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Abstract

Photoluminescent carbon nanodots (CNDs) were prepared using a biocarbon source of lemon extract. The obtained CNDs are of
spherical shape and are enriched with the carboxylic acid fucntionalities. CNDs exhibited a fluorescence emission at 445 nm and
unveiled blue luminescence in ultraviolet excitation. The influences of pH and ionic strength toward the stability of CNDs were
investigated in detail and the obtained stability authenticates their applicability in different environmental conditions. The competitive
binding of Fe** with CNDs quenches the fluorescence behavior of CNDs and was further quenched with the selective complex
formation of Fe** with tannic acid (TA). The interference experiments specified that CNDs-Fe** assembly selectively detected TA
and the co-existing molecules have not influenced the quenching effect of TA with CNDs-Fe**. The analytical reliability of
constructed sensor was validated from the recovery obtained in the range of 91.66-107.02% in real samples. Thus the low cost
and environmentally benign CNDs prepared from natural biomass provide new avenues in the fluorescence detection of biologically

significant metal ions and biomolecules, facilitating their competency in on-site applications of real environmental samples.
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Introduction

Carbon nanodots (CNDs) have received enormous anticipation
in the recent years, paving innovative dimensions in research
and practical utilities in number of applications, owing to their
unique properties including easier functionalization, robust
chemical inertness, low toxicity, high aqueous solubility, and
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excellent luminescence and optical properties [1]. The explicit
interest on CNDs as fluorescent probes is enormously grown in
biosensors, owing to the aforementioned advantageous features
associated with its biocompatibility [2]. The unique properties
of CNDs are purely governed by its quasi-spherical shape, size,
abundant surface functional groups, and surface energy traps [2,
3]. It has continuously inspired the rapid advancement of novel
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approaches towards the preparation of CNDs with the desirable
unique properties. Although CNDs were prepared from poly
ethylene glycol [4], 1,2-ethanediamine [5], ethylenediamine-
tetraacetic acid [6], poly(ethylenimine) [7], and dopamine [8],
the relevant CNDs exhibited high toxicity due to the hazardous
behavior of corresponding organic sources, which additionally
increased the toxicity of an entire sensor system. The significant
objective of fluorescence sensors is envisioned to monitor and
assess the exposure of toxic molecular species in an environ-
ment. The utilization of aforementioned toxic fluorescence
probes significantly deviated the main objective of fluorescence
sensors, which necessitated the development of environmentally
benign CNDs from the naturally available biomass resources.
The precise and consistent recognition of biomolecules is
highly significant for the perspectives including human health,
sustainable development, and benign environment. Tannic ac-
id (TA) is a naturally available polyphenolic compound, wide-
ly distributed in plants, vegetables, and fruits [9]. TA is exten-
sively exploited as an additive, clarifying and flavouring agent
in the food and medicinal products, owing to the potent as-
tringent, diuretics, and anti-inflammtory activities [10]. As a
food additive, the safety dosage of TA should be maintained in
the range of 10-400 ppm in food products [11]. However, an
increasing focus on commercial profitability compelled the
utilization of excess quantity of TA in the manufacturing pro-
cess of beer and wine for the improved color stabilization and
taste enhancement. Adversely, the excess consumption of TA
leads to hepatotoxic effect, liver damage, nausea, cancer, re-
duction in digestive enzymes activities etc., [ 12]. Furthermore,
the toxic complex formation of TA with chromium(III) ions in
leather industries pollute water bodies in the environment,
which may be hazardous to the aquatic microorganisms
[13]. Hence, an accurate detection of TA in food, water, bev-
erages, and medicinal products is always been of great impor-
tance. On the basis of above, several techniques including
electrochemical [14], colorimetric [15], high performance lig-
uid chromatography [16], and chemiluminescence [17] have
been adopted for TA sensing. Nevertheless, they intrinsically
suffer with low efficiency, mediocre sensitivity and selectivity,
requirement of sophisticated instruments, labor intensiveness,
time consumption, and high cost [14—17]. Recently, fluores-
cence technique has been emerged as one of the most prom-
inent method in sensing of biomolecules with the unique fea-
tures of ultra-sensitive, quick response, high accuracy, less
expensive, and simple operation [18]. Ahmed et al., developed
the amine passivated CNDs through the thermal carbonization
of 6-bromohexylboronic acid and polyethyleneglycolbis (3-
amino propyl) and 1,2-diaminopropane [19]. However, the
involvement of toxic chemicals and passivating reagents, te-
dious pre-treatment steps, and complicated purification steps
hindered the on-site applications of amine passivated CNDs.
Apart from the aforementioned effort, a significant impetus
has not been paid toward the fluorescence detection of TA,
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which has not only faded the interest on fluorometric tech-
nique, but has also declined the accurate detection of TA.
Hence, it is clear that the seeking of efficient fluorescence
probes with low cost, high sensitivity, and considerable selec-
tivity is still vibrant in the burgeoning field of TA sensors.
Accordingly, we report here the development of efficient fluo-
rescence CNDs via the simple one-pot technique by using
lemon extract as a carbon source. This report is intended to
analyze the influence of CNDs toward the sensitivity and se-
lectivity in the fluorescence detection of TA and embark their
on-site applications in real samples.

