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Graphene exhibits remarkable properties and holds substantial promise for diverse applications. Its unique
combination of thermal, chemical, physical, and biological properties makes it an appealing material for
a wide range of uses. But, the lack of an economical and environmentally friendly approach to
synthesize good-quality graphene represents an immense challenge for the scientific community. What
makes this research unique is the utilization of the defensive gland extract from the beetle species
Luprops tristis (Order: Coleoptera, Family: Tenebrionidae) to synthesize a few layers of graphene (FLG).
This innovative incorporation of natural resources and exploration of biologically inspired methods

provides an eco-friendly and cost-effective alternative to conventional graphene production techniques.
Received 21st December 2023 The exfoliated graphene displayed antimicrobial effects against both Gram-positive (Staphy!
Accepted 6th February 2024 e exfoliated graphene displayed antimicrobial effects against bo ram-positive (Staphylococcus
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DOI: 10.1039/d3ra08733f Additionally, the cytotoxicity assay demonstrated the anti-cancer properties of biosynthesized graphene
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1. Introduction

Graphene is a newly emerged horizon in the world of science; it
is a carbon allotrope that is currently highly in-demand in both
research and commerce.! Structurally, it's thought to be
a mother material for other carbon allotropes, including
fullerenes, graphite, charcoal and carbon nanotubes.>* The
term “graphene” was first introduced by Boehm in 1986, for the
single layer of carbons present in graphite.® Owing to its supe-
rior thermal conductivity, mechanical strength, current density,
electron mobility, and surface area, graphene has been
a popular focus of research in the present decade and is being
explored and used in a variety of fields, from electronics to
biomedical applications.® The extraordinary properties of
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against Daltons Lymphoma Acetic (DLA) cells.

graphene have garnered significant interest, leading to its
recognition as a “magical material.” The structure of a single
layer of graphene is composed of a web of sp” carbon atoms,
which are interconnected in two dimensions by covalent bonds
with a bond length of 0.142 nm.” In graphite, these graphene
layers get laid on top of one another by van der Waals forces
acting in between them.® Most of the exfoliation processes aim
to weaken these forces acting between the graphene layers and
result in the graphite exfoliation. In 2004, Novoselov and Geim
demonstrated graphene preparation from graphite by a scotch
tape peeling method.’ It is revealed that about 99.99% of the
electromagnetic radiations are strongly blocked by graphene.'®
Electronics, biotechnology, and medical sectors, among others,
can all benefit from using graphene's electrical properties.® As
a result, there is a lot of interest in the research on graphene
synthesis all around the world.

Two distinct methods have been employed in the synthesis
of graphene, known as the bottom-up and the top-down
approaches.*"** The former involves synthesizing graphene
from carefully designed molecular building blocks that undergo
chemical reactions to form covalently bonded 2D networks. On
the other hand, the latter approach involves exfoliating graphite
to form graphene.>* Top-down tactics can be implemented
under various environmental variables.® Besides the mechan-
ical cleavage based on the scotch tape method, liquid-phase
exfoliation (LPE) methods are gaining prominence because
they are extremely versatile, potentially up-scalable, and can be
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used to deposit graphene in a variety of environments and on
substrates that mechanical cleavage and growth methods
cannot.® Exfoliation is the process by which individual separa-
tion of carbon sheets to one or more tiny sheets of graphene
takes place.'® Chemical or thermal approaches are the usually
applied methods to exfoliate graphene. Graphene has been
exfoliated using a variety of organic solvents, including N-
methyl-pyrrolidone  (NMP), dimethyl-formamide (DMF),
dimethyl sulfoxide (DMSO), and ethylene glycol (EG)."” Their
high boiling points are one disadvantage of these solvents.'® It
is widely acknowledged that polyphenolic compounds function
well as solvents for exfoliating graphite, generating
graphene.””* However, some of these strategies end up in
releasing toxic chemicals.”*** Certain recent investigations have
demonstrated environment friendly methods using natural
reducing agents like; extracts from plant parts and aromatic
compounds, carbohydrates etc.>* But most of these methods are
based on plant origin and only a few are of animal origin.*>*’
Microbial exfoliation remains the focal point of a great deal of
these biological approaches. However, the microbial methods
suffer from a major drawback; its intricate procedure for
sustaining cell cultures as well as refining particular compo-
nents makes it complicated.*

The experimental insect, Luprops tristis (Order: Coleoptera,
Family: Tenebrionidae) 8 mm long, black coloured, plant
detritus eating beetle, found in various parts of India. Following
summer rain, these nocturnal beetles make massive invasions
on buildings and residential areas, thus creating nuisance to
people. This is a regular phenomenon commonly found
throughout the rubber plantations of Kerala. The immature fall
of tender leaves of rubber due to various seasonal diseases
contribute to their food and this ensures their presence
throughout the season.”® They are very special among other
Coleopterans on having a period of oligo-pause (lasting up to 9
months) which is an intermediate between quiescence and
diapause.*?* Abdominal gland of Mupli beetle is known as
pygidial glands which have two sets of secretary lobes, collecting
canal and collecting reservoir. The yellow secretion of this gland
is their defensive tool against predators. Due to their extensive
distribution, the propensity to congregate in residential areas,
lack of natural enemies, and unique ability to blend in with leaf
debris, they are impossible to control using conventional
methods. Even though they usually stay harmless to human
kind, the defensive secretion oozed out of their abdomen when
disturbed (like picked up, squeezed) causes severe skin burn.

Previous research carried out in our laboratory showed that
2,3-dimethyl-1,4-benzoquinone, 2,5-dimethylhydroquinone and
1,3-dihydroxy-2-methylbenzene are abundant in the defensive
secretion of the Mupli beetle, L. tristis.*> Furthermore, we
successfully synthesized metal nanoparticles using the extract
derived from the defensive glands of L. tristis.>* Hence, the aim of
this study is to create a unique, cost-effective, and environmen-
tally friendly method for synthesizing few-layer graphene through
liquid phase exfoliation of graphite, utilizing extracts from the
defensive secretion of the Mupli beetle, L. tristis. The graphene
produced through this biologically inspired approach
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demonstrated encouraging antimicrobial capabilities and cyto-
toxic effects against cancer cells.

2. Materials and methods

2.1. Extraction of defensive gland secretion

The insect, Luprops tristis (Order: Coleoptera; Family: Tene-
brionidae) also referred to as Mupli beetle, is a dark coloured
litter inhabiting one. A total of 200 beetles were collected
(handpicked) from the Ladies Hostel of Sree Neelakanta
Government Sanskrit College, Pattambi (10°8’ N 76°7" E) in the
Kerala state of India. The captured ones were subsequently
taken to the lab in porous plastic jars (containing closures),
making sure that the beetles had access to appropriate abiotic
conditions. It was followed by the extraction of the defensive
gland.

Defensive secretion was collected from both male and
female beetles. The defensive glands (Fig. 1A) were found
between the 7th and 8th sternum. To locate the defensive gland,
the elytra and terga of the insects were gently placed sideways by
placing them on the first and forefingers. The posterior part of
the abdomen was then sterilized using cotton soaked in
deionized water. The beetle was carefully disturbed with a fine
needle, and pressure was applied to the abdomen to release the
gland. A sharp needle was used to break the protruded gland,
and care was taken to prevent any interference with faecal-like
substances.* The obtained extract was subsequently gathered
in a 500 pl Eppendorf tube, already containing 300 ul of
deionized water. This resulting mixture, consisting of 300 ul of
deionized water and 200 ul of gland extract, was employed for
the exfoliation of graphite.

2.2. Exfoliation of graphite dispersion

The defensive gland mediated graphite exfoliation was carried
out by adding gland extract of 30 beetles in 300 pl of deionised
water. The extract was then centrifuged in a micro centrifuge
(1 ml capacity) at 10 000 rpm for 1 min. The reaction mixture
was prepared by adding 600 pl of defensive gland extract (60
gland equivalents) and 400 pl (10 pg/400 pl) of powdered
graphite flakes (Sigma Aldrich Chemicals India Pvt. Ltd) in
deionised water. The immiscible mixture was subjected to
ultrasonication using an ultrasound bath sonicator with 100 W
ultrasonic power (LABMAN ULTRASONIC CLEANER-LMUC-3)
for a duration of 1 hour at a frequency of 40 kHz. The entire
exfoliation process is illustrated in Fig. 1(B-F). To avoid any
temperature increase in the solution caused by energy genera-
tion during ultrasonication, the circulating water thermostat
was set at 15 °C. The process was followed by 3 minutes of
centrifugation at 10 000 rpm. Finally, the exfoliated graphene
was separated and used for further analysis.

2.3. Characterization of exfoliated graphene

The morphology of exfoliated graphene was analysed on an HR-
TEM instrument (Joel/JEM 2100) having a 0.14 nm point reso-
lution at 200 kV. The thickness of the graphene sheet was
analysed using atomic force microscope (Multimode 8-HR,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Diagrammatic representation of the exfoliation of graphite using the defensive gland extracts of the beetle L. tristis. (A) The Mupli beetle,
Luprops tristis and the defensive gland of the beetle exposed from the body of the insect. (B) Extraction of defensive gland. (C) Adding powdered
graphite flakes into the defensive gland extract. (D) The reaction mixture, which includes graphite flakes, is located at the bottom of the
Eppendorf tube. (E) Sonication of the immiscible mixture for one hour. (F) Exfoliated graphene after sonication.

containing Bruker's exclusive ScanAsyst). Raman spectroscopic
analysis was carried out on a confocal Raman microscope with
AFM imaging (WiTec alpha 300, Germany). Further character-
ization was done with the aid of X-ray Photoelectron Spectros-
copy (XPS) analysis, and Fourier Transform Infrared (FTIR)
studies.

2.4. Analysis of anti-bacterial activity

The normal Agar disc diffusion assay doesn't yield promising
results on the anti-bacterial activity of graphene. Hence in the
current study we made use of the ‘Colony counting method’.
2.4.1. Growth of bacterial strains. The anti-bacterial assay
of exfoliated graphene was performed using the colony count-
ing method on both Gram negative and Gram positive bacteria.
Both LB agar (Luria Bertani broth with 1.5% agar) and brain
heat infusion agar plates were prepared separately and made to
culture with Escherichia coli (Gram negative) and Staphylococcus
aureus (Gram positive) at 37 °C and 30 °C respectively. To 5 mL
of broth, a bacterial single colony was inoculated and allowed to
culture overnight under standard temperature. Using this 5 mL
culture, a total of 50 mL volume of bacteria was harvested. At an
optical density (OD-600) of 0.6, each cell was isolated centri-
fuged at 3500 rpm at a temperature of 4 °C for about 30 min.
The remaining excess media components present in the cells
were eliminated by washing the isolated cells with saline solu-
tion (9% NaCl) twice. These purified cells were then suspended

© 2024 The Author(s). Published by the Royal Society of Chemistry

in the same saline solution followed by the quantitative analysis
of cells using the spectrophotometer.

2.4.2. Assay of antibacterial activity of exfoliated graphene.
Serial dilution was performed before incubating the micro-
organisms to the agar plates. Varying concentrations of (0.5, 1
and 1.5 pg ml ') exfoliated graphene solutions were prepared in
saline, and population concentrations of 10” cells per ml were
incubated in it at 200 rpm for 3 h under room temperature.
These incubated bacteria were then serially diluted and finally
made to a volume of 10* cells per ml. From this serially diluted
sample, 100 pul (containing the progenitor) was spread on the
prepared agar plate followed by overnight incubation. The
aggregates of cells formed on the plate which were derived from
the original progenitor are called ‘colony-forming unit’ (CFU)
and were counted to determine the antibacterial activity of the
exfoliated graphene. This same scheme was done using distilled
water instead of graphene as the control group. The loss of
viable cells in the colony on each plate gives the anti-bacterial
effect of exfoliated graphene. The number of CFU in the
experimental group to that of the control group will give the
total viable cell loss in terms of percentage. The whole experi-
ment was repeated thrice and average values were taken for
analysis.

2.5. Analysis of anti-cancerous activity

The cytotoxicity of biosynthesized graphene was assessed by
studying its effects on Dalton's Lymphoma Ascites cells (DLA
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cells). The cancer cells were obtained from the peritoneal cavity
of tumor-carrying mice and subsequently washed three times
with Phosphate Buffered Saline (PBS). The main focus of this
study is to ascertain cell viability, which was achieved by
employing the trypan blue exclusion technique. Tubes con-
taining different concentrations of exfoliated graphene (10 pg,
20 ug, 30 ug, 40 ug, and 50 pg) were prepared, and each tube was
combined with a viable cell solution containing 1 x 10° cells in
0.1 ml. To achieve a total volume of 1 ml, phosphate buffer
solution was added to each tube, except for the control tube
which contained only the cell suspension. The resulting mixture
was then incubated for over three hours at 37 °C. Subsequently,
the cell solution was mixed with 0.1 ml of 1% trypan blue,
allowed to settle for 2-3 minutes, and then transferred to
a hemocytometer. The dead cells absorbed the blue tint of try-
pan blue, while the living cells remained unstained. The total
quantities of stained cells along with the unstained cells were
then determined by direct counting.*

Percentage cytotoxicity =
number of dead cells

1
(number of live cells + number of dead cells) x 100

3. Results and discussion

A completely new and easily accessible biological approach was
employed in the present study for the exfoliation of few-layer
graphene (FLG) using the defensive secretion of the beetle L.
tristis. The graphene sheets produced by an eco-friendly
approach in the current study displayed biochemical proper-
ties® such as anti-cancerous and anti-bacterial activity. The
biological approaches for graphene exfoliation are becoming
more and more significant nowadays due to their eco-friendly
nature. For the last two decades, various biological agents
have been using for the same purpose. But most of these
methods are based on plant origin and only a few are of animal
origin.”*?” To our knowledge, no prior research has been done
on the exfoliation of few-layer graphene (FLG) using the
defensive secretion of a beetle.

3.1. Exfoliation of graphite dispersion using the defensive
secretion of the beetle Luprops tristis

The defensive secretion of the beetle L. tristis together with the
dispersion of graphite in deionised water was used for the
exfoliation graphite dispersion. Graphene were exfoliated effi-
ciently in the form of layers using this method. On the addition
of the graphite dispersion (10 pg/400 pl), the deep red coloured
solution of gland extract turned in to an immiscible black
mixture (Fig. 2 A-C). After ultrasonication for 1 h, the sample
developed a distinct black dispersion. This colour change from
deep red to the black and the formation of the dispersion
indicated the exfoliation of graphite in to graphene.

In the field of graphene synthesis, our research aligns with
earlier eco-friendly methods. Chabot et al. (2013) pioneered this
approach by using Gum Arabic for graphite exfoliation in water,
which resulted in graphene with fewer defects and higher
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conductivity compared to reduced graphene oxide.** Similarly,
G. George et al. (2018) employed natural polyphenols like cur-
cumin, producing few-layer graphene with minimal defects.**
Complementing these efforts, Salunke and Kim, along with
Ahadian and colleagues, utilized plant extracts and bovine
serum albumin, respectively, for graphene dispersion.*** These
studies collectively underscore a significant shift toward
sustainable practices in graphene synthesis, emphasizing the
use of green materials and methods. This trend not only
supports the development of high-quality graphene but also
reflects a commitment to environmentally responsible scientific
practices, addressing the needs of the future.

