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The development of biosensors for the selective detection of Pb2* and guanine is critical for the elucidation
of lead toxicity and human health monitoring. In this research, blue-green luminous water-soluble
nitrogen-doped graphene nanosheets (ws-NGNSs) were synthesized from biomass as an optical sensor
for guanine and Pb?* in aqueous media. A facile hydrothermal approach followed by mild oxidation was
used for the synthesis of ws-NGNSs, where rotten pear was used as the carbon source and urea was
used as the nitrogen source. The ws-NGNSs emitted intense fluorescence at a maximum excitation/
emission wavelength of 340/425 nm. The addition of Pb** effectively quenched the blue-green emission
of ws-NGNSs with prominent selectivity. The selectivity is attributed to the synergic effects of
heteroatom doping, surface functional groups, and surface-active sites. Further, ws-NGNSs/Pb?* was
used as a promising fluorescent probe for the selective recognition of guanine. The addition of guanine
induced the fluorescence “turn on” effect. Therefore, ws-NGNSs with excellent fluorescence properties

can be used as efficient fluorescence "on-off-on” nano-switches for the selective detection and
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Accepted 16th October 2023 differentiation of Pb?" and guanine with limits of detection of 8 pM and 0.2 pM, respectively. The

possible sensing mechanism is explained using fluorescence and UV-vis spectroscopy. Water-soluble

DOI: 10.1035/d35u00328k NGNSs have a solid foundation for the fabrication of optical sensors for biomedical and environmental

rsc.li/rscsus applications.

Sustainability spotlight

Heteroatom-doped nanocarbons are more promising environment-friendly and cost-effective fluorescent materials than traditional metal-based quantum dots
for biomedical/environmental applications. However, the synthesis of heteroatom-doped nanocarbons via energy-intensive processes, the use of hazardous
chemicals and extremely clean gases are further causing environmental concerns, which necessitate a transition to a green and energy-efficient synthesis
process, where biomass can be used as a carbon source. The detection, differentiation, and monitoring of Pb>* concentration in drinking water are highly
required for the better monitoring of water quality and human health maintenance. To realize this goal, we synthesized N-doped water-soluble graphene
nanosheets (wWs-NGNSs) by a straightforward, economical, and environment-friendly approach through the hydrothermal carbonization of a pear-urea mixture
as a carbon-nitrogen source. The exploration of ws-NGNSs as an optical nano-switch for environmental and biomedical applications for the selective detection
and discrimination of Pb** and guanine was also explored. This work is consistent with the WHO's and UN's sustainable development goals of clean water and
sanitation (SDG 6), good health/well-being (SDG 3), responsible production (SDG 12), and sustainable industrialization (SDG 9).

1. Introduction

“Department of Chemical Engineering, Indian Institute of Technology, Kanpur,
208016, India

) o o ) While the technological advancements and enhancements in
*Department of Chemistry, Banasthali Vidyapith, Newai, Rajasthan 304022, India

‘Department of Chemistry, Indian Institute of Petroleum and Energy, Visakhapatnam, hfes_tyle offer humans an casy life, they hiwe brOUght critical
Andhra Pradesh, 530003, India. E-mail: kumud@iipe.ac.in; kumud20010@gmail.com environmental concerns and after-effects. The threats from
“Department of Sustainable Energy Engineering, Indian Institute of Technology ~Water pollution constitute a huge human healthcare challenge
Kanpur, Kanpur, 208016, UP, India and an enormous medical and financial burden around the
“Center for Environmental Science and Engineering, Indian Institute of Technology  world.2 The contamination of natural water reservoirs by heavy
Kanpur, Kanpur, 208016, UP, India metal ions from the earth's crust and anthropogenic activities,
/Chandrakanta Kesavan Centre for Energy Policy and Climate Solutions, Indian . . . .