Experimental Section
Materials

Tannic acid (TA) (99.5%), dopamine hydrochloride (DA)
(99%), uric acid (UA) (99%), sucrose (SU) (99.5%), fructose
(FR) (99%), glucose (GL) (99.5%), silver nitrate (AgNO3)
(99.99%), aluminium nitrate (AI(NOs3)3) (99.99%) and
chromium(IIDnitrate (Cr(NO3)3) (99.99%) were obtained
from Sigma Aldrich (USA). Oxalic acid (OA) (99.5%), citric
acid (CA) (99.5%), copper(Il)chloride (CuCl,) (99.99%),
nickel(IT)chloride (NiCl,) (99.99%), cobalt chloride (CoCl,)
(99.99%), ferric(Ill)chloride (FeClz) (99.99%),
ferrous(Il)sulphate (FeSOy4) (99.99%) and sodium chloride
(NaCl) (99.5%) were acquired from Merck and employed
without any additional refinement.

Preparation of CNDs

The citrus fruit lemon obtained from local premises (Madurai,
South India) was squeezed and the obtained extract was fil-
tered via the Whatman filter paper. The hydrothermal treat-
ment of 20 mL pulp free lemon extract at 160 °C for 3 h
generates the CNDs. The resultant product was collected by
removing the non-fluorescent large particles through filtration
with 0.22 um filter membrane and the prepared CNDs were
stored at 4 °C for further analysis.

Characterizations

The prepared CNDs were tested with transmission electron
microscopy (TEM, JEOL-JEM-2010), X-ray diffractometer
(Rigaku-D-Max-2500), Fourier transform infrared (FT-IR)
spectroscopy (Jasco-300E), Raman spectrometer (JY-
HR800), and UV-vis spectrometer (Agilent-8453).

Sensor Studies

In a typical procedure, an appropriate amount of Fe>* jons
with different concentrations was gradually added to the
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prepared CNDs (1 mg.mL™"). The fluorescence quenching
was observed with the addition of Fe** ions and was sat-
urated with 465 pM Fe®* ions. Hence, 465 uM of Fe**
was used as the optimal concentration for the further sens-
ing of TA molecules. To evaluate the sensitivity of CNDs-
Fe3* assembly towards TA, different concentrations of TA
in the range of 1-265 uM was gradually added to the
CNDs-Fe®* assembly. The corresponding fluorescence
spectra were consecutively recorded using Agilent Cary
Eclipse fluorescence spectrophotometer. The detection
limit was calculated with a formula of 30/K, where o is
the standard deviation for ten consecutive fluorescent
measurements of blank solution and K is the slope of a
calibration curve [20].

Lifetime Measurement Studies

The lifetime measurements were achieved with Horiba
fluorolog3TCSPC fluorescence spectrophotometer and the
lifetime (1) was calculated with an equation of:

T:TIBI+T2B2+T3B3..../1OO (1)

where T and B specify, respectively, time and relative
amplitude.

The absolute quantum yields of studied CNDs were
deliberated using Edinburgh FLS-980 spectrometer with a
450 W xenon lamp. With an equation of 1 = [(Eg - Ep)/
(Sa - Sp)] x 100, the absolute fluorescence quantum yield
was estimated. Where absolute fluorescence quantum yield
(n), indices to the reference sample (deionized water) and
CNDs (“A” and “B” ), and the integral of scans (Sa, Sp
EA, and Ep) are specified.
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Results and Discussion
Synthesis and Characterizations of CNDs

