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Tagetes erecta as an organic precursor: synthesis of
highly fluorescent CQDs for the micromolar tracing
of ferric ions in human blood serum+
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The present article illustrates the green synthesis of novel carbon quantum dots (CQDs) from biomass viz.
Tagetes erecta (TE), and subsequently fabrication of a metal ion probe for the sensing of Fe** in real
samples. TE-derived CQDs (TE-CQDs) have been synthesized by a facile, eco-friendly, bottom-up
hydrothermal approach using TE as a carbon source. The successful synthesis and proper phase
formation of the envisaged material has been confirmed by various characterization techniques (Raman,
XRD, XPS, TEM, and EDS). Notably, the green synthesized TE-CQDs show biocompatibility, good
solubility in aqueous media, and non-toxicity. The as-synthesized TE-CQDs show an intense
photoluminescence peak at 425 nm and exhibit excitation dependent photoluminescence behavior. The
proposed TE-CQD-based probe offers a remarkable fluorescence (FL) quenching for Fe** with high
selectivity (Kq ~ 10.022 x 10" M~? s7%) and a sensitive/rapid response in a linear concentration range 0—
90 uM (regression coefficient R? ~ 0.99) for the detection of Fe®*. The limit of detection (LOD) of the
probe for Fe3* has been found as 0.37 uM in the standard solution. It has further been applied for the
detection of Fe*" in real samples (human blood serum) and displays good performance with LOD ~ 0.36
uM. The proposed TE-CQD-based ion sensing probe has potential prospects to be used effectively in
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1. Introduction

Iron is one of the most abundant elements in the earth's crust
and essential for numerous metabolic activities of humans
including DNA synthesis, facilitation of electron transfer, and
transportation of oxygen.'™* Deficiency of iron causes the serious
disease anemia.®* However, over-accumulation of iron leads to
heart damage, Parkinson's disease, liver, endocrine organ
failure, etc.* Arumugham T. et al. and others have documented
that an excess of iron produces free radicals throughout the
redox cycling process in the presence of H,O, and oxygen via
Fenton reaction and turn severely affects the tissues, DNA,
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photoluminescence spectra of TE-CQDs at various excitation wavelengths, the
optical excitation spectrum of TE-CQDs, images of TE-CQDs in presence and
absence of Fe*", FT-IR spectrum of TE, binding affinity constant values against
different interference, modified S-V plot for the sensing of Fe** in standard

T Electronic information available: ~ Comprises

solution and HBS sample 1, linearity plot of the probe, FL quenching analysis
for the HBS sample 2, TRPL study table and a brief study of the present work.
See DOI: 10.1039/d1ra01571k
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biological studies and clinical diagnosis.

protein, and lipids by oxidative reactions."*®” Fe*' and Fe®"
have been observed as two oxidation states of iron and are
dynamically tweaked to one another. Subsequently, the precise
and quantitative information of the trace level of Fe** is very
essential as it plays a vital role in complex physiological and
metabolic processes.* However, sensing of Fe’" has been per-
formed by many researchers, but in HBS based on CQDs probe
through FL technique, have rarely been reported® so far.
CQDs, known as carbon dots/carbon nanoparticles have
been an emerging class of innovative fluorescent materials due
to their outstanding properties like tiny size (less than 10 nm),
low toxicity, excellent emission tenability, chemical stability,
temperature stability, high carrier mobility, biocompatibility,
resistivity to photobleaching, cost-effectiveness, etc.*** More-
over, owing to their environment friendliness in comparison to
other chemical dyes and semiconductor QDs, superiority in
photostability, ability in up and down-conversion, non-blinking
FL emission, CQDs have been preferable for the sensing
applications due to their FL quenching or enhancement
occurrence. A wide spectrum of approaches has been developed
for the synthesis of CQDs such as plasma treatment,** chemical
ablation,™ arc discharge,'® acidic oxidation, electrochemical
oxidation, hydrothermal carbonization,'” microwave irradia-
tion,"” combustions (pyrolysis).” However, some reported
methods involves tedious steps and mark harmfulness to the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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ecosystem such as polamine functionalization,* poly coupling
reactions,” thiol-yne click reactions,” photo initiated raft,*
thiol-ene click reaction,** azide-alkyne click reaction.* Li et al.
have synthesized CQDs via hydrothermal approach using citric
acid as a precursor followed by the addition of CTAB. It leads to
cytotoxicity®® and makes it non-suitable for biosensing appli-
cations.” The hydrothermal synthesis of CQDs has been one of
the easy and outstanding approaches, and widely popular
among the researchers due to its mild circumstances, large-
scale production, deprived of strong acids, and purity of
samples.”” CQDs, as-synthesized through this approach has
been extensively employed for different applications such as
biosensors, therapeutic purposes, drug discovery, energy
storage device, and so forth.*****

