesized NSS-rGO nanosheets and compares them with those reported
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for previously published graphene-based materials. The presence of the characteristic (002)
diffraction peak confirms the successful reduction of graphene oxide and the restoration of the
graphitic structure. The structural features of NS-rGO are comparable to those reported for other
green- and chemically-reduced graphene oxide materials, demonstrating the effectiveness of the
proposed synthesis approach.

Table 1. Comparison of the structural characteristics of the synthesized NS-rGO nanosheets with previously
reported green- and chemically-synthesized graphene-based materials.

Structural properties
Material/method Main rGO peak (260, plane) & d- Structural note
spacing
NS-rGO (current work) 25°(002),d =0.1616 nm Broad, strong (002) peak;
few-layer rGO; substantial loss of
0Xygen groups
Chemically reduced HRG [20] 23.4°(002), d = 0.38-0.40 Broad (002) peak; few-layer
nm (graphite 26.5°, 0.34 nm; GO | graphene, lower crystallinity than
13.4°, 0.66 nm) graphite
Chemically reduced rGO rGO interlayer distance Fewer layers and decreased
(various agents) [21] typically 0.4 nm vs GO ~ 0.9 nm d-spacing after reduction; C/O
(67 layers — 2-3 layers) increased up to 10.3
Green rGO (peptide-rGO, rGO shows a broad (002)-type Amorphous/exfoliated structure;
ascorbic acid) [22] peak; residual GO peak near 9° incomplete removal of oxygen
may persist (partial reduction) groups
Plasma-reduced rGO [23] GO: 11.2° (001), d = 0.79 nm; Partial deoxygenation; d-spacing
rGO: 11.8°,d =0.75 nm decreases but remains larger than
graphite
Hydrazine-treated rGO (film, GO: d002 = 0.823 nm; Nearly graphitic spacing after
annealed) [24] HRGO300: d002 = 0.339 nm strong reduction/annealing
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Figure 2. (A) X-ray diffraction patterns and (B) FTIR spectrum of green synthesized rGO.

The FTIR spectrum was used to further characterize the chemical structure of the
prepared rGO nanosheets (Figure 2B). The overall spectrum exhibited a markedly low
transmittance baseline, which, in the mid-infrared region, serves as a fundamental indication of
the successful reduction process. Mujamammi, W.M. et al. [25] reported that pristine GO
typically exhibits a higher transmittance baseline due to its highly oxidized, non-conductive, and
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structurally disrupted nature. Consequently, the synthesized black rGO powder strongly absorbs
and scatters incident infrared radiation, resulting in the characteristic flattened baseline observed
in the spectrum. The broad and shallow absorption band centered at approximately 3429 cm™ is
generally attributed to the stretching vibrations of hydroxyl (~OH) groups and intercalated water
molecules trapped within the carbon layers. The weak peak observed at 1708.35 cm™ corresponds
to the stretching vibration of carbonyl (C=0) groups associated with carbonyl and carboxylic acid
functionalities. Botas et al. reported that because carboxyl groups are primarily located at the
highly reactive, defective edges of graphene sheets, their complete removal generally requires
high-temperature thermal treatment [26]. Therefore, the persistence of this weak band indicates a
small amount of residual oxygen-containing defects, which is common in green-synthesized rGO
materials. Furthermore, the distinct absorption peak at 1163 cm™ is assigned to the stretching
vibrations of C-O bonds associated with alkoxy and epoxy groups, suggesting that a limited
fraction of basal-plane oxygen bridges remains after the reduction process. The sharp band
observed in the lower fingerprint region at approximately 583 cm™ is attributed to out-of-plane
aromatic C-H bending vibrations or skeletal C-C lattice vibrations within the graphitic
framework. The FTIR results confirm the substantial removal of oxygen-containing functional
groups and support the successful reduction of graphene oxide while retaining a small amount of
residual oxygen functionalities characteristic of green-synthesized rGO materials [27].

The resulting rGO's surface morphology was observed using TEM and SEM analyses,
illustrated in Figures 3A and 3B, respectively. The TEM image (Figure 3A) illustrates that the
single- or few-layer rGO nanosheets are highly transparent and exhibit some visible wrinkles and
minor holes on the surface. Consistent with these results, the SEM analyses (Figure 3B) revealed
that rGO nanosheets that appear less transparent display a significantly wrinkled and crumpled
morphology. These findings suggest that the aggregation of graphene nanosheets during the
reduction of graphene using NSS to create rGO results in the creation of a strongly pleated surface
[28, 29, 16].

The elemental composition was estimated using EDS. The results (Figure 3C) reveal the presence
of 98.85% carbon and 1.15% oxygen, indicating the high quality of the synthesized material [30,
16].

Bull. Chem. Soc. Ethiop. 2027, 41(1)



Green-synthesized rGO: Structural, morphological and biological properties 139

Weight%  Atomic%
CK 08 85 0914
OK 1.13 0.86

100.00

Full Scale 2916 cts Cursaor: 0.000

Figure 3. (A) TEM micrograph, (B) SEM image and (C) EDS spectrum of green synthesized rGO.

X-ray photoelectron spectroscopy (XPS) was employed to investigate the surface elemental
composition and chemical states of the synthesized rGO nanosheets (Figure 4 (A and B)). The
survey spectrum was dominated by the characteristic C 1s and O 1s signals, confirming carbon
and oxygen as the major surface elements. The predominance of the carbon signal relative to
oxygen is consistent with the formation of a carbon-rich structure following the oxidation and
subsequent processing of the soot precursor. The O 1s region exhibited a broad asymmetric feature
centered at approximately 531.5 eV (Figure 4A), reflecting the presence of different oxygen-
containing chemical environments, including carbonyl, hydroxyl/epoxy, and other surface oxygen
species [29-31]. To obtain further insight into the carbon bonding environments, the high-
resolution C 1s spectrum was analyzed after charge correction by referencing the principal
graphitic carbon component to 284.8 eV. The C 1s envelope was deconvoluted using a Shirley
background and pseudo-Voigt line shapes, yielding three principal components centered at
approximately 284.82, 286.01, and 288.91 eV. The dominant component at 284.82 eV accounted
for approximately 61.1% of the total fitted C 1s area and was assigned primarily to C-C/C=C
bonding associated with the graphitic carbon framework, indicating the presence of substantial
sp2-rich conjugated carbon domains. The component centered at 286.01 eV, representing
approximately 26.8% of the fitted area, was attributed to C-O/C-O-C environments, whereas the
higher-binding-energy component at 288.91 eV contributed approximately 12.1% and was
associated with highly oxygenated carbon environments (Figure 4B). The predominance of the
C-C/C=C component, together with the smaller contributions from oxygenated carbon species,
indicates partial restoration of the conjugated graphitic network while confirming the persistence
of oxygen-containing functional groups in the synthesized rGO. The C/O atomic ratio, calculated
from the background-corrected integrated C 1s and O 1s peak areas using the appropriate
sensitivity factors, was approximately 3.7, further supporting the carbon-rich nature and partial
deoxygenation of the material. The residual oxygen-containing functionalities and structural
defects may generate localized electronic states and interfacial polarization sites, providing a
possible structural basis for the observed frequency-dependent dielectric and electrical behavior.
Collectively, the XPS results support the formation of a partially reduced, structurally
heterogeneous graphene-based carbon material containing restored graphitic domains together
with residual oxygen functionalities, agreement with the FTIR and UV-Vis results.
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Figure 4. (A) XPS spectra and (B) high-resolution C 1s XPS spectrum and peak deconvolution of
green-synthesized rGO.

The DLS analysis of NSS extract-rGO revealed a multimodal particle size distribution; the
Z-average size of 385.2 nm and PDI of 0.441 confirm moderate polydispersity, as shown in
Figure 5. The dominant nanosized fraction suggests effective exfoliation and reduction by NSS
phytochemicals. The measured zeta potential of +17 + 6.58 mV indicates moderate stability due
to partial surface charge and residual functional groups [34]. Overall, NSS extract efficiently
reduces and stabilizes rGO, though minor aggregation may occur due to limited electrostatic
repulsion [35].
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Figure 5. DLS measurements of the green-synthesized rGO.
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Antimicrobial and anticancer properties of rGO produced by reduction of graphene using NSS

As indicated in Table 2, the antibacterial activity of rGO at different concentrations against Gram-
positive, Gram-negative, and fungal pathogens was evaluated using the agar well diffusion
method. The results demonstrated that the synthesized rGO exhibited considerable antimicrobial
activity against most of the tested microorganisms, with the highest inhibition observed against
Bacillus subtilis, followed by Aspergillus fumigatus, Streptococcus pneumoniae, Escherichia coli,
Candida albicans, and Pseudomonas aeruginosa. Furthermore, the observed inhibition zones
indicate promising antimicrobial activity of the synthesized rGO under the tested conditions,
while the standard antibiotics served as reference controls. The antimicrobial mechanism of rGO
is believed to involve multiple pathways (Figure 6), including direct physical disruption of
microbial cell membranes by the sharp edges of graphene sheets, adsorption and isolation of
microbial cells from their surrounding environment, and the induction of oxidative stress through
the generation of reactive oxygen species (ROS). These effects can compromise membrane
integrity, disrupt cellular metabolism, and ultimately lead to cell death. In addition, residual
oxygen-containing functional groups on the rGO surface may enhance interactions with microbial
cell walls, contributing to its antimicrobial performance [33, 36]. Although the present results
demonstrate promising antimicrobial activity, further investigations regarding biocompatibility,
toxicity, and in vivo performance are required before practical biomedical applications can be
established.

Table 2. Antimicrobial activity of NSS- rGO against various fungal and bacterial strains.

Microorganisms rGO | St.
Fungi Amphotericin B
Aspergillus fumigatus (RCMB 02567) 33315 21715
Candida albicans (RCMB 05038) 193+1.5 22.7+1.5
Gram-positive bacteria: Ampicillin
Streptococcus pneumoniae (RCMB 010011) 32.7+2.1 21.0+1.0
Bacillus subtilis (RCMB 010068) 34.0+2.0 313+1.5
Gram-negative bacteria: Gentamicin
Pseudomonas aeruginosa (RCMB 010045) 163 +2.1 16.0+1.0
Escherichia coli (RCMB 010054) 263 +2.1 20.3 £0.58

/ Mitochondrial
8 membrane |

dlsruptlo

Figure 6. Diagram of possible mechanisms of biomedical activities of rGO.
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rGO demonstrated significant dose-dependent cytotoxicity against colon and breast cancer
cells. Cell viability, dependent on mitochondrial activity, was quantified using the MTT assay.
For 24 hours, the cells were exposed to rGO at progressively higher concentrations. For MCF-7
and HCT-116 cell lines, the half-maximal inhibitory concentration (1Cso) of rGO was determined
to be 3.125 mg/mL and 1.56 mg/mL, respectively (Figure 7(A and B)).
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Figure 7. Cytotoxic activity of NSS-rGO against (A) MCF-7 and (B) HCT-116 cell lines.
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Previous studies have demonstrated that rGO sheets can effectively accumulate on the surface
of cancer cells and facilitate intracellular transport, thereby enhancing their biological activity
[37-39]. Once internalized, rGO nanosheets may induce the generation of reactive oxygen species
(ROS), leading to oxidative stress and subsequent damage to essential cellular biomolecules such
as DNA, proteins, and lipids (Figure 6). This oxidative imbalance can trigger multiple cell death
pathways, including apoptosis and necrosis, ultimately inhibiting cancer cell proliferation.
Furthermore, rGO has been reported to stimulate autophagy, a cellular self-degradation process
that can contribute to cancer cell death under excessive stress conditions [30-42]. The observed
cytotoxic effects are consistent with previous findings, including those reported by Gurunathan
et al., who demonstrated the anticancer potential of resveratrol-reduced rGO against human lung
cancer cells [43]. These findings highlight the promising therapeutic potential of green-
synthesized rGO nanosheets as anticancer agents. However, the present study evaluated
cytotoxicity only against cancer cell lines, and no assessment was performed using normal (non-
cancerous) mammalian cells. Therefore, comprehensive biocompatibility and selectivity
assessments using appropriate normal mammalian cell lines are essential and should be
undertaken in future studies to establish the safety profile, selectivity index, and therapeutic
window of the synthesized nanomaterial, thereby facilitating its potential biomedical translation
[44, 45]. Table 3 presents a comparison of the antimicrobial and anticancer properties of the
synthesized NS-rGO nanosheets and previously reported graphene-based materials prepared
using green and chemical reduction methods.

Table 3. Comparative analysis of the biomaedical properties of the synthesized NS-rGO nanosheets with
those of previously reported graphene-based nanomaterials.

Biological properties
Material/method Antibacterial profile Anticancer/cytotoxicity (ICso,
exposure)
NS-rGO (current work) Strong, broad-spectrum; highest MCF-7 ICso= 3.125 mg/mL;
vs B. subtilis, then A. fumigatus, S. HCT-116 ICso = 1.56
pneumoniae, E. coli, C. albicans, mg/mL (24 h, MTT)
P. aeruginosa; zones greater than
standard
Green tea rGO [46] Strong vs E. coli, Staphylococcus; High toxicity to MCF-7 and
notable antioxidant activity PC3; 1Cso not numerically
specified
Chenopodium-rGO [47] Enhanced vs Gram+ and Gram- vs MCF-7 viability drops from
GO; antibiofilm improved 90%—35% between 1-250
pg/mL (dose-dependent)
Acalypha / Raphanus-rGO Not reported A549 ICso =~ 26.7-38.5 pg/mL;
[48] MCEF-7 ICs0 =~ 33-36 pug/mL
Euphorbia-rGO [49] Not reported Significant cytotoxicity vs
A549, HepG2 (values not
specified)
Chemically reduced HRG Strong vs Gram+ (B. subtilis, MCF-7 ICso =~ 29.5 pg/mL
[20] MRSA, S. aureus), similar to
ampicillin; high antibiofilm activity
N-doped graphene (hydrazine) Better vs Gram+ (MRSA, B. MCF-7 ICso 27.15 pg/mL,;
[50] subtilis, S. pneumoniae, S. mutans); Hela 30.85 pg/mL
no activity vs K. pneumoniae,
P. aeruginosa
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CONCLUSION

In conclusion, this study demonstrated a green and environmentally friendly approach for the
synthesis of reduced graphene oxide rGO nanosheets using Nigella sativa seed (NSS) extract as a
natural reducing agent. Structural, morphological, and surface characterization analyses,
including XRD, EDX, SEM, TEM, FTIR, and XPS, confirmed the successful synthesis of rGO
nanosheets. The XRD results revealed the characteristic graphitic structure of rGO, while EDX
analysis confirmed the predominance of carbon in the synthesized material. Furthermore, SEM
and TEM observations demonstrated the formation of crumpled and wrinkled nanosheets, which
are characteristic features of rGO. The synthesized NSS-rGO nanosheets exhibited promising in
vitro antibacterial and antifungal activities against various microbial strains, as well as significant
cytotoxic effects against MCF-7 and HCT-116 cancer cell lines. These findings highlight the
potential of green-synthesized rGO nanosheets for future biomedical applications. However,
further investigations, including comprehensive biocompatibility and toxicity assessments using
normal cell lines, mechanistic studies, long-term stability evaluations, and in vivo validation, are
required before their biomedical and therapeutic potential can be fully established.
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