The fluorescent CNDs were prepared by using one-pot hydro-
thermal technique with the aid of a lemon extract as a renew-
able, inexpensive, and environmentally benign single carbon
source. The formation mechanism of CNDs involves the hy-
drothermal carbonization of compounds exist in the lemon
fruit extract. The components of lemon extract such as citric
acid and ascorbic acid are converted into CNDs through the
dehydration, polymerization, condensation, and carbonization
processes [21]. The hydrothermal carbonization of lemon ex-
tract yields a pale yellow color solution (Inset: Fig. 1a(i)) and
exhibits the bright blue emission under UV irradiation. CNDs
exhibit a UV-vis band (282 nm) (Fig. la(i)) because of the
C=C bond (7-7t* transition) [21]. The addition of Fe** in
CNDs decrease the intensity of a characteristic absorption
band of CNDs (Fig. 1a(ii)) and provides the intense yellow
color solution (Inset: Fig. la(ii)). CNDs-Fe’*-TA exhibits a
new broad absorption band at 585 nm (Fig. 1a(iii)), owing to
the complex formation between TA and CNDs-Fe’* assembly
[22] and offers the greenish black color (Inset: Fig. laf(iii)).
The strong blue emission observed for CNDs is partially
quenched with Fe** ions and is completely quenched with
TA with the aid of CNDs-Fe** assembly under UV radiation
(365 nm) (Fig. 1a(iii)).

From the dependence behavior of excitation wavelength
(Fig. 1b), it is observed that the emission spectra of CNDs are
responsive with the excitation wavelength and are varied from
403 to 508 nm with an increase in the excitation wavelength
from 280 to 440 nm. Upon the increase of excitation wave-
length (Ax) from 280 to 350 nm, the intensity of emission
peaks is enhanced and red-shifted. When A, ranges between
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Fig. 1 a UV-vis spectra of (i) CNDs, (ii) CNDs-Fe** and (iii) CNDs-Fe**-TA (Inset: corresponding optical photographs under daylight lamp), and (b)

emission spectra of CNDs at various Aex
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350 to 440 nm, the relevant peak positions are altered to a
longer wavelength region associated of the lowered intensities,
depicting multi-emissive characteristics of CNDs. It is due to
the confined quantum effect and widened emissive entangles
on CNDs [23]. The fluorescence characteristics of CNDs are
originated via radiative recombination of excitons, quantum
effect, different emissive traps or states, and oxygen labile func-
tional groups [24]. The photo-luminescence quantum yield
(absolute) of CNDs, CNDs-Fe**, and CNDs-Fe**-TA is found,
respectively, to be 17, 1.4, and 0.05%. The prepared CNDs
exhibit a high quantum yield, detailing an excellent florescence
quality of CNDs because of self-passivated oxygen functional-
ities on CNDs [25, 26]. It is also evidenced via bright blue
emission obtained with UV radiation (365 nm) (Fig. 2 and
Inset: Fig. 2(i)). The addition of TA with CNDs slightly
quenches the fluorescence behavior of CNDs (Fig. 2 and
Inset: Fig. 2(ii)). The visualized quantitative quenching of blue
fluorescence under UV radiation upon the introduction of Fe**
ions into CNDs is well supported from the decrement of quan-
tum yield (Fig. 2 and Inset: Fig. 2(iii)), ascribing to the binding
of Fe** ions with CNDs. Upon the addition of TA into CNDs-
Fe*, the rapid decrement in quantum yield was observed,
which is eventually validated from the complete quenching of
blue fluorescence (Fig. 2 and Inset: Fig. 2(iv)), because of the
complex configuration of TA with CNDs-Fe** assembly.

The prepared CNDs are spherical with a mean diameter of
3 nm (Fig. 3a, b). The ordered lattice fringes (d-spacing = 0.22
nm) are observed (Inset: Fig. 3c(i)) for the prepared CNDs
(Fig. 3c¢) ascribed to (102) facet of graphitic (sp®) carbon.
The obtained SAED pattern (Inset: Fig. 3c(ii)) with broad
diffraction ring patterns confirms the polycrystalline
structure of CNDs.

The prepared CNDs exhibit a distinctive carbonaceous
(002) reflection plane [24] and the CND's lattice spacing
(0.39 nm) is superior compared to the graphite interlayer spac-
ing (0.34 nm) due to the existence of oxygen labile functional
groups on CNDs [27]. Decreasing the intensity of a
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Fig. 2 Fluorescence emission of studied nanostructures (Inset: Optical
photographs of (i) CNDs, (ii) CNDs-TA (iii) CNDs-Fe* and (iv)
CNDs-Fe**-TA under 365 nm UV excitation)
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characteristic carbonaceous diffraction peak along with an in-
crement in broadness are sequentially observed for CNDs-
Fe* (Fig. 3d(ii)) and CNDs-Fe**-TA (Fig. 3d(iii)).