There are only a few studies about the Mupli beetle, their
morphology, life history,” population dynamics,* biological
control,*® diapause period* and structure of defensive gland.*”
Our study reveals that the defensive secretion of the mupli
beetle has the capacity to exfoliate graphene from a sample of
graphite dispersion. Like in the case of electrochemical liquid
phase exfoliations, the defensive secretion can play the role as
a potent dispersant here. Furthermore, the glandular extract
also acts as a good stabilizing agent. GC-HRMS analysis was
recently used to determine the chemical makeup of the defen-
sive glandular extract of the Mupli beetle, L. tristis.*” It disclosed
the presence of polyphenolic compounds and pheromones such
as 1,3-dihydroxy-2-methylbenzene, 2,3-dimethyl-1,4-benzoqui-
none, 2,5-dimethyl hydroquinone, oleic acid, pentacosane, tet-
racosane, hexacosane, tert-hexadecanethiol and 7-hexadecenal.
Furthermore, this study also disclosed the antioxidant, anti-
mitotic, cytotoxic and antibacterial properties of the defensive
gland of the mupli beetle and thereby bringing profitable bio-
logical activities of the defensive gland to the limelight. A
former study on different species of the Tenebrionid beetle by
Brown and co-workers had pointed out that the main chemical
constituent in the defensive secretion of this family may be
quinones.® Since polyphenolic compounds have good
reducing, capping and anti-oxidant strengths, they provide
stability. The phenolic compounds present in the gland extract
due to their distinct diffusability and minute size get adsorbed
on the graphite surface. The energy gained through the soni-
cation results in the intercalation of these compounds in
between the graphite layers (Fig. 2a—f). As the pressure develops
the weak Van der Waals force which holds together the sp?
carbon atoms get weakened, and the spacing of graphite layers
increase from 0.34 nm to a higher value. The continuously
acting sonication energy and the intercalation together with the
release of reactive oxygen species (ROS) by the phenolic
compounds may be leads to the exfoliation of graphite into few-
layer graphene.**** Recent studies by Song and co-workers
(2020) showed that there are three separate phases in the
conversion of graphite flakes to graphene. The initial phase of
sonication leads to the fragmentation of large flakes and the
appearance of kink band striations, which are notably observed
in zig-zag patterns on the surfaces of the flakes. In the subse-
quent phase, fissures form along these striations, and when the
solvent is intercalated, small graphite strips begin to unzip and
peel off, ultimately resulting in the exfoliation of graphite.***

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(A—C); (A) red coloured defensive extract of 60 beetles, (B) mixture of defensive gland extract and graphite solution (immiscible) before

sonication and (C) the black dispersion formed after sonicating for 1 hour containing the exfoliated graphene. In the diagram: (a) reaction mixture
containing the defensive secretion of 60 beetle and the graphite solution in deionised water. (b) The polyphenolic compounds present in the
defensive secretion of the Mupli beetle. (c) Stalked graphene layers which constitute the bulk graphite (present in the graphite solution). (d)
Adsorption of graphene layers on the surface & edges of graphite and weakening of the van der Waals forces. (e) Intercalation of polyphenolic
compounds in between the graphene layers. (f) Separation of graphene layers.

Ultra-sonication techniques have significantly improved the
conventional methods of producing graphene using different
solvents, which were previously tentative and yielded minimal
results. The introduction of ultra-sonication has facilitated the
creation of nanoparticles with excellent stability, making the
process more efficient.*® Tyurnina and colleagues conducted
a study demonstrating the feasibility of rapidly and precisely
controlling the generation and quality of few-layer graphene
flakes in pure water by investigating the impact of critical
ultrasonic liquid phase exfoliation (LPE) parameters.** Simi-
larly, another study found that employing basic moderate bath
sonication at higher frequencies and lower power levels
enhances the size, thickness, and quality of the resulting exfo-
liated particles.* More in-depth studies are required to confirm
the various phases associated with the formation of few layer
graphene using the defensive extract of the L. tristis. A further
thorough investigation is required to confirm the various steps
involved in synthesizing a few layer graphene using the defen-
sive extract from L. tristis.

3.2. Characterization of exfoliated graphene

The exfoliated graphene was characterized using various tech-
niques, including Transmission Electron Microscopy (TEM),
Atomic Force Microscopy (AFM), Raman Spectroscopy, X-ray

© 2024 The Author(s). Published by the Royal Society of Chemistry

Photoelectron Spectroscopy (XPS) analysis, and Fourier Trans-
form Infrared (FTIR) studies. The obtained results are as
follows.

3.2.1. Transmission electron microscopy (TEM). The
morphology and number of layers of the prepared graphene can
be characterized using transmission electron microscopy.* The
TEM images of the sample obtained are given in figures
(Fig. 3A-C) which demonstrate good degree of exfoliation.
These representative images show a wrinkled morphology with
few stalked layers at the edge. TEM images show the presence of
few-layer graphene (FLG) in the sample.*® The selected area
electron diffraction pattern of a particular layer of the exfoliated
graphene is given (Fig. 3(D)). This picture shows a diffraction
pattern oriented in 6 edges, representing the hexagonal struc-
ture of the graphene. The light emitted in this hexagonal
symmetry confirms that the distortions are altogether absent in
the product during the exfoliation process.”” The TEM exami-
nation indicates that the exfoliation method, employing beetle
extract, effectively yielded FLG.

3.2.2. Atomic force microscopy (AFM). AFM is a very
trustworthy tool in nanotechnology for examining the thick-
ness, surface structure, and chemistry of the nanoparticles. The
recent research by Kumar et al, (2021) provides a thorough
overview of the AFM analysis used to gauge graphene thickness.
Graphene thickness has been quantified through the vertical

RSC Adv., 2024, 14, 5729-5739 | 5733
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(A—C) TEM images of exfoliated graphene layers with dimensions of 50 nm, 20 nm, and 2 nm respectively, (D) electron diffraction pattern

(EDP) of the exfoliated graphene layer (51 nm), (E) AFM profile of the exfoliated graphene. (F) Height of the exfoliated graphene obtained from
AFM analysis, (G) Raman spectra of the exfoliated graphene. (H) FTIR data of N-doped graphene, (I-K) PS Spectra of N-doped graphene; (1) survey
spectrum (J) C 1s deconvoluted spectrum and (K) N 1s deconvoluted spectrum of N-doped graphene.
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and lateral dimensions acquired from AFM examination.*® The
AFM image of the exfoliated graphene is presented in
Fig. 3(E and F). Using the AFM height profile of the graphene,
2.163 nm was determined to be the thickness of exfoliated
graphene. A single sheet of graphene being approximately
0.345 nm thick, this proves that the exfoliated sample contains
FLG, which is normally found in layers between 5-8.*

3.2.3. Raman spectroscopy. The Raman spectrum of the
exfoliated graphene is given in figure (Fig. 3G). A Raman spec-
trum helps to examine the sample quality and number of layers
present in the sample.*” In addition, it also provides informa-
tion on the structure and chemical properties of our desired
sample.” The Raman spectrum of the exfoliated graphene
shows mainly 3 peaks® which can be assigned as D band, G
band 2D band seen around 1340, 1580 and 2700 cm ™' respec-
tively. A distinct, sharp G band can be observed in the spectrum,
which indicates the graphitic nature.® As the G band is sharper,
it reflects the highly crystalline nature of the graphene
formed.’>** The presence of G band is due to the in-plane
vibration. The position of G band tells about the number of
layers of graphene formed and its intensity reflects the thick-
ness of layers.*® The weak D band indicates the low defects in
the graphene layers.** The G and D band confirm the formation
of highly crystalline, defect-less graphene sheets. Presence of
strong 2D band is a characteristic of graphene which indicates
the 2nd order defects and thickness of the layers.** The Ip/Ig
ratio gives the density of defects. Here the I,/I; ratio is found to
be 0.8 which indicates that the graphene formed is of fewer
defects. The I,p/I; ratio of 1.5 for the graphene exfoliated with
beetle defensive extract indicates that the sample is composed
of few layers. This conclusion is derived from the general fact
that an I,p/Ig ratio above 2 is characteristic of monolayer gra-
phene, while a ratio below 2 suggests the presence of more than
one layer in the exfoliated graphene. Consequently, the
observed I,p/I ratio of 1.5 aligns with the properties of few-
layer graphene.”® So the Raman spectrum confirms the forma-
tion of a ‘Few Layer Graphene (FLG)’ in our sample.

3.2.4. FTIR spectroscopy. FTIR spectroscopy is a widely used
analytical technique and furnishes comprehensive insights into
the functional groups in the sample.**” FTIR analysis of the N-
doped graphene is presented in Fig. 3(H) with vibrational
frequencies at 1050 cm ™" (C-O stretching vibration), 1453 em ™"
(O-H bending), intense bands at 1645 cm ' (C=C and C=N
vibrations), 1747 cm ' (C=0), 2924 and 2854 cm ' (C-H
stretching), 3416 cm™ ' (O-H stretching). This signifies the influ-
ence of polyphenolic compounds from the defensive extract* that
facilitate surface functionalization, thereby contributing to facile
exfoliation of graphite into graphene via sonication. The nitrogen
containing molecules in the defensive gland extract of the beetle
aid in elemental doping of N into graphene.

3.2.5. X-ray photoelectron spectroscopy (XPS). X-ray
Photoelectron Spectroscopy is a powerful tool to analyse the
electronic configuration and composition of the elements in the
fabricated nanomaterial. The derived binding energy values
obtained from the XPS analysis render information on the
nature of binding between elements present in the sample.*®
Fig. 3(I) shows the survey spectrum of as prepared sample with
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peaks of C 1s, N 1s and O 1s.The atomic percentage of C, N and
O obtained from the XPS analysis are 68.84%, 7.81% and
23.35% respectively. Fig. 3(J) depicts the high resolution
deconvoluted spectra of C 1s with three distinct peaks. The
prominent peak at 284.7 e V corresponds to graphitic C=C
species, the peak at 286.5 eV corresponds to the sp® carbons (C-
OH) and the binding energy at 287.7 eV may corresponds to
C=0 or C-N.>***

High resolution N 1s spectrum, shown in Fig. 3(K) reveals the
binding configuration of nitrogen atom in the graphene
sample. The presence of different N atoms in the sample is
apparent through the observation of three spectral peaks with
binding energy values at 398 eV (for pyridinic N), 399.5 eV (for
pyrrolic N) and 401.9 eV (for graphitic N).®* The significance of
N-doped graphene is that N-doping might introduce a change in
the Fermi level and may result in the graphene band gap
opening. Thus the presence of oxygen functionality (which
impart to the stable aqueous dispersion) as well as the nitrogen
doping in the sample is confirmed from FTIR and XPS analysis.

3.3. Antimicrobial activity of the exfoliated graphene

The anti-bacterial activity of the exfoliated graphene using the
defensive secretion of the beetle L. tristis was tested using the
colony counting method as shown in Fig. 4(A). Exfoliated gra-
phene displayed notable antibacterial properties against both the
Gram negative and Gram positive bacteria. A maximum of anti-
bacterial activity was observed at the concentration of 1.5 pg ml ™"
for S. aureus and 1.0 pg ml~* for E. coli. The bacterial colonies on
the plate treated with exfoliated graphene solution showed an
intensive anti-bacterial activity than the control group. The main
reason behind the antibacterial properties of graphene is
believed to be its physicochemical interaction with bacteria.®®
Recent findings have proposed three primary mechanisms
through which graphene sheets act as antibacterial agents: (1)
nano-knives: the sharp edges of graphene cause damage to
bacterial cells. (2) Wrapping or entrapment: graphene's dynamic
thin film structure can wrap around or entrap bacterial
membranes, leading to their disruption. (3) Oxidative stress:
graphene can induce oxidative stress in bacteria, either with or
without the generation of reactive oxygen species (ROS).***°

In the current investigation, bacteria may got trapped
between the thin graphene layers, the highly lipophilic edge and
surface of the exfoliated graphene may disrupt the membrane
easily”® together with the direct DNA damage by the reactive
oxygen species (ROS) released by the polyphenolic compounds
of the defensive gland extract may be the possible reason for the
ultimate death of bacterial colonies. The exfoliated graphene
showed a stronger bactericidal effect on S. aureus than the
E. coli. It can also be noticed Gram-negative (E. coli) and Gram-
positive bacteria (S. aureus) have different bacterial cell
membranes, which may account for the variation in their anti-
bacterial properties. Graphene nanomaterial can easily pene-
trate and damage the peptidoglycan layer of Gram-positive
bacteria because they lack the extra lipophilic membrane that is
present in Gram-negative bacteria and provides them with
additional strength and protection.

RSC Adv., 2024, 14, 5729-5739 | 5735


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra08733f

Open Access Article. Published on 16 February 2024. Downloaded on 2/12/2026 5:10:20 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

View Article Online

Paper

A

100 -
90 A

BE. coli

B S. aureus

Viable Cell %

0.5 1 1.5
Concentration of Graphene (ul)

10 20 30 40 50
Concentration of graphene (ug)

Fig. 4
showing the cytotoxicity of exfoliated graphene on DLA cells.

3.4. Anti-cancerous activity of exfoliated graphene

The cytotoxicity analysis showed biosynthesized graphene
showed in vitro anticancer activity against DLA cells Fig. 4(B). The
high concentration of biosynthesized graphene (10-50 g ml ")
has been found to gradually strengthen the cytotoxicity. The
various physicochemical characteristics of graphene sheets, their
framework, size, composition and the raw material utilised to
produce graphene may eventually affect how they interact with
cells, which will also determine their and its cytotoxicity.”® The
observed cytotoxicity in the present investigation could be
attributed to the combined effects of graphene's inherent physical
characteristics and the polyphenolic compounds from the
defensive glands, which are appended to the graphene surface
during the exfoliation process. The interaction of these elements
with DLA cells may be responsible for inducing cell death.
According to research by Liao and colleagues, the oxides, strong
acids, and other organic compounds found in the organic
solvents used for exfoliation may become poisonous and may
spread their harmful effects to the tumour cells through the
contact of the exfoliated product and the tumour cell.”* Endocy-
tosis forms the gate through which the novel graphene nano-
sheets get access to the interior of cell.”” In our previous research,
we found that the polyphenolic components present in the crude
defensive extract of L. tristis were toxic to DLA cells.*> A compar-
ison between our earlier studies using this extract and the current
work with exfoliated graphene reveals that, while both demon-
strate an increase in cytotoxicity proportional to concentration,
the crude defensive extract is notably more potent in killing DLA
cells across both low and high concentrations. The reduction in
cytotoxicity of exfoliated graphene may be due to the dilution of
polyphenolic compounds during the exfoliation process.

4. Conclusion

The study introduces a green method for producing few-layer
graphene (FLG) via liquid phase exfoliation, employing the
defensive secretion from the beetle Luprops tristis. 1t explores
the potential of utilizing the extract from the beetle's defensive
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(A) Bar diagram showing the anti-bacterial assay of exfoliated graphene on both Gram positive & negative bacteria, (B) bar diagram

gland in the exfoliation of graphite to FLG, aided by ultrasound.
Furthermore, the exfoliated graphene demonstrated potent
antibacterial activity against both Gram-positive (Staphylococcus
aureus) and Gram-negative (Escherichia coli) bacteria. Addi-
tionally, the cytotoxic assay indicated the anti-cancerous prop-
erties of the exfoliated graphene against Daltons Lymphoma
Acetic (DLA) cells. The research also highlights the potential for
scaling up the synthesis of few-layer graphene using the
synthetic chemicals found in the beetle defensive gland extract.
The utilization of the beetle's defensive gland extract as an
exfoliation agent presents a significant advancement in the field
of graphene synthesis and opens up exciting prospects for
various applications in biomedicine and materials science.

Data availability

The data that support the findings of this study are available
upon request from the corresponding author.

Author Contributions

A. P. A.—supervision, conceptualization, data curation, inves-
tigation, review and editing of the original draft. K. N.—inves-
tigation, experimental work, and data analysis. O. S.
investigation, experimental work, and data analysis K. N. J.—
conceptualization, data curation, investigation, review, and
editing of the original draft. S. R. V.—formal analysis, review,
and editing, A. R. V.—experimental work, data collection, V. S.
B.—formal analysis, review, and editing. K. S.—data analysis
and interpretation, R. M. R.—data curation review and editing
of the data, A. B.—investigation, experimental work.

Conflicts of 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.

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra08733f

Open Access Article. Published on 16 February 2024. Downloaded on 2/12/2026 5:10:20 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Acknowledgements

We extend our sincere thanks to PSG Institute of Advanced
Studies, Coimbatore for Raman spectroscopy analysis, STIC
CUSAT Cochin, India for TEM analysis, CSIF - University of
Calicut, India for AFM analysis, Amrutha Vishva Vidhyapee-
tham Research centre Cochin, India for XPS analysis and Amala
Cancer Research Centre, Thrissur, India for Cytotoxicity study.

References

1 A. K. Geim and K. S. Novoselov, The rise of graphene, in
Nanoscience & Technology, Co-Published with Macmillan

Publishers Ltd, UK, 2009, pp. 11-19, DOIL 10.1142/
9789814287005_0002.
2D. A C. Brownson and C. E. Banks, Graphene

electrochemistry: an overview of potential applications,
Analyst, 2010, 135, 2768-2778, DOIL: 10.1039/COAN00590H.

3 H. Morgan, C. Rout and D. J. Late, Fundamentals and sensing
applications of 2D materials, 9780081025789, 0081025785,
9780081025772, Dokumen.Pub, 2019, https://
dokumen.pub/fundamentals-and-sensing-applications-of-
2d-materials-9780081025789-0081025785-
9780081025772.html (accessed May 28, 2023).

4 K. E. Whitener and P. E. Sheehan, Graphene synthesis,
Diamond Relat. Mater., 2014, 46, 25-34, DOI: 10.1016/
j-diamond.2014.04.006.

5 A. Kaniyoor and S. Ramaprabhu, A Raman spectroscopic
investigation of graphite oxide derived graphene, AIP Adv.,
2012, 2, 032183, DOI: 10.1063/1.4756995.

6 A. Najafabadi and E. Gyenge, High-yield graphene
production by electrochemical exfoliation of graphite:
Novel ionic liquid (IL)-acetonitrile electrolyte with low IL
content, Carbon, 2014, 71, 58-69, DOI: 10.1016/
j-carbon.2014.01.012.

7 T. Da Ros, N. Martin and ].-F. Nierengarten, Carbon
Nanostructures  for  Biomedical —Applications [1 ed.]
1788015673, 9781788015677, 2021, https://ebin.pub/
carbon-nanostructures-for-biomedical-applications-
1nbsped-1788015673-9781788015677.html, accessed May
28, 2023.

8 R. Heyrovska, The Coulombic Nature of the van der Waals
Bond Connecting Conducting Graphene Layers in
Graphite, Graphene, 2016, 5, 35-38, DOI: 10.4236/
graphene.2016.52004.

9 K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang,
S. V. Dubonos, I. V. Grigorieva and A. A. Firsov, Electric Field
Effect in Atomically Thin Carbon Films, Science, 2004, 306,
666—669, DOI: 10.1126/science.1102896.

10 A. A. Balandin, Thermal Properties of Graphene and
Nanostructured Carbon Materials., Nat. Mater., 2011, 10(8),
569-581, DOI: 10.1038/nmat3064.

11 J. Y. Lim, N. M. Mubarak, E. C. Abdullah, S. Nizamuddin,
M. Khalid and Inamuddin, Recent trends in the synthesis
of graphene and graphene oxide based nanomaterials for
removal of heavy metals — A review, J. Ind. Eng. Chem.,
2018, 66, 29-44, DOI: 10.1016/j.jiec.2018.05.028.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

12 K. A. Madurani, S. Suprapto, N. I. Machrita, S. L. Bahar,
W. Illiya and F. Kurniawan, Progress in Graphene
Synthesis and its Application: History, Challenge and the
Future Outlook for Research and Industry, ECS J. Solid
State Sci. Technol., 2020, 9, 093013, DOI: 10.1149/2162-
8777/abbbéf.

13 N. A. A. Ghany, S. A. Elsherif and H. T. Handal, Revolution of
Graphene for different applications: State-of-the-art, Surf.
Interfaces, 2017, 9, 93-106, DOILI: 10.1016/
j-surfin.2017.08.004.

14 M. Taghioskoui, Trends in graphene research, Mater. Today,
2009, 12, 34-37, DOL: 10.1016/S1369-7021(09)70274-3.

15 J. M. Munuera, J. I. Paredes, M. Enterria, A. Pagan, S. Villar-
Rodil, M. F. R. Pereira, J. I. Martins, J. L. Figueiredo,
J. L. Cenis, A. Martinez-Alonso and J. M. D. Tascon,
Electrochemical Exfoliation of Graphite in Aqueous
Sodium Halide Electrolytes toward Low Oxygen Content
Graphene for Energy and Environmental Applications, ACS
Appl. Mater. Interfaces, 2017, 9(28), 24085-24099, DOL:
10.1021/acsami.7b04802.

16 C. Backes, T. M. Higgins, A. Kelly, C. Boland, A. Harvey,
D. Hanlon and J. N. Coleman, Guidelines for Exfoliation,
Characterization and Processing of Layered Materials
Produced by Liquid Exfoliation, Chem. Mater., 2017, 29,
243-255, DOI: 10.1021/acs.chemmater.6b03335.

17 S.-B. Wee, G. S. An, J. S. Han, H.-C. Oh and S.-C. Choi, Co-
dispersion behavior and interactions of nano-ZrB2 and
nano-SiC in a non-aqueous solvent, Ceram. Int., 2016, 42,
4658-4662, DOI: 10.1016/j.ceramint.2015.11.039.

18 B. Gurtnld, C. T. Yiicedag and M. Bayramoglu, Molecules |
Free Full-Text | One Pot Synthesis of Graphene through
Microwave Assisted Liquid Exfoliation of Graphite in
Different Solvents, Molecules, 2022, 27, 5027, DOI: 10.3390/
molecules27155027.

19 A. A. Moosa and S. A. Mayyadah, Graphene preparation and
graphite exfoliation - PMC, Turk. J. Chem., 2021, 45, 493-519,
DOI: 10.3906/kim-2101-19.

20 D. Rojas, F. Della Pelle, F. Silveri and G. Ferraro, Phenolic
compounds as redox-active exfoliation agents for group VI
transition metal dichalcogenides, Mater. Today Chem.,
2022, 101122, https://www.researchgate.net/publication/
363194425_Phenolic_compounds_as_redox-act
ive_exfoliation_agents_for_group_VI_transition_metal_dic
halcogenides.

21 T.-H. Le, Y. Oh, H. Kim and H. Yoon, (P. D. F.) Exfoliation of
2D Materials for Energy and Environmental Applications,
Chem.-Eur. J., 2020, 26, 6360-6401, DOI: 10.1002/
chem.202000223.

22 S. Mazumdar, J. Lee and M.-K. Oh, Microbial production of

2,3 butanediol from seaweed hydrolysate using
metabolically engineered Escherichia coli, Bioresour.
Technol., 2013, 136, 329-336, DOI: 10.1016/

j-biortech.2013.03.013.

23 Z. Wei, D. E. Barlow and P. E. Sheehan, The Assembly of
Single-Layer Graphene Oxide and Graphene Using
Molecular Templates, Nano Lett., 2008, 8, 3141-3145, DOI:
10.1021/n1801301a.

RSC Adv, 2024, 14, 5729-5739 | 5737


https://doi.org/10.1142/9789814287005_0002
https://doi.org/10.1142/9789814287005_0002
https://doi.org/10.1039/C0AN00590H
https://dokumen.pub/fundamentals-and-sensing-applications-of-2d-materials-9780081025789-0081025785-9780081025772.html
https://dokumen.pub/fundamentals-and-sensing-applications-of-2d-materials-9780081025789-0081025785-9780081025772.html
https://dokumen.pub/fundamentals-and-sensing-applications-of-2d-materials-9780081025789-0081025785-9780081025772.html
https://dokumen.pub/fundamentals-and-sensing-applications-of-2d-materials-9780081025789-0081025785-9780081025772.html
https://doi.org/10.1016/j.diamond.2014.04.006
https://doi.org/10.1016/j.diamond.2014.04.006
https://doi.org/10.1063/1.4756995
https://doi.org/10.1016/j.carbon.2014.01.012
https://doi.org/10.1016/j.carbon.2014.01.012
https://ebin.pub/carbon-nanostructures-for-biomedical-applications-1nbsped-1788015673-9781788015677.html
https://ebin.pub/carbon-nanostructures-for-biomedical-applications-1nbsped-1788015673-9781788015677.html
https://ebin.pub/carbon-nanostructures-for-biomedical-applications-1nbsped-1788015673-9781788015677.html
https://doi.org/10.4236/graphene.2016.52004
https://doi.org/10.4236/graphene.2016.52004
https://doi.org/10.1126/science.1102896
https://doi.org/10.1038/nmat3064
https://doi.org/10.1016/j.jiec.2018.05.028
https://doi.org/10.1149/2162-8777/abbb6f
https://doi.org/10.1149/2162-8777/abbb6f
https://doi.org/10.1016/j.surfin.2017.08.004
https://doi.org/10.1016/j.surfin.2017.08.004
https://doi.org/10.1016/S1369-7021(09)70274-3
https://doi.org/10.1021/acsami.7b04802
https://doi.org/10.1021/acs.chemmater.6b03335
https://doi.org/10.1016/j.ceramint.2015.11.039
https://doi.org/10.3390/molecules27155027
https://doi.org/10.3390/molecules27155027
https://doi.org/10.3906/kim-2101-19
https://www.researchgate.net/publication/363194425_Phenolic_compounds_as_redox-active_exfoliation_agents_for_group_VI_transition_metal_dichalcogenides
https://www.researchgate.net/publication/363194425_Phenolic_compounds_as_redox-active_exfoliation_agents_for_group_VI_transition_metal_dichalcogenides
https://www.researchgate.net/publication/363194425_Phenolic_compounds_as_redox-active_exfoliation_agents_for_group_VI_transition_metal_dichalcogenides
https://www.researchgate.net/publication/363194425_Phenolic_compounds_as_redox-active_exfoliation_agents_for_group_VI_transition_metal_dichalcogenides
https://doi.org/10.1002/chem.202000223
https://doi.org/10.1002/chem.202000223
https://doi.org/10.1016/j.biortech.2013.03.013
https://doi.org/10.1016/j.biortech.2013.03.013
https://doi.org/10.1021/nl801301a
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra08733f

Open Access Article. Published on 16 February 2024. Downloaded on 2/12/2026 5:10:20 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

24 B. K. Salunke and B. S. Kim, Facile synthesis of graphene
using a biological method, RSC Adv., 2016, 6, 17158-17162,
DOI: 10.1039/C5RA25977K.

25 S. Ahadian, M. Estili, V. J. Surya, ]J. Ramo6n-Azcon, X. Liang,
H. Shiku, M. Ramalingam, T. Matsue, Y. Sakka, H. Bae,
K. Nakajima, Y. Kawazoe and A. Khademhosseini, Facile
and green production of aqueous graphene dispersions for
biomedical applications, Nanoscale, 2015, 7, 6436-6443,
DOI: 10.1039/C4NR07569B.

26 A. Piscitelli, P. Cicatiello, A. M. Gravagnuolo, I. Sorrentino,
C. Pezzella and P. Giardina, Applications of Functional
Amyloids from Fungi: Surface Modification by Class I
Hydrophobins, Biomolecules, 2017, 7(3), 45, https://
www.mdpi.com/2218-273X/7/3/45.

27 X.Zhang, L. Wang, Q. Lu and D. L. Kaplan, Mass Production
of Biocompatible Graphene Using Silk Nanofibers, ACS Appl.
Mater. Interfaces, 2018, 10, 22924-22931, DOI: 10.1021/
acsami.8b04777.

28 P. Aswathi and T. K. Sabu, Weaver ant (Oecophylla
smaragdina), huntsman spider (Heteropoda venatoria) and
house gecko (Hemidactylus frenatus) as potential
biocontrol agents of the nuisance pest, Luprops tristis,
Halteres, 2011, 3, 48-52.

29 T. K. Sabu, K. V. Vinod and M. C. Jobi, Life history,
aggregation and dormancy of the rubber plantation litter
beetle, Luprops tristis, from the rubber plantations of moist
south Western Ghats, J. Insect Sci.,, 2008, 8(1), 1, DOL:
10.1673/031.008.0101.

30 T. K. Sabu and K. V. Vinod, Population dynamics of the
rubber plantation litter beetle Luprops tristis, in relation to
annual cycle of foliage phenology of its host, the para
rubber tree, Hevea brasiliensis, J. Insect Sci., 2009, 9, 1,
DOI: 10.1673/031.009.5601.

31 K. V. Vinod and T. K. Sabu, Dormancy-inducing factors of
rubber litter beetle, Luprops tristis (Coleoptera:
Tenebrionidae), Insect Sci., 2010, 17, 47-51, DOI: 10.1111/
j-1744-7917.2009.01280.x.

32 O. Sabira, A. R. Vignesh, A. P. Ajaykumar, S. R. Varma,
K. N. Jayaraj, M. Sebastin, K. Nikhila, A. Babu, V. A. Rasheed,
V. S. Binitha, Z. koldath Vasu and M. S. Sujith, The
Chemical Composition and Antimitotic, Antioxidant,
Antibacterial and Cytotoxic Properties of the Defensive Gland
Extract of the Beetle, Luprops tristis Fabricius, Molecules,
2022, 27, 7476, DOL: 10.3390/molecules27217476.

33 A. P. Ajaykumar, O. Sabira, M. Sebastian, S. R. Varma,
K. B. Roy, V. S. Binitha, V. A. Rasheed, K. N. Jayaraj and
A. R. Vignesh, A novel approach for the biosynthesis of
silver nanoparticles using the defensive gland extracts of
the beetle, Luprops tristis Fabricius, Sci. Rep., 2023, 13,
10186, DOI: 10.1038/s41598-023-37175-0.

34 V. Chabot, B. Kim, B. Sloper, C. Tzoganakis and A. Yu, High
yield production and purification of few layer graphene by
Gum Arabic assisted physical sonication, Sci. Rep., 2013,
3(1), 1, DOI: 10.1038/srep01378.

35 G. George, S. B. Sisupal, T. Tomy, A. Kumaran, P. Vadivelu,
V. Suvekbala, S. Sivaram and L. Ragupathy, Facile,
environmentally benign and scalable approach to produce

5738 | RSC Adv, 2024, 14, 5729-5739

View Article Online

Paper

pristine few layers graphene suitable for preparing

biocompatible polymer nanocomposites, Sci. Rep., 2018,
8(1), 1, DOI: 10.1038/s41598-018-28560-1.

36 M. J. Tauber and C. A. Tauber, Insect Seasonality: Diapause
Maintenance, Termination, and Postdiapause Development,
Annu. Rev. Entomol., 1976, 21, 81-107, DOIL: 10.1146/
annurev.en.21.010176.000501.

37 P. Abhitha, K. V. Vinod and T. K. Sabu, Defensive glands in
the adult and larval stages of the darkling beetle, Luprops
tristis, J. Insect Sci., 2010, 10, 7, DOI: 10.1673/031.010.0701.

38 W. V. Brown, ]J. T. Doyen, B. P. Moore and ]. F. Lawrence,
Chemical composition and taxonomic significance of
defensive secretions of some Australian Tenebrionidae
(Coleoptera), J. Aust. Entomol. Soc., 1992, 31, 79-89, DOL:
10.1111/§.1440-6055.1992.tb00461.x.

39 S. Szunerits and R. Boukherroub, Antibacterial activity of
graphene-based materials, J. Mater. Chem. B, 2016, 4, 6892—
6912, DOI: 10.1039/C6TB01647B.

40 H. Tao, Y. Zhang, Y. Gao, Z. Sun, C. Yan and J. Texter,
Scalable exfoliation and dispersion of two-dimensional
materials - an update, Phys. Chem. Chem. Phys., 2017, 19,
921-960, DOI: 10.1039/C6CP06813H.

41 Q. Song, F. Ye, L. Kong, S. Qingliang, L. Han, L. Feng, G. Yu,
Y. Pan and H. Li, Graphene and MXene Nanomaterials:
Toward  High-Performance  Electromagnetic =~ Wave
Absorption in Gigahertz Band Range, Adv. Funct. Mater.,
2020, 30, 2000475, DOI: 10.1002/adfm.202000475.

42 J. L. Vidal, S. M. V. Gallant, E. P. Connors, D. D. Richards,
S. L. MacQuarrie and F. M. Kerton, Green Solvents for the
Liquid-Phase Exfoliation of Biochars, ACS Sustain. Chem.
Eng., 2021, 9, 9114-9125, DOI: 10.1021/
acssuschemeng.1c02823.

43 K. Muthoosamy and S. Manickam, State of the art and recent
advances in the ultrasound-assisted synthesis, exfoliation
and functionalization of graphene derivatives, Ultrason.
Sonochem., 2017, 39, 478-493, DOI: 10.1016/
j-ultsonch.2017.05.019.

44 A. V. Tyurnina, I. Tzanakis, J. Morton, J. Mi, K. Porfyrakis,
B. M. Maciejewska, N. Grobert and D. G. Eskin, Ultrasonic
exfoliation of graphene in water: A key parameter study,
Carbon, 2020, 168, 737-747, DOI  10.1016/
j-carbon.2020.06.029.

45 M. Telkhozhayeva, E. Teblum, R. Konar, O. Girshevitz,
I. Perelshtein, H. Aviv, Y. R. Tischler and G. D. Nessim,
Higher Ultrasonic Frequency Liquid Phase Exfoliation
Leads to Larger and Monolayer to Few-Layer Flakes of 2D
Layered Materials, Langmuir, 2021, 37, 4504-4514, DOL:
10.1021/acs.Jangmuir.0c03668.

46 A. Ciesielski and P. Samori, Grapheneviasonication assisted
liquid-phase exfoliation, Chem. Soc. Rev., 2014, 43, 381-398,
DOI: 10.1039/C3CS60217F.

47 Y. Gao, W. Shi, W. Wang, Y. Wang, Y. Zhao, Z. Lei and
R. Miao, Ultrasonic-Assisted Production of Graphene with
High Yield in Supercritical CO2 and Its High Electrical
Conductivity Film, Ind. Eng. Chem. Res., 2014, 53, 2839-
2845, DOL: 10.1021/ie402889s.

© 2024 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.1039/C5RA25977K
https://doi.org/10.1039/C4NR07569B
https://www.mdpi.com/2218-273X/7/3/45
https://www.mdpi.com/2218-273X/7/3/45
https://doi.org/10.1021/acsami.8b04777
https://doi.org/10.1021/acsami.8b04777
https://doi.org/10.1673/031.008.0101
https://doi.org/10.1673/031.009.5601
https://doi.org/10.1111/j.1744-7917.2009.01280.x
https://doi.org/10.1111/j.1744-7917.2009.01280.x
https://doi.org/10.3390/molecules27217476
https://doi.org/10.1038/s41598-023-37175-0
https://doi.org/10.1038/srep01378
https://doi.org/10.1038/s41598-018-28560-1
https://doi.org/10.1146/annurev.en.21.010176.000501
https://doi.org/10.1146/annurev.en.21.010176.000501
https://doi.org/10.1673/031.010.0701
https://doi.org/10.1111/j.1440-6055.1992.tb00461.x
https://doi.org/10.1039/C6TB01647B
https://doi.org/10.1039/C6CP06813H
https://doi.org/10.1002/adfm.202000475
https://doi.org/10.1021/acssuschemeng.1c02823
https://doi.org/10.1021/acssuschemeng.1c02823
https://doi.org/10.1016/j.ultsonch.2017.05.019
https://doi.org/10.1016/j.ultsonch.2017.05.019
https://doi.org/10.1016/j.carbon.2020.06.029
https://doi.org/10.1016/j.carbon.2020.06.029
https://doi.org/10.1021/acs.langmuir.0c03668
https://doi.org/10.1039/C3CS60217F
https://doi.org/10.1021/ie402889s
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra08733f

Open Access Article. Published on 16 February 2024. Downloaded on 2/12/2026 5:10:20 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

48 V. Kumar, A. Kumar, D.-]. Lee and S.-S. Park, Estimation of
Number of Graphene Layers Using Different Methods: A
Focused Review, Materials, 2021, 14, 4590, DOI: 10.3390/
ma14164590.

49 E. Celasco, A. N. Chaika, T. Stauber, M. Zhang, C. Ozkan,
U. Ozkan, B. Palys and S. Wadi Harun, Handbook of
Graphene Set, Wiley Online Books, 2019. https://
onlinelibrary.wiley.com/doi/book/10.1002/9781119468455,
accessed June 2, 2023.

50 T. M. Asha and M. R. P. Kurup, DMSO coordinated
dioxidomolybdenum(VI) chelated with 3-
methoxybenzhydrazone ligands:  Synthesis,
structural studies and in vitro cytotoxicity - PDF Free
Download, C. Coek.Info, 2019, https://c.coek.info/pdf-dmso-
coordinated-dioxidomolybdenumvi-complexes-chelated-
with-3-methoxybenzhydraz.html, accessed June 2, 2023.

51 S. J. Goldie, S. Bush, J. A. Cumming and K. S. Coleman, A
Statistical Approach to Raman Analysis of Graphene-
Related Materials: Implications for Quality Control, ACS
Appl. Nano Mater., 2020, 3, 11229-11239, DOI: 10.1021/
acsanm.0c02361.

52 H. Wahab, S. Ali and A. Abdul Hussein, Synthesis and
Characterization of Graphene by Raman Spectroscopy
Citation, J. Mater. Sci. Appl, 2015, 1(3), 130-135, https://
www.researchgate.net/publication/278963238_Synthesis_and_
Characterization_of_Graphene_by_Raman_Spectroscopy_Cit
ation#fread.

53 A. O. E. Abdelhalim, V. V. Sharoyko, A. A. Meshcheriakov,
M. D. Luttsev, A. A. Potanin, N. R. Iamalova,
E. E. Zakharov, S. V. Ageev, A. V. Petrov, L. V. Vasina,
I. L. Solovtsova, A. V. Nashchekin, I. V. Murin and
K. N. Semenov, Synthesis, characterisation and
biocompatibility of graphene-L-methionine nanomaterial,
J. Mol Lig., 2020, 314, 113605, DOL 10.1016/
j-molliq.2020.113605.

54 S. Kim, H. Choi, M. Jung, S.-Y. Choi and S. Ju, Hybrid
nanowire-multilayer graphene film light-emitting sources,
Nanotechnology, 2010, 21, 425203, DOI: 10.1088/0957-4484/
21/42/425203.

55 S. Gayathri, P. Jayabal, M. Kottaisamy and V. Ramakrishnan,
Synthesis of few layer graphene by direct exfoliation of
graphite and a Raman spectroscopic study, AIP Adv., 2014,
4, 027116, DOI: 10.1063/1.4866595.

56 N. Othman, IR Spectroscopy in Qualitative and Quantitative
Analysis, in Infrared Spectrosc. — Perspect. Appl., IntechOpen,
2022, DOI: 10.5772/intechopen.106625.

57 M. M. Eid, Characterization of Nanoparticles by FTIR and
FTIR-Microscopy, in Handb. Consum. Nanoproducts, ed. S.
Mallakpour and C. M. Hussain, Springer, Singapore, 2021,
pp. 1-30, DOI: 10.1007/978-981-15-6453-6_89-1.

58 C. D. Wagner, L. H. Gale and R. H. Raymond, Two-
dimensional chemical state plots: a standardized data set
for wuse in identifying chemical states by x-ray
photoelectron spectroscopy, Anal. Chem., 1979, 51, 466—
482, DOI: 10.1021/ac50040a005.

complexes
related

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

59 A. Urade, Graphene Analysis with Spectroscopy; A Comparison
of  Approaches, AZoNano.Com, 2022, https://
www.azonano.com/article.aspx?ArticlelD=6202  (accessed
August 20, 2023).

60 C. R. S. V. Boas, B. Focassio, E. Marinho Jr, D. G. Larrude,
M. C. Salvadori, C. Rocha Ledao and D. ]J. dos Santos,
Characterization of nitrogen doped graphene bilayers
synthesized by fast, low temperature microwave plasma-
enhanced chemical vapour deposition, Sci. Rep., 2019, 9(1),
13715, DOI: 10.1038/s41598-019-49900-9.

61 M. Noroozi, A. Zakaria, S. Radiman and Z. A. Wahab,
Environmental Synthesis of Few Layers Graphene Sheets
Using Ultrasonic Exfoliation with Enhanced Electrical and
Thermal Properties, PLoS One, 2016, 11, €0152699, DOI:
10.1371/journal.pone.0152699.

62 T. Terasawa and K. Saiki, Synthesis of Nitrogen-Doped
Graphene by Plasma-Enhanced Chemical Vapor
Deposition, Jpn. J. Appl. Phys., 2012, 51, 055101, DOLI:
10.1143/JJAP.51.055101.

63 Nanoscience in Medicine, ed. H. K. Daima, N. Pn, S. Ranjan, N.
Dasgupta and E. Lichtfouse, Springer International
Publishing, Cham, vol. 1, 2020. DOIL: 10.1007/978-3-030-
29207-2.

64 W. Hu, C. Peng, W. Luo, M. Lv, X. Li, D. Li, Q. Huang and
C. Fan, Graphene-Based Antibacterial Paper, ACS Nano,
2010, 4, 4317-4323, DOI: 10.1021/nn101097v.

65 M. S. Mannoor, H. Tao, ]J. D. Clayton, A. Sengupta,
D. L. Kaplan, R. R. Naik, N. Verma, F. G. Omenetto and
M. C. McAipine, Graphene-based wireless bacteria
detection on tooth enamel, Nat. Commun., 2013, 3(1), 763,
https://www.nature.com/articles/ncomms1767.

66 K. Krishnamoorthy, N. Umasuthan, R. Mohan, S.-J. Kim and
J. Lee, Investigation of Antibacterial Activity of Graphene
Oxide Nanosheets, Sci. Adv. Mater., 2012, 4(11), 1111-1117.

67 O. Akhavan and E. Ghaderi, Toxicity of Graphene and
Graphene Oxide Nanowalls Against Bacteria, ACS Nano,
2010, 4, 5731-5736, DOIL: 10.1021/nn101390x.

68 X. Zou, L. Zhang, Z. Wang and Y. Luo, Mechanisms of the
Antimicrobial Activities of Graphene Materials, J. Am.
Chem. Soc., 2016, 138, 2064-2077.

69 X. Hu, J. Li and Y. Bai, Fabrication of high strength
graphene/regenerated silk fibroin composite fibers by wet
spinning, Mater. Lett., 2017, 194, 224-226, DOI: 10.1016/
j-matlet.2017.02.057.

70 V. T. H. Pham, V. K. Truong, M. D. ]J. Quinn, S. M. Notley,
Y. Guo, V. A. Baulin, M. Al Kobaisi, R. ]J. Crawford and
E. P. Ivanova, Graphene Induces Formation of Pores That
Kill Spherical and Rod-Shaped Bacteria, ACS Nano, 2015, 9,
8458-8467, DOI: 10.1021/acsnano.5b03368.

71 C. Liao, Y. Li and S. Tjong, Graphene Nanomaterials:
Synthesis, Biocompatibility, and Cytotoxicity, Int. J. Mol
Sci., 2018, 19, 3564, DOI: 10.3390/ijms19113564.

72 N. Tyagi, N. F. Attia and K. E. Geckeler, Exfoliated graphene
nanosheets: pH-sensitive drug carrier and anti-cancer
activity, J. Colloid Interface Sci., 2017, 498, 364-377, DOL:
10.1016/j.jcis.2017.03.057.

RSC Adv, 2024, 14, 5729-5739 | 5739


https://doi.org/10.3390/ma14164590
https://doi.org/10.3390/ma14164590
https://onlinelibrary.wiley.com/doi/book/10.1002/9781119468455
https://onlinelibrary.wiley.com/doi/book/10.1002/9781119468455
https://c.coek.info/pdf-dmso-coordinated-dioxidomolybdenumvi-complexes-chelated-with-3-methoxybenzhydraz.html
https://c.coek.info/pdf-dmso-coordinated-dioxidomolybdenumvi-complexes-chelated-with-3-methoxybenzhydraz.html
https://c.coek.info/pdf-dmso-coordinated-dioxidomolybdenumvi-complexes-chelated-with-3-methoxybenzhydraz.html
https://doi.org/10.1021/acsanm.0c02361
https://doi.org/10.1021/acsanm.0c02361
https://www.researchgate.net/publication/278963238_Synthesis_and_Characterization_of_Graphene_by_Raman_Spectroscopy_Citation#read
https://www.researchgate.net/publication/278963238_Synthesis_and_Characterization_of_Graphene_by_Raman_Spectroscopy_Citation#read
https://www.researchgate.net/publication/278963238_Synthesis_and_Characterization_of_Graphene_by_Raman_Spectroscopy_Citation#read
https://www.researchgate.net/publication/278963238_Synthesis_and_Characterization_of_Graphene_by_Raman_Spectroscopy_Citation#read
https://doi.org/10.1016/j.molliq.2020.113605
https://doi.org/10.1016/j.molliq.2020.113605
https://doi.org/10.1088/0957-4484/21/42/425203
https://doi.org/10.1088/0957-4484/21/42/425203
https://doi.org/10.1063/1.4866595
https://doi.org/10.5772/intechopen.106625
https://doi.org/10.1007/978-981-15-6453-6_89-1
https://doi.org/10.1021/ac50040a005
https://www.azonano.com/article.aspx?ArticleID=6202
https://www.azonano.com/article.aspx?ArticleID=6202
https://doi.org/10.1038/s41598-019-49900-9
https://doi.org/10.1371/journal.pone.0152699
https://doi.org/10.1143/JJAP.51.055101
https://doi.org/10.1007/978-3-030-29207-2
https://doi.org/10.1007/978-3-030-29207-2
https://doi.org/10.1021/nn101097v
https://www.nature.com/articles/ncomms1767
https://doi.org/10.1021/nn101390x
https://doi.org/10.1016/j.matlet.2017.02.057
https://doi.org/10.1016/j.matlet.2017.02.057
https://doi.org/10.1021/acsnano.5b03368
https://doi.org/10.3390/ijms19113564
https://doi.org/10.1016/j.jcis.2017.03.057
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra08733f

	A bio-inspired approach for the synthesis of few-layer graphene using beetle defensive gland extractElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra08733f
	A bio-inspired approach for the synthesis of few-layer graphene using beetle defensive gland extractElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra08733f
	A bio-inspired approach for the synthesis of few-layer graphene using beetle defensive gland extractElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra08733f
	A bio-inspired approach for the synthesis of few-layer graphene using beetle defensive gland extractElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra08733f
	A bio-inspired approach for the synthesis of few-layer graphene using beetle defensive gland extractElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra08733f
	A bio-inspired approach for the synthesis of few-layer graphene using beetle defensive gland extractElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra08733f
	A bio-inspired approach for the synthesis of few-layer graphene using beetle defensive gland extractElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra08733f
	A bio-inspired approach for the synthesis of few-layer graphene using beetle defensive gland extractElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra08733f
	A bio-inspired approach for the synthesis of few-layer graphene using beetle defensive gland extractElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra08733f
	A bio-inspired approach for the synthesis of few-layer graphene using beetle defensive gland extractElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra08733f

	A bio-inspired approach for the synthesis of few-layer graphene using beetle defensive gland extractElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra08733f
	A bio-inspired approach for the synthesis of few-layer graphene using beetle defensive gland extractElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra08733f
	A bio-inspired approach for the synthesis of few-layer graphene using beetle defensive gland extractElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra08733f
	A bio-inspired approach for the synthesis of few-layer graphene using beetle defensive gland extractElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra08733f
	A bio-inspired approach for the synthesis of few-layer graphene using beetle defensive gland extractElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra08733f
	A bio-inspired approach for the synthesis of few-layer graphene using beetle defensive gland extractElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra08733f
	A bio-inspired approach for the synthesis of few-layer graphene using beetle defensive gland extractElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra08733f
	A bio-inspired approach for the synthesis of few-layer graphene using beetle defensive gland extractElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra08733f
	A bio-inspired approach for the synthesis of few-layer graphene using beetle defensive gland extractElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra08733f
	A bio-inspired approach for the synthesis of few-layer graphene using beetle defensive gland extractElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra08733f

	A bio-inspired approach for the synthesis of few-layer graphene using beetle defensive gland extractElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra08733f
	A bio-inspired approach for the synthesis of few-layer graphene using beetle defensive gland extractElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra08733f
	A bio-inspired approach for the synthesis of few-layer graphene using beetle defensive gland extractElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra08733f
	A bio-inspired approach for the synthesis of few-layer graphene using beetle defensive gland extractElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra08733f
	A bio-inspired approach for the synthesis of few-layer graphene using beetle defensive gland extractElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra08733f