. , such as from domestic, agricultural, and industrial effluents,
Institute of Technology Kanpur, Kanpur, 208016, UP, India " he bal fth . dh health.®
sDepartment of Chemistry, Allahabad University, Allahabad, India. E-mail: atfect the balance of the aquatic eC'OSy Stem'an uman ea.t :
sagermanish1@gmail.com The release of wastewater contaminated with heavy metal ions
+ Equal contribution. poses serious environmental challenges.! Heavy metal ions

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Sustainability, 2023, 1, 2319-2327 | 2319


http://crossmark.crossref.org/dialog/?doi=10.1039/d3su00328k&domain=pdf&date_stamp=2023-11-28
http://orcid.org/0000-0002-5537-8057
http://orcid.org/0000-0002-6924-1609
http://orcid.org/0000-0002-9440-2320
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3su00328k
https://pubs.rsc.org/en/journals/journal/SU
https://pubs.rsc.org/en/journals/journal/SU?issueid=SU001009

Open Access Article. Published on 17 October 2023. Downloaded on 6/13/2026 5:05:01 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Sustainability

negatively impact living organisms because of their high water
solubility and toxicity, low biodegradability, carcinogenic
nature, and environmental persistence.*® Therefore, the effi-
cient removal of heavy metal ions is the foremost crucial step for
meeting the needs of a sustainable society and environment.
Lead (Pb), with unquestionable toxicity, has been released into
natural water from electroplating, paints, anti-corrosive coat-
ings, mining, battery recycling, chemicals, alloys, textiles, and
other industries and consumer products.” Pb*>* has a relatively
long biological half-life with high bioaccumulation capacity.?
Ingestion of lead even at low concentration can have various
harmful impacts on human health, such as dysfunction of the
nervous system, renal failure, gastrointestinal diseases, anemia,
DNA damage, genotoxicity, coronary disease, mental-health
issues, and growth retardation.'® Therefore the detection,
differentiation, and monitoring of Pb®" concentrations in
drinking water are highly required.® Various analytical tech-
niques, such as atomic absorption spectrophotometry, electro-
chemistry protocols, and inductively coupled plasma-atomic
emission spectrometry are effective for the quantification of
Pb**.* However, they are not suitable for on-site analyses and
hands-on applications and demand tedious operational and
sample preparation processes.

Guanine (G) is an essential nitrogenous base component of
deoxyribonucleic acid (DNA) ribonucleic acid (RNA) and is also
one of the final metabolic products of nucleic acid oxidation.™
Guanine plays a crucial role in the transformation/storage of
genetic information and protein biosynthesis.** Guanine has
been proposed as a biomarker for the observation of essential
cellular activities such as energy transduction, enzyme forma-
tion and signal transduction. Studies have shown that guanine
can be oxidized by various oxidants and free radicals."*** The
abnormal concentration of guanine and its derivatives can play
a crucial role in monitoring human health for the diagnosis of
diseases such as cancer, immunodeficiency syndrome (AIDS),
epilepsy and human immunodeficiency virus (HIV) infection.*
Therefore, the detection, identification, discrimination and
quantification of guanine and its derivatives in extracellular/
intracellular environments is of great significance in biosci-
ence and clinical diagnosis.”” Currently, various analytical
methods such as high-performance liquid chromatography,'®
fluorescence,'”*® electrochemical,** and capillary electropho-
resis (CE)** have been utilized for the recognition of guanine.
The selectivity and sensitivity of the above processes are domi-
nated by the use of artificial receptors, where the presence of an
organic co-solvent is vital for the operation and it generally
exhibits a low affinity for guanine.?” In this context, the optical
technique has been proven more effective because of promising
advantages such as convenient visual detection, applicability in
both solution and solid phases, operational simplicity and
unique selectivity.

Simple, eco-friendly, fast responsive, very sensitive, and
selective fluorescence sensors based on nanomaterials are
gaining popularity among the various analytical techniques.
The development of fluorescence sensors in the ultrasensitive
and accurate detection of heavy metal ions/biomolecules has
been required to investigate human health issues.” The 2D and
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3D-graphene-based nanomaterials have been at the forefront of
chemical and biological sensors in recent years. Graphene-
based fluorescent sensors have been realized as quick and
effective multi-responsive optical probes for the detection of
various substances.*** The unique characteristics of graphene-
based nanomaterials including high specific surface area, high
quenching ability, extraordinary electron transport capabilities,
high chemical stability, edges, defects and quantum confine-
ment effects make them suitable for utilization in various
optoelectronic applications.”” Heteroatom doping in graphene-
based materials also changes the microstructure of the hexag-
onal carbon skeleton and causes a redistribution of charges,
which can induce fascinating optical properties and enhanced
catalytic centers.”® N is the obvious choice for the doping of
graphene because of its size and compatible electronegativity
with carbon atoms.*®** However, the conventional techniques
for the synthesis of nitrogen-doped graphene nanosheets (N-
GNSs) demand complex and time-consuming protocols and
expensive precursors. In addition, the use of hazardous chem-
icals, expensive equipment, and extremely clean gas is causing
further environmental concerns.*® From this viewpoint, natu-
rally available precursors such as lentils,*® dead leaves,*" cellu-
lose,** silkworm powder*® and chitosan® with nominal
processing are at the forefront for the synthesis of heteroatom-
doped carbon nanostructures.?*3¢