Beyond troubling ambiguity with the selection of appropriate
synthesis route, a true and big issue has been the preference of
environment friendly and cost-effective precursor also. To find
a way around, diverse precursors including green/biowaste/
sustainable sources such as banana juice, coffee grounds, cellu-
lose,**® Catharanthus roseus,” pistachio shells,** waste paper,*
ethylenediamine,® rice husk,** watermelon juice,* gelatine,*
bamboo,*” etc. have been used as rich carbon source replacing
hazardous chemicals.*** Serendipitously, we have found TE as
an emerging precursor to synthesize the CQDs having excellent
FL and biocompatibility. Notably, TE contains thiophenes, tri-
terpenoids, flavonoids, carotenoids, oxycarotenoid, and xantho-
phylls chemical constituents which have worth therapeutic
values such as non-cytotoxicity, antioxidant, antibacterial, anti-
fungal, wound healing, etc.*® The earlier studies suggest that the
extraction of flower petals has been a rich source of pharma-
ceutically important ethanol and ethyl acetate, used in anti-
cancer drugs against H460 lung cancer, CaCO, colon cancer
lines, MCF-7 breast cancer lines.**> Apart from the far-reaching
range of the applications of TE, a recent report reveals the phy-
toremediation of lateritic soil polluted by heavy metal.** Maji
et al. have studied the antibacterial properties and interaction of
human serum albumin of TE leaves.**

Innumerable sensing probes using carbon-based materials
for the detection of metal ions using electron paramagnetic
resonance,” solution-gated graphene transistors (SGGT),*
coupled plasma mass spectroscopy,” atomic absorption/
emission spectroscopy,*® colorimetry,* electrochemical detec-
tion,* etc., have grabbed attention. But they are pricey, need
complex instrument operation and sample pre-treatment along
with long interval procedures.*** However, the FL technique
has emerged as one of the most pronounced techniques owing
to its high accuracy, superficial handling, and no pre-cure of an
analyte, which makes it a favourable option for several sensing
applications.” Mohammed et al. have engineered an FL nano-
sensor based on B,N co-doped carbon nanodots for the
successive and reliable determination of Fe**. The engineered
sensor has shown its ability to detect Fe**, however, it also binds
with Fe”* simultaneously, which marks it inferior for selective
detection.” Fan et al. designed an SGGT based on the func-
tionalization with CQDs for the detection of Fe**.*® Qian et al.
have reported dual fluorescent sensors for the sensing of Fe**
and Ag*, which makes it vague for Fe**.> Among these methods,

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

a sensitive, specific, simple operative and accurately gauging of
Fe" status in real samples based on FL technique has hardly
been discussed.*”** Henceforth, eco-friendly synthesis of
materials with excellent optical properties and their FL based
sensing applications for the rapid analysis of noteworthy bio-
logical samples has remained an emerging topic.

In the present study, a novel CQDs has been synthesized
from an eco-friendly and sustainable TE as a carbon source for
the very first time opting for a facile bottom-up “hydrothermal
method” as a simplistic alternate for the pure, less than 10 nm-
sized and large scale production. Besides the process does not
involve any concentrated acids or strong reducing agents and
surface passivation reagents. Furthermore, TE-CQDs have been
characterized by the XRD, TEM, and Raman techniques and
subsequently confirm the formation of CQDs with a good
abundance of 4-6 nm sized particles. Moreover, the photo-
physical properties of TE-CQDs have also been investigated
through UV-Visible, photoluminescence, and FT-IR spectros-
copy. FT-IR studies reveal the presence of many active sites on
the surface of TE-CQDs such as COOH, NH, and OH functional
groups. The nanometer-sized TE-CQDs exhibit blue FL with UV-
Visible light (2 = 365 nm). The FL quenching behaviour has also
been investigated through the gradual addition of Fe** in DI
water. The quenching process has been analyzed with Stern-
Volmer (S-V) plot, modified S-V plot, and time-resolved pho-
toluminescence (TRPL) spectra, which unveil the miscellaneous
quenching i.e. static as well as dynamic quenching. However,
the high value of the quenching constant (K, ~ 10.022 x 10"
M~ s7') indicates the selective and sensitive detection of Fe®".
The lower LOD has been found as 0.37 uM in the standard
solution under an optimized condition with linearity range 0-90
uM and regression coefficient R* = 0.99. Additionally, to vali-
date the practical application, a similar experiment with HBS
has been performed and elucidated an in-depth mechanism of
FL quenching phenomenon in the existence of Fe’". Hence-
forth, the present study infers that the as-synthesized TE-CQDs
have noteworthy sensing application competence and virtuous
commercial prospective.

2. Experimental section

2.1. Reagents

TE was collected from the botanical garden of the BHU campus,
Varanasi, India. Other chemical reagents were procured from
Sigma Aldrich. For the dilution of the reagents required during
synthesis, DI water was used. All the sensing measurements
were done with DI water. The metal salts 1-cysteine, p-glucose,
glycine, creatinine, ascorbic acid, uric acid, and Tris HCI buffer
were purchased from HiMedia, Merck, and Sigma Aldrich.
Different kinds of metal salts were also prepared in DI water for
optical sensing. For the real sample sensing, HBS samples were
collected from Prakash Pathology, Varanasi, India.

2.2. Apparatus

The photophysical properties of TE-CQDs were characterized by
UV-Visible absorption spectrophotometer (PerkinElmer, USA),

RSC Adv, 2021, 11, 19924-19934 | 19925
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photoluminescence spectrophotometer (PerkinElmer, USA),
and time-resolved photoluminescence spectrophotometer
(TRPL, FLS920 Edinburgh, UK) using DI water as a solvent in
quartz cuvettes of 1 cm optical path length. Raman spectros-
copy was carried out on a Raman spectrometer (Renishaw, UK)
equipped with a diode pump solid-state laser as a constant
power source of 5 mW mm 2 Fourier transform-infrared
spectroscopy (FT-IR) was done on FT-IR spectrophotometer
Varian Excalibur 3000, Palo Alto, CA using KBr as pellets
ranging from wavenumber 400 cm ™" to 4000 cm™'. XPS was
recorded on XPS spectrophotometer, AMICUS, UK. All the
measurements were repeated in triplicates for the determina-
tion of the elemental composition (at%). Transmission electron
microscopy (TEM) and Energy Dispersive X-ray (EDX) observa-
tions were recorded on FEI Technai G2 F20-Twin (Swiss
Republic) at an accelerating voltage of 300 kV on a carbon-
coated copper grid. X-ray powder diffraction (XRD) pattern
was recorded on Miniflex 600 X-Ray-Diffractometer (Cu-K,
radiation, A = 1.54056 A, and 3° min~' scan rate) ranging 26
from 5° to 70°.

2.3. Synthesis of TE-CQDs from TE

TE-CQDs were synthesized by one hand facile hydrothermal
method using TE as a main reaction precursor. TE petals were
washed thoroughly with DI water and allowed to dry at room
temperature. Further, the TE petals were ground well in a pestle
with the help of mortar. Next, 1.8719 g of TE powder was dis-
solved in 50 mL of 0.1 M HCI followed by ultrasonication for
30 min at room temperature. The as-received homogenous
mixture was transferred to the stainless steel autoclave with
Teflon vessel (100 mL capacity) and allowed to heat at 180 °C for
12 h as shown in Fig. 1. Further, it was kept to be cooled
naturally to room temperature, the yellowish colloidal solution
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containing TE-CQDs was collected in a clean vessel and
centrifuged further at 10 000 rpm for 30 min. The centrifuged
solution was filtered to discard non-soluble/residual particles
and kept safe for further characterizations and sensing
measurements.

2.4. Sensing procedure of Fe**

To study the interaction of different metal ions/proteins, freshly
prepared metal ion solutions have been separately added to
a quartz cuvette containing TE-CQDs. Further, the variation in
the FL intensity has been recorded with the peak wavelength
~425 nm at excitation wavelength 320 nm. After that interfer-
ence study has been performed by adding 100 times higher
concentration of different metal ions/proteins to the colloidal
solution of TE-CQDs. Then, FL titration experiment based on
quenching phenomena has been carried out by adding Fe**
solution to the TE-CQDs.

2.5. Sensing procedure of HBS Fe**

Briefly, 20 uL of each HBS samples were taken into Eppendorf
centrifuge tubes and diluted with 1 M Tris HCI buffer solution
(pH = 7.4), separately and kept inside the refrigerator (4 °C)
until use. However, the diluted solutions were used for the
sensing of iron in HBS at room temperature.

3. Results and discussion

3.1. Characterizations of TE-CQDs

TE-CQDs in colloidal form, exhibit outstanding properties
rendering their applications in various fields such as bio-
sensing, optoelectronics, etc.**** The UV-Visible spectrum has
been recorded in quartz cuvettes (path length 1 cm) with the
scanning wavelength range ~190 to 800 nm. The optical UV-

0.1 M HCI
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g
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autoclave

Solution in DI Water

Hydrothermal
reaction

Disintegration

Em oo

12h

Fig. 1 Schematic representation of the synthesis of TE-CQDs by hydrothermal route.
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Visible absorption spectrum of as-synthesized TE-CQDs reveals
the appearance of an absorption band at 261 nm and an
appendage owing to n—m* transition in C=0%° and m-m* tran-
sition in the aromatic compounds®*® (Fig. 2a). The aqueous
solution of as-synthesized TE-CQDs shows excellent blue FL, as
depicted in Fig. 2a. To confirm this, the photoluminescence
emission spectrum at different excitation wavelengths has been
recorded in the region 240 nm to 370 nm, as shown in Fig. S1.f
There has been a redshift which is a natural characteristic of
a colloidal synthesis and may be attributed to the polydispersity
of the QDs. However, as the excitation wavelength is increased,
the FL intensity decreases and unveil the excitation-dependent
properties of TE-CQDs***” (Fig. S2at). Further, the FL excita-
tion spectra of TE-CQDs has been noted for Aep, ~ 425 nm with
an obvious spectroscopic overlapping for A, ~ 320 nm
(Fig. S2bf¥).

As shown in Fig. 2b, to ascertain the chemical moieties
present over the surface of the as-synthesized TE-CQDs, FT-IR
analysis has been performed. Furthermore, FT-IR of
a precursor (Fig. S3t) has also been carried out, as an indicator
to optimize the synthesis criteria for TE-CQDs. The FT-IR
spectra of TE-CQDs and its precursor exhibits absorption
band at ~3322 cm™', 2930 cm™ %, 2849 cm™ !, 1734 cm ™},
1707 ecm™ Y, 1567 cm ™%, 1015 cm ™%, and 831 cm ™ * ascribes to O-
H/N-H stretching, C-H bending, C-C/CH,, COOH, C=0, C=C,
C-0-C/C-N and O-O functional groups,***® respectively. The
presence of symmetric and asymmetric stretching of CH,

View Article Online
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reveals that the carbon quantum dots primarily consist of
hydrocarbons. Furthermore, the existence of carboxyl and
carbonyl functional groups (C=O and C=C) significantly
indicates that the as-synthesized TE-CQDs possess graphitic
structure. The absorption bands at 3305 cm ™%, 1734 cm ™, and
1567 cm™* correspond to its hydrophilic nature and excellent
stability in water.>*>°

Raman spectroscopy has been a well-known and effective
technique to confirm the crystal quality and several layers in the
as-synthesized 2D materials. Fig. 2¢ depicts the Raman spectra
of the as-synthesized TE-CQDs. It consists of two characteristic
peaks at 1353 ecm ' and 1577 cm™~ ! which correspond to the
graphitic growth (G) and defect (D) bands.®® The G-band attri-
butes to E,, (in-plane vibration of sp> bonded atoms) whereas
the D-band owes to A;, (out of plane vibration), for as-
synthesized TE-CQDs. The Raman mode E,, shows compara-
tively low intensity which might be due to the Rayleigh scat-
tering or selection rules of the geometry whereas the high
intensity of A;, mode unveils the presence of oxygen-rich groups
over the surface of TE-CQDs,* and are in good consistency with
the FT-IR study.

The XRD pattern of as-synthesized TE-CQDs reveals
a graphitic structure with good crystallinity. The XRD pattern
exhibits two peaks at ~31° and ~45° corresponding to reflection
planes (100) and (102) indicating the formation of graphitic TE-
CQDs.*** as can be seen in Fig. 2d. Furthermore, the peak at
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Fig. 2
pattern of as-synthesized TE-CQDs.
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(@) UV-Visible spectrum, inset: optical images of colloidal solution of TE-CQDs, and (b) FT-IR spectrum, (c) Raman spectrum and (d) XRD
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~23° may be due to the presence of an oxygen-containing
functional group and is in accord with other research studies.**

XPS measurement has been carried out to elaborate the
surface chemical compositions of the as-synthesized TE-CQDs
sample. Fig. 3a depicts the presence of Cls, N1s, and O1s
peaks correspond to compositions having an atomic percentage
of ~82%, ~4%, and ~14%, respectively. C1s spectrum (Fig. 3b)
reveals the presence of four distinct functional groups i.e. C-C
(283.8 eV), C=C (284.5 eV), C-O (285.6 eV) and C=0 (287.3
eV).**** The Nis (Fig. 3c) peak corresponds to two different
functional groups C-N-C (399.80) and N-H (401.69 eV).>** The
O1s spectrum (Fig. 3d) describes two peaks corresponding to
C=0 (530.81 eV) and C-OH/C-O-C (532.31 eV).>**** Hence, XPS
reveals the XPS measurement reveals the presence of various
functional groups present over the surface of TE-CQDs which
has been well corroborated through FT-IR study too.

To get an insight into the structural morphology of the as-
synthesized TE-CQDs, TEM investigations have been carried
out. Fig. 4 represents the TEM micrograph of an as-synthesized
sample which reveals the formation of spherical particles with
an average diameter of 4.5-6.0 nm and predicts a good abun-
dance of ~5 nm sized particles (Fig. 4a and c) and soluble in
water. The lattice spacing (2.2 A) has been observed through the
Fig. 4d and directs the graphitic plane (100) in the as-
synthesized TE-CQDs.* Also, the EDX profile infer a high wt%
of the carbon in the as-synthesized sample, as shown in
Fig. S4.1

19928 | RSC Adv, 2021, 11, 19924-19934
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(a) XPS survey, (b) Cls, (c) N1s and (d) O1s spectrum of synthesized TE-CQDs.

3.2. Sensitive and selective sensing of Fe**

Functional groups containing oxygen-rich compounds over the
surface of the as-synthesized TE-CQDs render its potential
prospect in metal ion detection as it is easier to interact with
metal cations for the formation of complex compounds.
Henceforth, the as-synthesized TE-CQDs can be successfully
applied for the sensing of anions, cations, and other hazardous
chemicals by its turn-off FL effect as a probe. In selectivity
experiment it has been found that our synthesized TE-CQDs are
highly selective to Fe*". FL intensity has been quenched to 70%
upon addition of Fe** while in case of metal ion/protein solu-
tions (zn>', Mg”>*, Na*, K*, Co*", sn**, Cu®*, Mn**, Ni**, Cd*",
Pb**, Fe**, Cr**, 1-cysteine, ascorbic acid, uric acid, glutathione,
glycine, and creatinine), no obvious changes have been
observed.

Furthermore, in the interference analysis of different metal
ion/protein solutions, a separate fluorescent-based interference
experiment has been carried out. In the process, the concen-
tration (~0.2 mM) of different metal ions/proteins has been
kept nearly 100 times higher than the Fe** solution. The study
has been carried out with excitation wavelength ~320 nm and
an intense peak at ~425 nm. With the addition of various metal
ion/protein solutions, it has been observed that the FL intensity
of as-synthesized TE-CQDs gets quenched nearly to ~10% only,
while with Fe®*, there has been complete disappearance of the
FL. Fig. S5t depicts the optical representation leading to the
quenching process of the FL of as-synthesized TE-CQDs with
the addition of Fe*'. The relative FL intensity plot has been

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) and (b) TEM images, (c) particle size profile, (d) HRTEM image indicating lattice fringes of as-synthesized TE-CQDs.

shown in Fig. 5 and the respective QP has been accessed
through the equation:
Fy—F
QP = E=F) oo 1)
F
Here F, and F describe the FL intensities of TE-CQDs with and
without Fe*', respectively.

Furthermore, to check the response of various metal ions/

proteins on the FL intensity of TE-CQDs in presence of Fe®",

an interference has been performed on TE-CQDs solution
containing Fe®". There is no significant change that depicts
a highly selective response of the proposed sensor towards the
detection of Fe**. To check the sensitivity, an emission-based FL
titration experiment has been performed. With a gradual
addition of different concentrations (from 0 pM to 200 uM) of
Fe’" solution, the FL intensity of TE-CQDs quenches at 200 pM
and further gets saturated (Fig. 6a). Notably, FL quenching by

1.4
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Fig. 5 Interference study of TE-CQDs for the sensing of Fe** in standard solution and HBS.
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Fig. 6 (a) FL emission spectra upon gradual addition of Fe3* concentration (at excitation wavelength 2 = 320 nm), (b) S—V plot showing
exponential quenching behaviour in FL intensity of TE-CQDs with the successive addition of Fe**, (c) TRPL spectra of TE-CQDs upon gradual
addition of Fe** from 0 to 80 uM (inset: profile of average lifetime decay), and (d) calibration plot of lifetime decay for 7y, 15, and 7.

Fe** can be seen by naked eyes in presence of UV lamp (1 = 365
nm) as shown in Fig. S5.1

3.3. Sensing of Fe*" by TE-CQDs in standard solution

To understand characteristics of the FL quenching of as-
synthesized TE-CQDs sample, with the gradual addition of
Fe’*, an S-V plot dealing with the variation of Fo/F with the
concentration of Fe*" (Q) has been drawn (Fig. 6b) by employing
the equation:*

Fy

=1+ Kv(©Q) @)

Here, F, and F represent the FL intensities of TE-CQDs with and
without Fe** and the S-V quenching constant Ks_ v entails the
sensitivity of the fluorophore towards the quencher (Fe*") or the
rate of FL quenching upon addition of Fe®*. In the present
study, the exponential fitting suggests that the FL quenching is
non-linear and depicts the quenching phenomena as a complex
one. Thus, the quenching of FL intensity can be attributed to
a variety of processes which include dynamic and static
quenching. When the fluorophores are excited, collides with
some other molecule, and de-excites, the quenching is called
dynamic or collisional quenching. On the other hand, some of
the fluorophores make non-fluorescent complexes with the
quencher in the ground state and does not involve any collision
or diffusion process. This phenomenon leads to a static
quenching.

So for a better understanding of the complex quenching
phenomenon, a modified S-V plot has been (Fig. S61) drawn
following the equation:®*

19930 | RSC Adv, 2021, 1, 19924-19934

F 1 1

AF - LK(Q)

Here AF, f,, and K, (Q) denote the difference of FL intensities in
the absence and presence of the quencher, and S-V quenching

(3)

constant for attainable quencher, respectively. Further, f, and
K, have been extracted through a modified S-V plot as shown in
Fig. $6.1 The f, " and (f,K,) " have been estimated as 0.598 and
~1.41 M, respectively, and thus demonstrate that most of the
initial FL intensity has been approachable by the quencher.
This suggests that nearly 42% of the maximum FL intensity gets
quenched by the quencher if reaches the electron efficient
hydroxyl group and form a non-fluorescent species Fe(OH);.
Additionally, the quenching constant K, has a value ~4.24 x 10>
M~ which is ~56.5% of the collision quenching phenomena
derived constant and suggests a defined way of the quenching
by quencher towards the TE-CQDs FL intensity.

Furthermore, to analyze the dynamic and static quenching
processes, a quite sensitive technique TRPL spectroscopy, with
and without successive addition of the quencher at excitation
wavelength 320 nm assuming FL intensity peak at ~425 nm has
been performed and shown in Fig. 6¢. The average lifetime of
as-synthesized TE-CQDs decays from ~2.83 ns to ~1.24 ns
(inset of Fig. 6¢). The TRPL decay investigation has been done
using suitable software and the data has been found best fitted
with the third-order exponential decay following the equation:*

y=A exp(——) + A, exp(——) + A; exp(——) (4)
T1 Ty T3

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Schematic illustration of FL quenching effect-based sensing of Fe* by the TE-CQDs as sensor.

It depicts that the FL quenching involves three types of
quenching species®® and in good agreement with S-V plot
analysis. It has been observed that the lifetime 7; decays to
~1.47 ns from ~1.85 ns, 7, to ~0.42 ns from ~0.60 ns, and 73 to
~5.06 ns from ~6.05 ns. Its linear plot predicts that 7; and 73
decrease slow with the gradual addition of the metal ion solu-
tion (Fe*"), as can be seen from the graph (Fig. 6d). The obtained
results corresponding to the quenching have been represented
in the Table S11 and the calibration plot (Fig. 6d) for 14, 7,, and
73 has been attained by following the equation:*®

To

O KalQ = 14 Kol ©)

Here, Ky, 7o, 7, Kp, and Q represent a bimolecular quenching
constant, a lifetime of TE-CQDs without and with the addition
of quencher and S-V constant, respectively. The evaluated value
of Kp (~6.07 x 10* M) demonstrates that ~40 uM concentration
of Fe*" will be required for ~38% quenching of the FL of TE-
CQDs. On the other hand, the value of K, ~ 10.022 x 10"
M~ ' s! predicts a highly sensitive and efficient selection of TE-
CQDs towards the sensing of Fe*". Further, some other calcu-
lations have been done and displayed in Table S1.t

3.4. Sensing of Fe** by TE-CQDs in HBS

To check the feasibility of the present framework for the sensing
of Fe*" in real samples, different concentration levels of HBS have

© 2021 The Author(s). Published by the Royal Society of Chemistry

been added to the solution of TE-CQDs and analysed through the
method as discussed earlier. It has been found that the FL
quenching occurs similarly to the standard solution. The FL
emission spectra of the HBS after standard addition along with
the calibration graph, S-V plot (Fig. 7a and b), and modified S-V
plot (Fig. S71) have been analysed for quenching of TE-CQDs FL
by Fe**. Moreover, the linearity of the proposed probe pertaining
Ksvas7.5x 10° M™%, 8.7 x 10° M~ * with regression coefficient R*
= 0.99 in both cases (standard solution and HBS) (Fig. S8a and
S8b¥) offers remarkable attention. It also suggests that there has
been no singular difference between the standard solution and
HBS Fe®" sensing. A similar analysis has been made with the HBS
sample 2 and displayed in ESI (Fig. S91). On the other hand, the
matrix interference has been found negligible at 100-time higher
concentration of the HBS sample. To check the stability of the
method, similar measurements have been done almost after
a week to a month, and no substantial significant change has
occurred. A brief discussion regarding the sensing of iron ions in
the respective samples has been elaborated in Table S2.7

3.5. The mechanism for FL quenching

It is evident from FL emission spectra and TRPL spectra that the
FL intensity has quenched remarkably with the addition of the
quencher in the solution of TE-CQDs and decay lifetime also
gets changed substantially. Accordingly, there has been a clear
indication of FL quenching due to both types of quenching

RSC Adv, 2021, 11, 19924-19934 | 19931
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Table 1 Comparison of the CQDs FL quenching effect-based sensor with the earlier reported work for the metal ion (Fe**) sensing

Sensing probe Linearity range (uM) Limit of detection (uM) Ksv (M Matrix References
Eu*":CDs@ZIF-8 0-6 0.89 — Standard solution 70

CDs 8-80 3.8 — Standard solution 71

NCQDs 0-70 0.50 — Tap water, river water 72

CDs 33-133 0.53 1.62 x 10° Tap water, groundwater 73

Phe-CDs 5-500 0.72 — Tap water 74
CQDs@OMS 25-750 — — Standard solution 75

TE-CQDs 0-90 0.37 7.5 x 10° Standard solution Present work
TE-CQDs 0-70 0.36 8.7 x 10° Human blood serum Present work

processes-collisional, and static. This could be due to the
presence of various functional groups over the surface of the as-
synthesized TE-CQDs. FT-IR measurements reveal the presence
of COOH, OH, N-H, CH, electron-rich groups in the colloidal
solution of TE-CQDs, and can efficiently attach with Fe®*.>% It
has also been known that Fe** has significant potential to
quench the FL by energy or electron transfer from an excited
state to its 3d orbital owing to its paramagnetic behaviour.>*® A
schematic illustration has been shown in Fig. 8 for both types of
quenching. The complex formed in the excited state and ground
state when get de-excited gives FL and No-FL,*® respectively.
Hence, FL of as-synthesized TE-CQDs gets quenched with the
gradual addition of Fe*'.

3.6. Limit of detection

The LOD has been calculated based on the FL titration
measurements. Fig. 9 represents the variation of normalized FL
intensity of TE-CQDs and log[concentration of quencher].*® The
present study possesses a good LOD as 0.37 uM and 0.36 pM in
DI water (Fig. 9a) and HBS sample 1 (Fig. 9b), respectively, and
have found to be comparable to other reported works (Table 1)
and permissible in the frame of the guidelines of USEPA.

4. Conclusion

In summary, TE-CQDs have been successfully synthesized from
TE as a natural precursor via hydrothermal treatment, without

19932 | RSC Adv, 2021, 11, 19924-19934

using any strong reducing additive and tedious post-cure, as
a facile and cost-effective approach and subsequently studied
the bio-sensing behavior for Fe(m). The as-synthesized TE-CQDs
have been characterized by Raman, XRD, TEM, EDX, and XPS
for their structural and elemental characterizations. