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Bio-inspired quantum dots have received widespread attention in recent years due to their great potential
for biological applications. Herein, we report a one pot hydrothermal synthesis of nitrogen—phosphorus—
sulphur (NPS)-codoped carbon quantum dots from endophytic bacteria without using any additional
doping precursor. The synthesized CQDs were thoroughly characterized and interestingly found to have
a graphene like structure. The synthesized CQDs were then utilized in bactericidal activities against
Gram-negative bacteria like Salmonella typhi, Pseudomonas aeruginosa and Gram-positive bacteria like
the Bacillus subtilis strain. The strains were treated with different concentrations ranging from 5-100 ng
ml~%. The 5 pug ml™* concentration appeared to be the MIC (minimum inhibitory concentration) and 100
ng mli~t is the MBC (minimum bactericidal concentration) maintaining a short incubation period of one
hour. A simple, cost-effective and eco-friendly approach to synthesize multi-elemental doped CQDs
would certainly cause the method to be used in future for diverse biological applications. As compared
to the broadly used antibiotics, the developed CQDs have some added advantages including lower
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1 Introduction

Since their discovery in 2004, carbon quantum dots (CQDs) have
been widely utilized in various fields owing to their very
attractive properties, e.g. chemical inertness, high water solu-
bility, low toxicity, ease of functionalization and photo-
stability.’” At present, CQDs are utilized in every possible field
including catalysis, sensing, bio-imaging, optoelectronic
devices, energy storage devices, drug and gene delivery, bacte-
ricidal agents, etc.*® In contrast to conventional metal/
semiconductor quantum dots, CQDs have less toxicity and
higher biocompatibility, which make them an ideal material to
be utilized in biomedical fields.”® Studies have shown that
heteroatom doping can significantly improve the properties of
CDs. In this area, currently, extensive research is going on to
establish easy and economic methods to synthesize
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cytotoxicity, excellent photo-stability and high selectivity.

heteroatom-doped CQDs. Heteroatoms (e.g. N, P, S etc.) with
different size and electronegativities than carbon create defects
in the crystal structure of CQDs and thus introduce high density
of active sites, which will make them suitable for various
applications.”* In addition, N, S and P co-doping may also
provide better carrier separation for enhanced activities.
Therefore, defects mediated reactive oxygen species and
enhanced charge separation will make NPS-doped-CQDs an
ideal candidate for bactericidal activities."

In literature, mainly chemical methods have given to synthe-
size doped-CQDs utilizing the heteroatom containing
compounds as precursor.”> However, biosynthesis of any nano-
particles has been proposed as the cost-effective and environ-
mentally friendly alternative to chemical and physical
methods.”*"* Bio-synthesized nanoparticles are highly recom-
mended especially for biological applications. Recently, different
biological precursors containing different heteroatoms
(mainly N, P and S) are used to fabricate doped-CQDs.” Wang
et al. used cucumber juice to synthesize NPS co-doped CQDs by
hydrothermal method.*® However, for large-scale synthesis, plant
source-mediated synthesis is not encouraging for environmental
imbalance. In this perspective, use of bacteria, which are easy to
grow on laboratory on mass scale, could be an alternate option to
use as carbon precursor in CQDS. Very recently, Zhang et al. used
bacteria isolated from the industrial sewage of a Kunming steel
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factory to synthesize CQDs."” Again, although CQDs itself is non-
hazardous, their precursors are not always safe. Therefore, use of
endophytic bacteria as carbon precursors could be the best
alternate option, which is yet to be explored.™

Microbial contaminations are one of the major threat to
public health throughout the world. Microorganisms now have
developed various tactics to bypass the antimicrobial
compounds. Major concern in this area is the multidrug resis-
tance (MDR) developed by the microorganism against the
antibiotic drugs.” With the advancement in technology,
currently, different nanomaterials are used to replace the
conventional antibiotics and fight with the problem of MDRs.
However, majority of the materials possess threats related to
environmental hazards, poor biocompatibility and high cost.
Therefore, cheap, durable, sustainable and effective antimi-
crobial agents for long-term applications are in high demand.
In this context, utilization of CQDs could provide an effective
solution. Due to their small size CQDs interact with the bacte-
rial species making them an excellent nanomaterial to be used
for bactericidal properties.”>** Maintaining the cell membrane
integrity is one of the crucial factors required for the survival of
bacteria. The main mechanism behind the bactericidal activity
of the carbon quantum dots is related to their ability to disrupt
the cell-membrane integrity.”>?>* Even though, there are few
reports on the utilization of CQDs for antibacterial activities,
most of them exhibit their activities at acidic pH but have poor
activity under physiological conditions of around neutral pH.

Current work has established a general green method for the
synthesis of NPS co-doped CQDs which are highly active under
neutral pH. We have isolated endophytic bacteria from the
plant urtica dioica and used as the starting precursor material
for the synthesis of CQDs via one pot hydrothermal synthesis
method. The urtica dioica is a commonly available plant and
known to have different therapeutic and medicinal properties.
Among the isolated endophytic bacteria, Bacillus megatarium
known to be an important industrial bacterium since ages was
further used. Bacteria-derived CQDs displays excellent antimi-
crobial activities against all the tested pathogenic strains viz.
Salmonella typhi, Pseudomonas aeruginosa and Bacillus subtilis at
neutral pH. To the best of our knowledge, this is the first report
of any endophytic bacteria-derived indigenous NPS co-doped
CQDs which are synthesised in one-step process without any
foreign doping precursors.

2 Experimental

2.1 Chemicals for isolation of endophytic bacteria and
synthesis of CQDs

Tween 20, sodium hypochlorite, ethanol, hydrogen peroxide
and mercuric chloride was purchased from Sisco Research
Laboratories Pvt. Ltd. Dialysis membrane MWCO of >1 kDa. was
obtained from Sigma-Aldrich.

2.2 Chemicals for antibacterial assay

Luria-Bertani broth and agar powders were obtained from Hi-
Media Laboratories. The Gram-negative and Gram-positive
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bacterial strains MTCC 3224, MTCC 424 and MTCC 441 were
purchased from MTCC Chandigarh, India.

2.3 Isolation of endophytic bacteria

The leaf and stem samples of Urtica dioica L. were collected
using a sterile scalpel from DBT campus, Bhimtal, K. U. Uttar-
akhand. The samples were kept in sterile plastic bags and were
used within 24 hours for further studies. To remove the surface
epiphytes, the samples were thoroughly washed followed by
washing in Tween 20 for 1 minute in laminar air flow. It is then
given treatment of 1-5% sodium hypochlorite for 2-10 minutes
then Ethanol 70-95% for 30 seconds finally 0.2% hydrogen
peroxide and mercuric chloride for 2-5 minutes. In laminar air
flow after proper drying of the sample the surface of the stem
was removed and the leaves were cut into small pieces and
placed on N. A. medium on the sterile plates. The plates were
then incubated at 37 °C for 24 hours.*® The colonies obtained
were differentiated on the basis of morphology. Single colonies
were picked from plates and streaked to obtain pure bacterial
colonies. The inoculation process repeated till monocultures
were obtained for further experimentation.

2.4 Synthesis of CQDs

CQDs were prepared through one pot hydrothermal carbon-
ization of B-1 bacterial strain. The isolated bacterial strain was
grown overnight with shaking in L. B. broth. The culture was
then centrifuged (10 000 g, 15 min, 4 °C). The cells were finally
washed with double distilled water for at-least three times to
remove the supernatant. The pellet obtained was then re-
suspended in 30 ml of distilled water (30 ml). Subsequently,
the bacterial suspension was transferred into a Teflon-lined
stainless-steel autoclave and heated up to 200 °C for 24 hours.
A light brownish solution was obtained. The obtained solution
was then filtered through a syringe filter (0.22 pm) diameter to
remove large particles. Finally, after dialyzing using dialysis
membrane of (MWCO > 1 kDa) against deionized water for 72
hours, the CQD solution was obtained and stored at 4 °C for
further experiments.*® Repeatability was further checked by
repeating the same experiment thrice.

2.5 Quantum yield measurement

The quantum yield (QY) was determined using the standard
procedure® with quinine sulphate in 0.1 M H,SO, as a reference
(QY = 54 percent excited at 338 nm = 1.33). The following
equation can be used to calculate QY:

Ocaps = Or(Icopy/IR) (Ar!Acops)(Mcops 1R

where Qcqps is the quantum yield of the as-prepared CQDs, I is
the integrated emission intensity, 7 is the refractive index of the
solvent utilized, and A is the absorbance at the excitation
wavelength. The abbreviations CQDs and R stand for “prepared
CQDs” and “reference,” respectively.
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2.6 Characterization of endophytic bacteria

The endophytic bacterial strain was identified via molecular
identification. The kit obtained from Hi-media was used to
isolate genomic DNA. To identify the strain, PCR amplification
of extracted DNA with 16S universal primers was used. After
completion of PCR, the PCR results were verified on a 1%
agarose gel electrophoresis using the reference ladder and
observed under UV light by using ethidium bromide. By
comparing the PCR product to a ladder, the DNA product was
identified. To investigate phylogenetic relationships, the
isolate's 16s sequences were matched with sequencing data of
bacterial strains which are taxonomically identical (retrieved
from the NCBI) and a phylogram was created using the MEGA X
software. To obtain the more accurate evolutionary history of
our sequence we performed bootstrap to create 1000 replicas of
the phylogenetic tree generated using neighbor joining method.

2.7 Characterization of CQDs

Size determination of CQDs were determined by using a Trans-
mission Electron Microscope (JEM-2100F, 200 kV, JEOL, Fres-
ing, Germany). The average size diameter was calculated using
image J software. Fluorescence spectra were recorded on the LS
55 (PerkinElmer) fluorescence spectrophotometer with excita-
tion range of 200-800 nm. UV-vis spectra from were obtained by
Thermo Scientific Evolution 260 B10. FT-IR analysis was recor-
ded using PerkinElmer Spectrum 2 using ATR method. X-ray
Photoelectron Spectrum (XPS) was obtained using ESCAf+,
(omicron nanotechnology, Oxford Instrument Germany)
outfitted with a monochromator aluminium source (Al Ko
radiation, 7iv = 1486.7 eV).

2.8 Antibacterial assay

Using the standard colony forming unit (CFU) counting method
antibacterial assay was performed. Overnight grown cultures of
Gram-negative bacteria Salmonella typhi, Pseudomonas aerugi-
nosa and Gram-positive bacteria Bacillus subtilis were used.
These cultures were grown in L. B. broth at 37 °C for 24 h with
shaking at 150 rpm. The cultures were then diluted with
a dilution factor of 107’. Different concentration of CQDs
starting from 5 pg ml~, 25 pgml ™", 50 ug ml~ " and 100 ug ml~*
was taken and incubated at 37 °C for 1 hour with the diluted
bacterial culture. After an hour interval the subsequent bacterial
culture with CQDs were plated on L. B agar plates and incubated
overnight at 37 °C. The experiment was performed in triplicates.
Percentage survival rate was calculated using the following
equation.

% survival rate = [((number of colonies).ontro1 — (Number of col-
onies)sample)/(Number of colonies)contro] % 100

2.9 DPPH assay for antioxidant evaluation

DPPH assay was done to evaluate the antioxidant potential of
the synthesized CQDs. DPPH (1,1-diphenylpicrylhydrazyl) over
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the course of time it changes its color from deep violet to
colorless in the presence of antioxidants. The assay was per-
formed using the biosynthesized CQDs using Ruiz et al. (2017)
method with some modifications.”® For the assay different
concentrations (10, 20, 30, 40, 50 and 60 pg ml~ ') of CQDs was
taken. 1 ml of methanolic DPPH (4 mg/100 ml) was mixed with
1 ml of different methanolic concentrations. The samples were
then loaded onto the wells of 96 micro-titer plate and the plate
was kept in dark for 30 minutes. The absorbance was recorded
at 517 nm in Elisa plate reader. Ascorbic acid (1 mg ml™") as
positive and methanol as negative control was taken. The
experiments were done in triplicates. The percentage scav-
enging activity was calculated as:

%o scavenging aCtiVity = [(Acontrol - Asample)/(Acontrol)] x 100

where A is the absorbance.

3 ABTS radical scavenging activity

ABTS 2,2-azino-bis (3- ethylbenzothiazoline-6-sulphonic acid)
assay is the widely used assay to determine the antioxidant
potential of the compound. The assay is mainly based on
quenching of ABTS" radical. The antioxidant capacity was
determined according to Re et al. (1999) with slight modifica-
tions.> A 7 mM ABTS stock solution was prepared. The solution
was then reacted with a stock solution of 2.45 mM potassium
persulfate to generate the ABTS radical cation (ABTS+). Before
use the final solution was kept in dark for 12-16 h and the
absorbance of solution was adjusted to 0.70 O. D value at
734 nm. Different concentration of CQDs were then treated with
ABTS to a final concentration of 3 ml. The samples were then
incubated for 6 min after which the absorbance was determined
at 734 nm. The percentage inhibition was calculated by:

% inhibition aCtiVity - [(Acontrol - Asample)/(Acontrol)] x 100

4 Results and discussion

The nucleotide sequence was submitted in the Genbank
(Accession No. OK303397). The phylogenetic analysis of 16S
DNA sequence of the isolated bacterial culture was obtained
using the neighbour-joining method which determines the
branch length as well as topology of the phylogenetic tree. The
results show 100% similarity with Bacillus megaterium strain of
our identified bacterial strain of Bacillus megaterium (Fig. 1).
Subsequently the isolated endophytic bacteria were used as
precursor for hydrothermal synthesis of doped CQDs.

One of the fascinating feature of C-dots is its optical prop-
erties. The optical image of CQDs displays brown colour under
normal light, whereas it shows bluish-green luminescence
under UV light of wavelength 365 nm (inset of Fig. 2a). UV-
visible absorption spectrum (Fig. 2a) shows peaks at ~270 nm
and a broad shoulder at ~330 nm. The former peak arrives due
to the m—m* transitions of sp> carbon atoms, representing the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Phylogenetic tree of the endophytic bacterial isolate identified as Bacillus megaterium strain.

formation of graphitized carbon particles.®® The later peak (wavelength ranges of ~340-480 nm) it shows broad and strong
refers to the n-m* transition mainly due to the presence of emission peaks as shown in Fig. 2b. Highest intensity peak
different functional groups (especially C=0).* Upon excitation observed at 420 nm upon excitation with 360 nm is the effect of
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Fig. 2 (a) UV-vis absorption spectra of CQDs; inset shows the photograph under visible light and UV light (365 nm) irradiation. (b) Fluorescence
spectra of CQDs under different wavelengths (340-480 nm) (c) FTIR spectrum of as synthesized CQDs (d) Raman spectra of CQDs.
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Fig. 3
fringes.

different surface states of C-dots.** The excitation-dependent
spectra show a shift in photoluminescence (PL) peak from 420
to 520 nm under excitation range of 340-480 nm as shown in
Fig. 2b. Several hypotheses have been proposed to explain the
wavelength - dependent emission spectra of CQDs.** As the
carbon particle decreases in size, quantum confinement takes
place meaning that the particle is smaller than the de Broglie
wavelength of the electron in the dot, creating a deviation from
bulk properties. This confinement creates a quantization of the
energy into discrete levels in the conduction and valence bands,
so the C-dot can be understood as “virtual atom”. The emission
energy depends on the radius of the particle so that as the
particle gets smaller, both the excitation and emission spectra
shift to shorter wavelengths. In a distribution of C-dots with
varying sizes, different subsets get preferentially excited as the
excitation wavelength varies. As CQDs of different size are
excited, the emission spectrum shifts with excitation wave-
length.** Another potential explanation for the PL behaviour of
carbon dots is the existence of different emissive sites on the
surface of the dot. These sites are related to different defects on
the surface, which are selectively excited depending on the
wavelength used. With quinine sulphate as the reference, the
quantum yield of the synthesized CQDs was measured to be
~30% under the excitation of 360 nm, which is a relatively high
degree in comparison to the previous literature and proves the
material's capability in fluorescence based sensing and bio-
imaging applications. FTIR spectrum of the synthesized CQDs
was analysed to determine their surface functional groups. The
very broad peak at 3307 cm ™" is attributed to the asymmetric
stretching vibrations of -OH and/or N-H groups. Another weak
band at 2131 cm™* may be attributed to C-N vibration.?® One of
the intense characteristic peak at 1639 cm™' assigned to
aromatic C=C stretching vibrations.** The Raman spectra for
the synthesized CQDs as seen in Fig. 2d shows the characteristic
G band at 1615 cm ™' and D band at 1330 cm™ " with an intensity
ratio Ip/Ig ~1.2.”” XRD pattern (ESI, Fig. S17) of the developed

9190 | RSC Adv, 2023, 13, 9186-9194

(a) TEM image of CQDs (inset shows the particle size distribution of corresponding CQDs) (b) HRTEM image of CQDs showing the lattice

materials shows a broad peak appeared at ~23°, which can be
indexed to the (002) crystal plane of graphene QDs. Therefore,
characterization of the synthesized carbon quantum dots
supports the formation of graphene like structure.

The dispersion of the CQDs was verified by the TEM
(Transmission electron microscopy) as shown in Fig. 3a. The
TEM image revealed that the synthesized CQDs have a narrow
size distribution of ~2-5 nm (average size 3.5 & 0.4 nm). High-
resolution TEM image (Fig. 3b) shows the lattice fringes of
0.32 nm corresponding to (002) plane of graphene®® which
reveal that CQDs display typical to graphitic carbon lattice
parameters.

Elemental composition and speciation within the developed
CQDs were determined by XPS. The XPS survey scan spectrum
as shown in Fig. 4a indicates the presence of intense peaks at
~284.6 eV, ~399.0 eV, ~531.0 eV, ~133.1 eV and ~169.6 eV
attributed to characteristic peaks of carbon (C 1s), nitrogen (N
1s), oxygen (O 1s), phosphorous (P 2p) and sulphur (S 2p),
respectively. Fig. 4b-f describes the high-resolution short
scanned XPS spectra of C 1s, N 1s, O 1s, P 2p and S 2p,
respectively. The three fitted peaks in the high-resolution C 1s
attributed to sp> graphitic carbon, carbonyl and carboxylic
groups, as depicted in the figure. The N 1s peaks indicate the
existence of nitrogen-containing groups, C-N-C and N-H, at
399.4 and 401.1 eV, respectively, which are assigned to amides
and/or amino groups. The oxygen element in the forms of C=0
and C-O, respectively, are assigned to the two fitted peaks at
531.6 and 532 eV in the O 1s spectra.***° The peaks of P 2p at
132.8 eV and 133.7 eV can be assigned to P-O and P=0 bonds,
respectively. For S 2p spectra, the contribution at 167.6 eV can
be assigned to sulfonic acids, and the peak at 168.8 eV is
assigned to sulphate groups.** This conforms the doping of N,
P, S within the network of graphene like carbon dots during the
synthesis. The contents of C, O, N, P, and S were ~50.48%,
35.09%, 9.93% 0.96 and 3.35% respectively. The total doping
content (especially nitrogen) was higher as compared to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 High-resolution XPS spectrum: (a) survey scan (b) C 1s (c) O 1s (d) N 1s (e) P 2p and (f) S 2p spectra of the synthesized CQDs.

previous reports of CQDs synthesized using different plant
sources.””** The synergic effect of doping, composition, and
functional groups could be their utility in various fields. Herein,
we checked the antimicrobial and antioxidant activities of the
developed CQDs.

Antibacterial activities of the developed CQDs was investi-
gated against both Gram-positive and Gram-negative bacteria
viz. Salmonella typhi, Pseudomonas aeruginosa and Bacillus sub-
tilis. As shown in Fig. 5, different concentrations (5-100 pg
ml™") of CQDs were used and the number of viable colonies
were found to be significantly decreased with increasing the
concentration of CQDs. Upon reaching the highest concentra-
tion i.e. 100 pg ml~" no bacterial colonial growth was observed

© 2023 The Author(s). Published by the Royal Society of Chemistry

on the L. B. agar plates against Salmonella typhi and Pseudo-
monas aeruginosa. Whereas, 75 pg ml~* of CQDs was sufficient
for 100% inhibition of bacterial growth against the Bacillus
subtilis.

The inhibitory concentration (MIC)
minimum bactericidal concentration (MBC) was also deter-
mined. MIC of CQDs against Salmonella typhi, Pseudomonas
aeruginosa and Bacillus subtilis was calculated to be around 5 pg
ml~'. The antibacterial properties of CQDs are mainly influ-
enced by their extremely small size and surface functional
groups. In a study® it was seen that the role of surface charges
presents on CQDs plays a crucial role in interacting with the
bacterial cell wall thus also helping in the labelling of the

minimum and
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Fig. 5 Percentage survival rate of the bacterial species (Salmonella typhi, Pseudomonas aeruginosa and Bacillus subtilis) against different

concentrations of CQDs.

bacterial cells.*® The bactericidal property of CQDs can be
described as the destruction of the bacterial membrane (ESI;
Fig. S27), leaking of cytoplasmic material thus finally resulting
in cell apoptosis.*” Comparative studies showed that the supe-
rior activities of developed CQDs as compared to most of the
previously reported CQDs (Table 1).

4.1 Radical scavenging (DPPH) assay

The non-toxic nature of CQDs made them exceptional materials
suitable for different biological applications. Antioxidant

capacity of the synthesized CQDs was analysed using the well-
established DPPH assay.*® The bacterial derived CQDs showed
excellent free radical scavenging activity. This rise in scavenging
property can be attributed to the different functional groups
carboxyl, hydroxyl and amide groups present on the surface of
the CQDs. At concentration of 60 ug ml™*, it shows the highest
scavenging activity (~75%) (Fig. 6). The EC50 of the CQDs was
calculated to be around 24.78 pg ml~" as compared to the EC50
of the standard ascorbic acid of 5.36 pg ml~'. Compared to
previous reports of CQDs (ESI; Table S17), the present material

Table 1 Comparative study of antibacterial activity of different CQDs synthesized from natural precursors

Materials Size Method of synthesis MIC values Strain References
Cu doped NCQDs 7.2 nm Hydrothermal 600 pg ml~* E. coli 48
S. epidermidis
Ag@S-GQDs nanocomposite 4.0 nm Pyrolysis 70 pg ml P. aeruginosa 49
35 pug ml S. aureus
Sugarcane pulp derived CQDs 2.27 nm Hydrothermal — Benthesicymus cereus 50
S. aureus
Pseudomonas aeruginosa
Vibrio cholera
E. coli
Pomegranate (P-Cdots) and watermelon 5.0 nm Microwave 40 ug ml* Pseudomonas aeruginosa 51
peels (WC-dots) derived CDs Bacillus Subtilis
S. aureus
NSP-CQDs 4.0-5.0 nm Microwave 100 pg ml™* E. coli 52
S. aureus
P-doped CQDs 3.4 nm Hydrothermal 1.23 mg ml ™! E. coli 53
144 mgml™" S aureus
Curcuma longa derived CDs 2.6 nm Hydrothermal 0.25 mg ml ™! E. coli 54
S. aureus
0.5 mg ml* K. pneumoniae
S. epidermidis
Mushroom-derived CDs 8.0 nm Hydrothermal 30.0 ug ml™* S. aureus 55
K. pneumoniae
Pseudomonas aeruginosa
Endophytic bacteria derived CDs 3.5 nm Hydrothermal 5.0 pg ml™* Salmonella typhi Present work

9192 | RSC Adv, 2023, 13, 9186-9194

Pseudomonas aeruginosa
Bacillus subtilis
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shows much higher activity except a recent report where similar
activities were reported.®”

4.2 ABTS assay

In addition to DPPH assay, ABTS assay also known as Trilox
equivalent antioxidant-capacity assay was also performed. The
assay provides an easy, rapid and more sensitive means to
evaluate antioxidant potential of any material. In this assay,
EC50 value was estimated to be ~20.65 pg ml~" (Fig. 7), which is
close to the EC50 value obtained during DPPH assay. Under
similar conditions, EC50 of the ascorbic acid was estimated to
be ~4.27 pug ml~". These results confirm the synthesis of highly
efficient graphene-like carbon quantum dots which have shown
very high antimicrobial and antioxidant activities.

5 Conclusion

Present study describes an easy and facile approach for the
synthesis of NPS co-doped CQDs from endophytic bacteria
without using any other chemicals for doping. The synthesized
CQDs have mainly graphene-like structure. They possess
exceptional antioxidant and broad spectrum of bactericidal

© 2023 The Author(s). Published by the Royal Society of Chemistry
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activities due to their tiny size (~3 nm) and surface functional
groups. The small size of the CQDs help them to penetrate the
bacterial membrane and thus helps in reactive oxygen species
generation thus leading to cell apoptosis. This material does not
require any further doping or functionalization as it was
abundant source of carbon, nitrogen, sulphur and oxygen.
Moreover, our approach can further broaden the use of endo-
phytic bacteria in more biological applications.
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