CNDs exhibit the characteristic carbonaceous Raman
bands at 1354 and 1566 cm ™! (Fig. 3e(i)), which are ascribed,
respectively, to the D and G bands of graphite. The D band
connects the carbon atom's vibration with tangling bonds,
whereas G band connected with E2g mode of the vibration of
sp2-hybridized carbon atoms [6]. The relative intensity (Ip/Ig)
of CNDs-Fe** is estimated as 0.84, which is higher than that
of CNDs (0.75), specifying that the interaction of CNDs with
Fe** jons generates the disordered carbon structure [17] (Fig.
3e(ii)). A further increment in Ip/Ig ratio of 0.98 is observed
for CNDs-Fe’*-TA (Fig. 3e(iii)), representing the growth of
coarse like carbon particles.

CNDs exhibit the characteristic carbonyl stretching vibration
at 1720 cm ! (Fig. 3f(i)) and the 1634 and 1397 cm—1 bands
represent, respectively, asymmetric and symmetric stretching
vibrations of COO . The 1072 and 1224 cm—1 bands, represent,
respectively, C-O/C-O-C and C-OH stretching vibrations [21].
The asymmetric and symmetric stretching vibrations of COO™
are sharpened and the intensities are significantly increased for
CNDs-Fe** assembly (Fig. 3f(ii)). The intensity of carbonyl
stretching at 1720 cm™' is decreased and the C-O-C/C-O and
C-OH vibrations are altered, denoting the interaction Fe** with
COOH groups of CNDs [24]. The Fe-O bond is found at 589
cm ', which ensures the interaction of Fe** with COO /OH
functionalities on the surface of CNDs [27]. The intensities of
characteristic carbonyl, asymmetric and symmetric COO ™ and
C-O/C-O-C and C-OH stretching vibrations are further reduced
with the increased broadness for CNDs-Fe**-TA (Fig. 3f(iii)),
specifying the effective interaction between the hydroxyl groups
of TA and CNDs-Fe®* assembly [28].

The NaCl concentration of 0 to 500 mM is used to analyze
the stability of CNDs (Fig. 4a). The observed fluorescence
spectra elucidate the nearly constant fluorescence intensity
against NaCl concentration. (Fig. 4a and Inset: Fig. 4a), spec-
ifying the robust stability of CNDs, which enables its practical
sensing applications under harsh environmental conditions.

For the analysis of the impact of pH on the stability of CNDs
and obtain the optimal conditions for further analytical applica-
tions, the fluorescence intensity of prepared CNDs was analyzed
for a pH of 2.0—12.0 (Fig. 4b). The fluorescence intensities of
prepared CNDs remain almost constant for the pH of 2—8. Upon
the further increment in the pH levels, the fluorescence intensity
of CNDs is slightly lowered (Fig. 4b and Inset: Fig. 4b), owing
to the destruction of functional groups existing on CNDs [29],
which enunciates the robust stability of prepared CNDs.

Fluorescence Detection of Fe3* lons and TA

The prepared CNDs were exploited as fluorescence probes for
the detection of TA under neutral conditions and the
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Fig.3 (a and b) TEM images (Inset a: particle size histogram) and (c) FFT pattern of CNDs (Inset c: (i) projected FFT pattern and (ii) SAED pattern) and
(d) XRD patterns, (€) Raman spectra, and (f) FT-IR spectra of (i) CNDs, (ii) CNDs Fe** and (iii) CNDs-Fe**-TA

fluorescence response of 265 uM TA injected CNDs was
evaluated (Fig. 2). Owing to the weak hydrogen bonding be-
tween the surface carboxylic acid groups of CNDs and hy-
droxyl groups of TA, the minimal fluorescence quenching of
CNDs is achieved without any variation in the fluorescence
color (Inset: Fig. 2(ii)). The obtained fluorescence quenching
for CNDs still remain as a formidable hurdle to the alluring
perspective of real time sensor applications. Henceforth, an
intermediate complex of CNDs is desirable to enable the
strong interaction between CNDs and TA. Hence, Fe** ions
are chosen for the complex formation with CNDs on the basis
of'its constructive characteristics including the environmental-
ly benign character, inexpensive, and easier availability in
living systems.

The fluorescence responses of prepared CNDs on Fe3+
ions concentration of 0 - 465 uM were investigated
(Fig. 5a). Upon the injection of Fe** ions into CNDs, the
fluorescence intensity of CNDs is strongly quenched as evi-
denced from the PL spectra. The aforementioned observation
clearly illustrates that Fe** ions efficiently quenches the fluo-
rescence properties of CNDs, which is presumably occurred
via coordination between Fe3+ and -oxygen labile function-
alities of CNDs. The involved CND’s fluorescence quenching
mechanism with Fe** is schematically illustrated in Fig. 6.

The further increment in Fe** ions concentration does not
provide any alteration of fluorescence quality of CNDs,
channeling the use of 465 pM Fe** ions for farther analysis.
The considerable linear behavior for 3.3 to 125 uM concen-
tration (Inset: Fig. 5a) and detection limit of 0.44 uM are
witnessed for Fe*, outfitting the previous Fe>* sensing re-
ports. (Table 1) [30-42].

Fe®* is one of the significant essential transition metal ion
involved in metabolic process and widely distributed in vari-
ous living organisms along with Cu?*, Co?*, Mn**, Ni**, and
Fe?*, necessitating the evaluation of specific detection of con-
structed fluorescence probe toward Fe** ions against the com-
mon interfering metal ions [43]. Hence, the selectivity studies
of prepared CNDs were achieved against the interferences
including Cu®*, Ag", AI’**, Pb>*, Co**, Cr’*, Hg**, Mn>*,
Ni**, and Fe** at a concentration of 465 pM. From the ob-
tained fluorescence spectra (Fig. 5b), it is clear that the sub-
stantial fluorescence quenching is observed only with Fe**
ions and the other metal ions exhibit only negligible effect
(Fig. 5b, c) because of the inferior interaction of CNDs with
metal ions. The effective interaction of Fe** and oxygen labile
functionalities of CNDs lead to splitting of d orbital of Fe**
[18, 43]. It is proceeded with the partial transference of elec-
trons in the excited state of CNDs to the d-orbital of Fe** and

@ Springer
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is responsible for the high selectivity of CNDs toward Fe*
ions than those of other metal ions [44]. Initially, Fe** is
adsorbed on the surface of CNDs with the coordination of
hydroxyl groups on the surface of CNDs, which is further
followed by the transference of electrons in the excited state
of CNDs to the Fe** ions. Under the UV irradiation of 365 nm,
the photo induced electrons of CNDs are effectively trans-
ferred to the paramagnetic Fe>* with a higher number of un-
filled d-shell valence electrons, leading to the conversion of
+3 state into +2 [45]. Thus the higher number of valence
electrons of Fe*™ jons compared to the other studied cations
is responsible for the non-radiative electron / hole recombina-
tion based fluorescence quenching of CNDs [45, 46]. In gen-
eral, the metal ions with high positive redox potential are
referred as the strong oxidants. In this context, Fe** demon-
strates high positive redox potential (0.771 V) than those of
other interfering metal ions including Cu®* (0.340 V), Fe**
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(—0.44 V), Pb>* (-0.126 V), Co?* (-0.28 V), Cr’*
(-0.41 V), Mn** (=1.17 V), and Ni** (-0.257 V), which max-
imizes the electron transfer and responsible for the selective
electron transfer based quenching with CNDs [47]. Although,
Hg”* demonstrates the high positive redox potential (0.80 V)
than that of Fe®*, the completely filled d orbitals of Hg**
restrain its electron transfer ability with CNDs. Furthermore,
the redox potential of Fe®* is located between the conduction
band (CB) and valence band (VB) of CNDs, stimulating the
effective electron transfer from CB to Fe** [48], which collec-
tively leads to the high selectivity of CNDs toward Fe** .

The competitive test of prepared CNDs toward Fe** ions
was investigated amidst of co-existing substances such as
Cu®*, Ag®, APP*, Pb**, Co**, Cr’*, Hg?*, Mn**, Ni**, and
Fe* (Fig. 5d). The co-existing substances do not impact the
sensing performances of CNDs as supported with 89%
quenching effect of Fe>* ions, coinciding with the fluorscence
behavior of CNDs in the absence of co-existing metal ions.

The developed CND-Fe** assemblies were manifested as
the alluring fluorescent probes for TA sensing (Fig. 7a). The
fluorescence behavior of CNDs-Fe** assembly displays a sig-
nificant reduction in intensity at a wavelength of 445 nm with
the injection of TA and exhibits a gradual reduction with the
increased concentration of TA. The fluorescence intensity of
CNDs is completely quenched at 265 uM TA. The electron
rich TA is quickly adsorbed on the surface of CNDs-Fe**
assembly and the catecholate/galloyl groups of several TA
molecules facilitate an electron transfer from hydroxyl groups
to CNDs-Fe®** assembly [49], resulting the stable coordination
complex as substantiated from the visible color change from
yellowish to greenish black color (Inset: Fig. 2). The active
Fe** ions on CNDs exhibits an inherent paramagnetic charac-
ter with the half-filled electronic structure, leading to a strong
electron accepting tendency toward TA and promotes the
stronger coordination between TA and CNDs-Fe** assembly,
which supports the complete quenching of fluorescence be-
havior of CNDs-Fe®* assembly. The engaged fluorescence
quenching mechanism of CNDs-Fe®* assembly with TA is
schematically illustrated in Fig. 6. A linear relation for the
concentration of TA from 1 to 47.5 uM is observed. (Inset:
Fig. 7a) and the detection limit of developed system is found
as 0.31 uM, which are comparable and even better than those
of previous reports (Table 2) [14, 15, 19, 50-53], authenticat-
ing their applicability in relevant sensor fields.

The efficacy of fabricated sensor probes is solely depen-
dent upon the ability in achieving the specific detection of an
analyte without any interferencing effect in real samples.
Certain biomolecules such as CA, DA, GL, AA, Na*, Ca*",
and Mg”* ions are the common interfering and co-existing
species in physiological and water samples. Hence, the selec-
tivity of prepared CNDs were analyzed against the interfer-
ences including CA, OA, DA, UA, SU, FR, GL, AA, Na*,
Ca**, and Mg>" at a concentration of 265 pM. CNDs-Fe**
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demonstrated nullified quenching effect with other species
(Fig. 7b, c). Owing to the strong electron accepting ability,
CNDs-Fe** assembly easily acquires electrons donated from
the electron rich hydroxyl groups of TA. Furthermore, the
rapid and stable bi-dentate chelation effect of TA with
CNDs-Fe** assembly enunciates the selectivity of CNDs-
Fe* assembly toward TA [54].

The competitive analysis of prepared CNDs-Fe* assembly
was carried out with the co-existing molecules such as CA,
OA, DA, UA, SU, FR, GL, AA, Na*,Ca**, and Mg** at a
concentration of 265 uM and the influence of relevant co-
existing biomolecules present in real samples was investigated
(Fig. 7d). From the obtained results it is clear of no distur-
bances from the other molecules for the quenching effect of
CNDs-Fe** assembly toward TA as evidenced from 90%
quenching effect of TA. It is comparable with the quenching
(91.5%) observed under the absence of co-existing bio-
molecules.

The behavior of CNDs and CNDs-Fe>* toward Fe* and TA,
respectively, were scrutinized with respective of time with a
regular time interval of 1 min (Fig. 8). The fluorescence intensity
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ions and (c) relevant intensity profile, and (d) competitive effects of
465 UM disparate interference metal ions on Fe** sensing

of CNDs and CNDs-Fe** assembly was immediately quenched
after the addition of Fe** (Fig. 8a, b) and TA (Fig. 8c, d), re-
spectively, and both of the reactions were completed within a
minute. After this saturation time, the characteristic spectral
changes were not observed. The observed rapid response time
suggests that prepared CNDs could be effectively used as an
efficient fluorescent probe for the practical sensing of Fe** ions
and TA.

To further investigate the reliability and potential practical
applicability of proposed sensor toward the sensing of Fe*
ions and TA, the developed sensor probe was tested in real
environmental water sample. The water sample was collected
from Vaigai-river (Madurai, India) for the recovery test with
the different concentrations of Fe'* and TA, respectively, in
CNDs and CNDs-Fe?*, to adequate the precision of developed
probe (Fig. 9a, b). The fluorescence intensity is decreased with
the increasing concentration of Fe’* ions (Fig. 9a) and TA
(Fig. 9b) and the recovery of 89.24—107.25% with the relative
standard deviation (RSD) of 1.02-2.14 (n=4) for Fe** ions
and 91.66-107.02% RSD of 1.01-2.95 (n=4) for TA. Thus
the obtained results substantiate the onsite and real time
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Fig. 6 Mechanism involved in the fluorescence detection of TA at CNDs

application of prepared CNDs toward the detection of Fe**
ions and TA in environmental water samples.

The time correlated single photon counting (TCSPC) anal-
ysis was performed to elucidate the fluorescence quenching

9c¢). The fluorescence lifetime of prepared CNDs is 6.6 ns and
the fluorescence decay time of CNDs-Fe** assembly is de-
creased to 6.2 ns after the coordination with Fe** ions. The
decay curves of CNDs and CNDs-Fe’* assembly are indistin-

mechanism in amidst and absence of Fe**

ions and TA (Fig.

guishable from each other, specifying that the negligible

Table 1 Comparison of the Fe**

sensing performances of Probe Linear range (uM) Detection limit (uM) Ref.
fluorophores
GQDs" 10-80 7.22 [30]
PNDs" 0.1-10 - [31]
AuNCs°® 5-1280 3.50 [32]
MIL-53 (Al) -MOF* 3-200 0.90 [33]
N°-GQDs" 1-70 0.08 [34]
CDs* 12.5-100 9.97 [35]
CDs! 0-6 0.40 [36]
CDs! 1-100 - [37]
CNPs® 0-20 0.32 [38]
N°-CQDs" 0-50 4.67 [39]
CDs 0-0.03 0.01 [40]
GSH"@AgNCs® 0.5-20 0.12 [41]
CNDs' 0-5 - [42]
CNDs' 3-125 0.44 This work
@ graphene quantum dots; polymernanodots ° nanoclusters; ¢ metal-organic frameworks; °nitrogen; ‘carbon

dots; £ Carbon nanopamcles, glutathione; ' carbonnanodots
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Fig. 7 a Fluorescence emission spectra of CNDs-Fe>*assembly with
respective of distinct TA concentrations (Inset a: relevant linear
calibration curve), (b) fluorescence emission of CNDs-Fe** assembly in
the distinct of 265 uM concentration of various interference biomolecules

change in fluorescence lifetime is witnessed with the addition
of Fe** ions. The less significant reduction in the lifetime and
decay curves of CNDs and CNDs-Fe** assembly imply that

Table 2 Comparison of the TA sensing performances of fluorophores
Probe Linearrange (uM) Detection limit (uM) Ref.
3-aminophthalate 3-180 0.58 [50]
PPCPE?* 0.01-1 0.01 [51]
Ch"-Ag NPs®  1-100 1 [15]
CNDs! 0.05-0.6 0.01 [19]
PrTu® 2-42 0.6 [14]
NCD' 0.07-7.0 0.026 [52]
GQDs® 0.1-1 0.026 [53]
CNDs'-Fe** 1-47.5 0.31 This Work

aporous pseudo-carbon paste electrode; ° chitosan; ©nanoparticles;
9 carbonnanodots; © 1-benzoyl-3-(pyrrolidine) thiourea; ‘nitrogen-doped
carbon quantum dots; £ graphene quantum dots

0.0 e Ty g
CA OA DA UA SU FR GL AA TA Na Ca’ Mg Blank

and metal ions and TA and (c¢) relevant intensity profile, and (d)
competitive effect of 265 uM disparate interference biomolecules and
metal ions on TA sensing

the quenching mechanism is primarily ascribed to static, be-
cause the formation of a stable non-fluorescent coordination
complex between Fe’* ions and surface -COOH and -OH
groups of CNDs. The fluorescence lifetime of CNDs-Fe*-
TA is significantly reduced to 5.4 ns, signifying that the dy-
namic quenching mechanism is involved in the detection per-
formances. It is achieved through the electron transfer and
effective chelation between the hydroxyl groups of TA and
CNDs-Fe®* assembly.

Ahmed et al., synthesized CNDs via a thermal carbonization
of 6-bromohexylboronic acid and polyethyleneglycol bis (3-
aminopropyl (PEGA) at 180 °C, followed by its purification
through the dialysis process for 3 days [19]. The tedious syn-
thetic procedures adopted for the preparation of GQDs associ-
ated with the organic derivative stimulated toxic surface to the
fluorescence probe, which limited their practical applications in
biological samples. The linear range of TA detection for the
prepared CNDs was found to be 0.05-0.6 uM, which is inferior
to the linear range of reported environmentally benign CNDs
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respective of time and (b) variation of fluorescence intensities of CNDs
with 465 1M Fe** ions with respective of time, (c) Fluorescence emission

(1-47.5 uM) (Table 2). The aforementioned report has not de-
tailed the competitive and lifetime measurement studies, which
effectively hindered the fundamental understanding on the in-
fluences of co-existing substances toward TA sensing [19].
GQDs prepared from citric acid demonstrated an inferior linear
range (0.1-1.0 uM) toward TA detection (Table 2) and the lack
of competitive studies, stability under various ionic strengths,
time correlated studies, and reliability test hinder their prospec-
tive on-site applications [53]. The NCNDs prepared from ascor-
bic acid via ultrasonic approach was used as a fluoroprobe for
the detection of TA [52]. However, the inefficient selectivity
accomplished between TA and TU, narrow linear range (0.07—
7.0 uM) (Table 2), and the compelled utilization of KMnO, for
the generation of isothiocarboamido radicals to enhancing the
fluorescence signals debase the analytical performances. The
quenching mechanism involved in the above reports has also
not been addressed that collectively limited the realization of
aforementioned reports in reliable practical sample analysis.
On the other side, Bihani et al., synthesized CNDs using
lemon juice and glutathione, in which glutathione was
exploited as a scaffold for the formation of carbon
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nanostructures [55]. The preparation of CNDs underwent the
complex multistep reactions of rearrangements and cycliza-
tion reactions accompanied with a dehydration process.
Indeed, the applicability prepared CNDs is limited by the con-
straints of uneven size distribution and agglomeration with
their adjacent particles. Moreover, the synthesis of CNDs with
unique surface properties and aqueous stability were not re-
ported, limiting their prospective applications. In specific, the
influences of prepared CNDs toward protein aggregation stud-
ied in this report significantly deviated the main objective of
fluorescence TA sensors and the underlying molecular mech-
anism of CNDs for their activity was not explored. Thota
et al., reported the synthesis of fluorescent CNDs from lemon
grass and exploited the carbon nanostructures for living cell
imaging [56]. Generally, CNDs possess the uniform quasi-
spherical nanoparticles with an average diameter of <
10 nm, which is responsible for efficient fluorescence behav-
ior, owing to the quantum confinement effect and surface de-
fects. The obtained TEM images reveal that the carbon nano-
structures demonstrate the non-uniformed spherical shape
with an average size of ~>500 nm, which not only limits their
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decay curves of processed structures with respective of time (Ax=350 nm;A.,,=445 nm)

florescence behaviour but also the chemiluminescence based
sensor applications. Wang et al., synthesized CNDs from dif-
ferent biomaterials including milk, soy-bean milk, magnolia,
and silk using microwave technique [42]. However, the re-
straints associated with the microwave technique including
utilization of sophisticated instrument, low production yield,
limited applicability for polar molecules, the reflection of en-
ergy that falls on the conductive materials, and health hazards
of microwave limited the utilization of above prepared CNDs.
The sensing ability of CNDs towards Fe** ions was only an-
alyzed for the optics-related applications and the detailed
mechanistic pathways for the detection of Fe** ions were also
not elucidated. Hence, it is clear that an immense development
on CNDs is still required to explore the fluorescence based
sensor applications. On the basis of these perspectives, we
succeeded in the synthesis of homogeneous, highly fluores-
cent, hydrophilic, and bioactive CNDs via a simple hydrother-
mal treatment of lemon juice without any surface passive
agent. The systematic methodology adopted in exploring the
influences of reaction time, ionic strength, pH, excitation
wavelength, and concentration of analyte provides a concrete

idea on the stability of prepared CNDs. Furthermore, the de-
tailed investigation visualized on competitive and lifetime
measurement studies fundamentally intrigued the realization
of prepared CNDs in real sample analysis and guaranteed its
potential applications under various conditions. The influen-
tial TA fluorescence sensing properties including the lower
detection limit, a wide linear range, and real sample analysis
achieved for the prepared CNDs are comparable to the previ-
ous reports, which validate its prospective applications in fluo-
rescence TA sensors.

Conclusion

In summary, CNDs were developed with a natural and inex-
pensive lemon extract as a sole carbon source without the aid
of any passivation reagents. The prepared CNDs exhibited the
excellent photoluminescent properties, remarkable water sol-
ubility, and exceptional stability. The prepared CNDs were
exploited as efficient fluorescence probes for the quantifica-
tion of TA under an aqueous medium, which exhibited an
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excellent selectivity. The dual sensing approach of CNDs to-
ward Fe** ions and the further utilization of CNDs-Fe** as-
sembly toward TA detection exemplified that the consecutive
sensing strategy could be beneficial for the monitoring of met-
al ions and biomolecules associated with the human health
system. The results obtained in this report demonstrated the
excellent applicability of CNDs in TA sensing, which effec-
tively extends new channels in the advancement of high per-
formance metal ion and biomolecule sensors.
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