Herein, we report the synthesis of water-soluble nitrogen-
doped graphene nanosheets (ws-NGNSs) as a fluorescence
nano-switch sensor for heavy metal ion/biomolecule detection.
The ws-NGNSs were green-synthesized from a mixture of pear
fruit as a carbon source and urea as a nitrogen source by
hydrothermal carbonization followed by mild acid oxidation.
The as-synthesized ws-NGNSs showed good aqueous solubility
and tunable emissions throughout the visible range. Water-
soluble NGNSs provide a means for the selectivity and
discrimination of other metal/bimolecular species. More
significantly, the sensitivity was achieved without the addition
of any surface passivating agent or composite fabrication.
Therefore, ws-NGNSs can be used as an optical nano switch for
water remediation and the monitoring of human health issues.

2. Results and discussion

The ws-NGNSs were synthesized using a straightforward,
economical and environmentally friendly approach through the
hydrothermal carbonization of a pear-urea mixture as carbon
and nitrogen sources at 220 °C for 48 h, followed by mild acid
oxidation. Fig. 1 presents a schematic representation of the ws-
NGNSs synthesis process. During hydrothermal carbonization,
the urea and pear were thermo-chemically converted into
carbon nanostructures via a series of reactions including
hydrolysis, dehydration, polymerization intramolecular dehy-
dration and carbonization via condensation and aromatization
reactions, with the subsequent carbonization of pear using
subcritical water through fractionation.*”*® Urea plays a critical
role in hydrothermal carbonization by introducing N doping in
graphene nanosheets via the formation of NH;.** However, the
appropriate mechanism still needs to be explored. Mild acid

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Schematic representation of the synthesis procedure of ws-NGNSs from biomass and its working principle as an “on-off-on” fluorescence

probe for the rapid detection and discrimination of Pb%* and guanine.

treatment was carried out to get water solubility in N-GNSs. The
as-synthesized ws-NGNSs emitted throughout the blue-green
region as a function of excitation wavelength. The exploration
of ws-NGNSs as an optical nano-switch for environmental and
biomedical applications for the selective detection and
discrimination of Pb®>" and guanine is also shown in Fig. 1.

2.1 Optical properties

The optical characteristics of the as-synthesized ws-NGNSs were
investigated with UV-vis and fluorescence spectral analysis. The
UV-vis absorption spectrum of the aqueous solution of ws-
NGNSs in Fig. 2a shows an absorption peak centered at
278 nm owing to the m-m* transition of the aromatic sp®
domains and the n-7* electronic transition between lone pairs
of N/O and sp” carbon atoms in the graphitic framework.* The
aqueous solution of ws-NGNSs shows a light yellow color in the
ambient daylight but turns to bright blue when exposed to
365 nm UV light, as shown in the insets of Fig. 2a. Fig. 2b
displays the excitation-dependent PL emission spectra of ws-
NGNSs ranging from 300 to 520 nm, which showed a red shift
in emission and a decrease in emission intensity when the
excitation wavelength changed from 360 nm to 520 nm. It is
evident that ws-NGNSs generate a high-intensity bright blue-
green emission at an optimum excitation wavelength of
340 nm. The hydrophilic surface functional groups of ws-

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

NGNSs provide high aqueous solubility and intense fluores-
cence. These properties are the backbone for the selective
sensing of heavy metal ions and biomolecules.*"**

2.2 Morphological and structural properties of ws-NGNSs

The surface morphology and microstructure of ws-NGNSs were
characterized using SEM, TEM, and high-resolution TEM
(HRTEM) microscopic measurements. The SEM images in
Fig. 3a and b show the formation of nanosheets and the absence
of any other morphological impurities. The low-resolution TEM
image in Fig. 3c and d shows a typical highly crumpled nano-
sheet structure of ws-NGNSs with an entangled character.
These structural characteristics were attributed to an increase
in surface area and the density of active sites in ws-NGNSs.** The
HRTEM image of ws-NGNSs in Fig. 3e indicated a uniform
graphitic network with a high density of surface defects and an
interplanar lattice distance of 0.29 nm.** The HRTEM image
also revealed that ws-NGNSs was composed of few layers of
graphene as indicated by the white circle.

The FTIR spectrum of ws-NGNSs in Fig. 3f supports the
presence of oxygenated functional groups. The presence of an
O-H and N-H functional group on the surface of ws-NGNSs is
indicated by the broad peak at ~3500-3000 cm ™ ".** The doublet
at ~2974 cm™ ', ~2928 cm ™, and a sharp peak at ~1033 cm ™"

are due to sp® C-H bond vibrations.?® The band at ~1712 cm ™"

RSC Sustainability, 2023, 1, 2319-2327 | 2321
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Fig. 2 Optical properties of ws-NGNSs. (a) Ultraviolet-visible absorption spectrum; inset: digital image of ws-NGNSs solution taken in visible
light (1) and ultraviolet light (excitation, 365 nm) (2). (b) Fluorescence emission spectra at different excitation wavelengths.

is attributed to the vibrations of the C=0 bond in the stretching
mode.* The sharp peak at ~1629 cm™ " is associated with the
stretching vibrations of combined C=N and C=C bonds. The
vibrations of C-N, C-O, and sp> C-H bonds were observed at
~1450 cm™ ", ~1201 cm ™' and ~752 cm ™, respectively.?® The
Raman spectrum of ws-NGNSs in Fig. 3g shows two distinct

peaks at ~1348 cm ™' (D band, defective mode) and ~1582 cm ™"

(vertical vibration mode, G band of graphitic structures).*” The
D band is attributed to the scattering of phonons at the edge of
disordered graphene and the G band originated from the
vibration of the sp® carbons of graphene layers under the E,g
mode.**** The robust and intense D bands of ws-NGNSs

0:295 i

N-H

| N AN
! OH  €=0" ctre=n
3500 2800 2100 1400 700 500 1000 1500 2000 2500 3000 10 20 30 40 50 60 70 80
Wavenumber (cm-1) Wavenumber (cm-1) 20 (degree)
j k |
i) ) ) -
Cc=0
C00O"
Nis Graphitic|
200 400 600 800 1000 1200282 284 286 288 290 398 399 400 401 402 403 530 532 534 536

Binding Energy (eV) Binding energy (eV)

Binding energy (eV) Binding Energy (eV)

Fig. 3 The morphological and structural characterization of ws-NGNSs synthesized from pear. SEM images (a) and (b) showing the nanosheet-
like structure; (c) and (d) TEM images; (e) HRTEM with interlayer space; (f) FTIR spectrum; (g) Raman spectrum; (h) XRD pattern; (i) XPS survey scan

spectrum; high-resolution XPS spectra of C 1s (j), N 1s (k), and O 1s (l).

2322 | RSC Sustainability, 2023, 1, 2319-2327

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


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3su00328k

Open Access Article. Published on 17 October 2023. Downloaded on 6/13/2026 5:05:01 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

revealed disordered graphitic structures. The disorder density
can be expressed as a ratio of the peak intensity of the D-band to
the G-band, which is represented as Ip/Ig. The high degree of
heteroatom doping enhanced the structural disorder of
graphitic carbon and consequently, the high Iy/I; ratio. The
high Ip/I; ratio of 1.75 indicates the presence of a high density
of disorder in the aromatic sp>-carbons of ws-NGNSs.*

The X-ray diffraction (XRD) analysis was implemented to
detect the crystallinity of the as-synthesized ws-NGNSs. The
XRD pattern in Fig. 3h shows a broad peak at 26 = 25.8° cor-
responding to the (002) face and a weak peak at 20 = 44.9°
corresponding to the (101) face of graphitic carbon.*® The lack
of additional peaks suggests the high purity of synthesized
materials. The surface chemical composition, SP*>/SP*> bonding
environment of carbon, heteroatom doping and N-
configurations can be obtained by XPS analysis.*>** The XPS
survey scan spectrum of the ws-NGNSs in Fig. 3i shows the
presence of three prominent bands located at 385.1 eV, 400.1 eV
and 532.1 eV, these bands confirmed the presence of C (67.2%),
O (27.4), and N (5.4%), respectively. The high-resolution C1s
spectra in Fig. 3j are de-convoluted into seven peaks at 284.4 eV,
285.4 eV, 285.8 €V, 286.4 eV, 287.3 eV, 287.6 eV and 288.9 eV,
confirming the existence of C=C, C-C, C-N, C-N, C=N, C-O,
C=0 and COO™ bonding of carbon, respectively.>> The incor-
poration of nitrogen atoms into the carbon skeleton of ws-
NGNSs was revealed by the presence of three bonding config-
urations of nitrogen. The pyridinic (peak at 398.95 eV), pyrrolic
(peak at 400.11 eV), and graphitic (peak at 401.2 eV)** bonding
configurations are identified in de-convoluted N 1s spectra as
shown in Fig. 3k. The high-resolution O1s spectra of ws-NGNSs
in Fig. 31 display the different bonding configurations of oxygen
as C-0, C=0, and COO™ centered at 531.62 eV, 532.58 eV and
533.6 eV, respectively.>

2.3 Detection of Pb*>* and guanine

Fluorescence spectroscopy was used to investigate the sensing
capability of ws-NGNSs for metal cations, anions, and neutral
analytes. A 10 pL aqueous solution of different metal ions (1
mM) was added to the 2.5 mL aqueous solution of ws-NGNSs,
and the fluorescence intensity of ws-NGNSs was recorded. The
relative fluorescence intensity was unaffected by the addition of
various metal ions except for Pb>" (Fig. 4a). The addition of Pb**
resulted in considerable quenching of the blue-green emission
of ws-NGNSs, which indicated the high selectivity of ws-NGNSs
towards Pb>" (Fig. 4b). The PL intensity of ws-NGNSs was
quenched upon interaction with Pb>" ions due to the energy
dissipation of excited states in a non-radiative electronic tran-
sition. A consistent decrease in the emission intensity of ws-
NGNSs was observed with Pb*' addition till the maximum,
and the quenching ratio I/I, (where I, is the emission of ws-
NGNSs and [ is the emission of ws-NGNSs after the addition
of Pb>") is shown by Stern-Volmer (S-V) plots in Fig. 4c. The
extent of quenching intensity (I/I,) is inversely proportional to
the concentration of Pb>" as shown in Fig. 4c. The selectivity
towards Pb>" as compared to other cations is attributed to the
formation of a stable complex between the nitrogenous and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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oxygenated functional groups of ws-NGNSs and Pb>" via
a complexation reaction.** These new complexes can effectively
“turn-off” the fluorescence intensity with a limit of detection of
8 uM as calculated by the standard S-V plot.>

The PL responses of the ws-NGNSs/Pb>" system to different
biomolecules, including adenine, guanine, thymine, cytosine,
aspartic acid, ascorbic acid, urea and thiourea, were investigated.
It was observed that only guanine could selectively “turn on” the
quenched PL intensity of the ws-NGNSs/Pb>" system as shown in
Fig. 4d. This revealed the excellent selectivity of the ws-NGNSs/
Pb** system for the discrimination of guanine. The high selectivity
towards guanine was achieved because of the strong co-ordination
of guanine to the ws-NGNSs/Pb*" system in contrast to ws-NGNSs.
The PL emission of the ws-NGNSs/Pb>" system showed a linear
increase in intensity when guanine concentration was increased
from 0 puM to 25 uM (Fig. 4e). The limit of detection was calcu-
lated, following a standard 3d/m method, from the linear
response of the S-V plot*® in Fig. 4f to be 0.2 uM.

The ws-NGNSs selectively detected Pb** via PL quenching
and the quenched system of ws-NGNSs/Pb*>" responded to
guanine by the restoration of the quenched PL with the utmost
selectivity. This property of ws-NGNSs was explored for its
potential application as a “fluorescent-nano-switch” for the
selective sensing of Pb** and guanine for up to four cycles as
shown in Fig. 5a and b. The ws-NGNSs act as an efficient “on-
off-on” optical probe controlled by the Pb** and guanine
concentrations with excellent reversibility.

2.4 The plausible mechanism of fluorescence “on-off-on”
mechanism

The plausible mechanism for the fluorescence “on-off-on” control
by the Pb®" and guanine can be explained on the basis of fluores-
cence resonance energy transfer (FRET) and the photon-induced
electron transfer (PET) processes.” These two phenomena are
involved in the ws-NGNSs-based PL probe for the detection and
discrimination of Pb** and guanine. The FRET mechanism
includes a process of non-radiative energy transfer between donor
molecules and acceptor molecules. In contrast, the PET mechanism
consists of a method of charge transfer between donor molecules
and acceptor molecules. However, heavy metal ions (Pb**) have
a strong tendency to form complexes with the heteroatom (nitrogen
and oxygen)-containing functional groups of ws-NGNSs. The N-
doping and oxygenous functional groups on the surface of ws-
NGNSs played a crucial role in achieving the selective detection of
Pb*". The availability of such functional groups allows metal ions to
diffuse and adsorb on the surface of the ws-NGNSs in a selective
manner.*®* As a result, fluorescence quenching occurs without any
spectral shift, due to the reduction of the energy gap between the
ws-NGNSs and Pb*>" through charge transfer. The change in the
local density of states was also evident for the same.***

A plausible mechanistic explanation for the fluorescence
quenching through the ws-NGNSs/Pb** system is demonstrated
in Fig. 5a. The positively charged metal ions were attracted by
the negatively charged functional groups of ws-NGNSs via
electrostatic interaction, which reduced the distance between
ws-NGNSs and Pb** and strengthened the ws-NGNSs/Pb>*

RSC Sustainability, 2023, 1, 2319-2327 | 2323
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Fig. 4 (a) The selectivity of ws-NGNSs as an optical probe towards Pb2* in the presence of different metal ions. (b) Fluorescence spectra of ws-
NGNSs after the incremental addition of Pb?*. (c) A plot of the fluorescence intensity ratio vs. Pb?* ion concentration. (d) The selective sensing of
guanine in the presence of different interfering biomolecules by the ws-NGNSs/Pb?* system. (e) Fluorescence spectra of ws-NGNSs after the
incremental addition of guanine. (f) A plot of the fluorescence intensity ratio vs. guanine concentration.

contact.” This dramatically promoted the charge transfer
between ws-NGNSs and Pb** and resulted in the quenching of
the fluorescence intensity of ws-NGNSs. The quenching effect
occurred because of the intrinsic emission for electron transfer
from the excited state upon the absorption of photons between
the fluorophore and selective metal ions.** This effect promotes
the recombination of electron-hole pairs, followed by a non-
radiative process, resulting in fluorescence “turn off”.®* The
strong quenching effects of metal ions on the PL emission of ws-
NGNSs achieved high sensitivity for the charge transfer mech-
anism. The lower the energy band gap (the distance between the
LUMO and HOMO energy states), the greater the possibility of
a non-radiative transition because of the smaller emission
gap.*” The emission gap narrows to a smaller value than the
absorption gap during photo-excitation. The surficial functional
groups of the ws-NGNSs and the heteroatom doping of the
material significantly facilitate the non-radiative transition.**
When guanine is present in the ws-NGNSs/Pb>" system, it forms
a stable complex with Pb>*, allowing the surface functional
groups of the ws-NGNSs to be free from bonding with Pb>".®* As
a result, the fluorescence intensity is “turned-on”. The recovery
of fluorescence intensity occurs because of the strong affinity of
guanine to bind with Pb*>" ions.

3. Experimental section
3.1 Materials

Rotten pears were collected from the Indian grocery market.
Laboratory-grade chemicals were purchased from commercial

2324 | RSC Sustainability, 2023, 1, 2319-2327

suppliers and used without any additional purification. All
metal ions, except KMnO,, K,Cr,0,, and Al(NOs);-9H,0 were
used as chloride salts and were obtained from Alfa Aesar, India.
We procured biomolecules such as glucose, citric acid, dopa-
mine, ascorbic acid, uric acid, adenine, guanine, thymine, and
cytosine from Sigma Aldrich, India. All aqueous solutions were
prepared with double-distilled water.

3.2 Synthesis of ws-NGNSs

The ws-NGNSs were synthesized from rotten pear and urea,
which served as the carbon and nitrogen sources, respectively.
Crushed rotten pear and urea, in a 6:1 ratio, were treated
hydrothermally at 220 °C for 48 hours in a Teflon-line coated
stainless steel autoclave. The obtained mixture was washed
extensively with DI water, to remove water-soluble contami-
nants, and dried in a hot air oven. After drying, the sample was
pyrolyzed in a tube furnace with an inert environment at 600 °C
for 2 hours for graphitization. Afterwards, the obtained mixture
was treated with 30% nitric acid and excess acid was neutralized
with NaOH. The excess NaOH was removed by simply washing
with DI water. The obtained mixture was dried and collected for
further applications.

3.3 Characterization

The surface morphology and structural analysis of the as-
synthesized ws-NGNSs were performed using a SEM micro-
scope, JEOL (JSM-7500F, Japan), operating at 20 kV. TEM, high-
resolution TEM (HRTEM) imaging was conducted with a FEI

© 2023 The Author(s). Published by the Royal Society of Chemistry
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“On-0Off-On” Optical nano-switch

15t cycle

3"d cycle

Fig.5 (a) Schematic representation of the fluorescence “on-off-on” nano-switch for the selective detection of Pb?* and guanine. (b) The digital
images demonstrating the cyclic stability of the fluorescence “on-off-on” nano-switch under an irradiation of 365 nm UV light.

Tecnai G2 (Model: F30, USA) electron microscope operating at
300 kv. A Rigaku RINT-2000 (Japan) XRD spectrometer with Cu
K, radiation was used to acquire the XRD patterns of ws-NGNSs
in powder form. Raman spectroscopy was conducted using
a WITec Raman spectrometer with an Ar laser of 405 nm exci-
tation under ambient temperature. XPS ULVAC-PHI X was used
to explore the surface characteristics and bonding environ-
ments of the synthesized material. The surface functional
groups were examined using a Bruker Vector 22 spectrometer in
the 400-4000 cm ™" wavenumber range. The UV-vis spectra were
obtained at room temperature in aqueous medium using
a Varian 50 Bio UV-vis spectrophotometer. A Varian fluores-
cence spectrometer was used to record the PL properties ws-
NGNSs and selectivity measurements.

3.4 Sensing experiments

Aqueous solutions of ws-NGNSs 30 pg mL ™ * were used for all
the experiments related to the detection and discrimination of
metal ions and biomolecules at room temperature. The fluo-
rescence excitation wavelength was fixed at 340 nm and
responses were analyzed by monitoring the changes in PL
intensity. The concentration of each metal ion and biomolecule
solution used for the study was 1 mM unless otherwise stated.
Typically, 10 pL solutions of different metal ions (Na*, K*, Ag",
Cu’, cu®, Ni**, zn**, Hg", Hg”", Ba** ca**, Pb**, Cr®", cr’*, cr™,

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

Mg>*, Mn”*, Mn**, Mo®", Fe**, Fe**, Sb*", and Cd**) were added
to the aqueous solution of ws-NGNSs (2.5 mL), separately and
the changes in PL intensity were measured after 10 minutes. In
detecting guanine, different guanine concentrations were
added to the quenched solution of ws-NGNSs/Pb>" system and
the PL intensity was measured after 10 min. Various biomole-
cules, including adenine, guanine, thymine, cytosine, aspartic
acid, ascorbic acid, urea, and thiourea, were added to the ws-
NGNSs/Pb>" system under similar experimental conditions to
determine the selectivity.

4. Conclusion

A fluorescence sensor based on the PL “on-off-on” responses of
water-soluble N-doped graphene nanosheets (ws-NGNSs) has
been developed. ws-NGNSs were synthesized from rotten pear
(carbon source) and urea (nitrogen source) using a facile and
green hydrothermal approach followed by mild oxidation. The
ws-NGNSs exhibited blue-green emissions with good fluores-
cence stability, which were used in the development of a simple,
rapid, economical and sensitive optical nano-switch for the
detection and discrimination of heavy metal ion Pb** and
biomolecule guanine. The addition of Pb*" solution to a ws-
NGNSs solution quenched the blue-green emission of ws-
NGNSs, which was selectively restored by the addition of
guanine. The PL quenching and restoration can also be

RSC Sustainability, 2023, 1, 2319-2327 | 2325
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detected by the naked eyes under illumination with UV light.
Moreover, the “on-off-on” responses are highly reversible and
hold significant potential for the fabrication of optical nano-
switches.
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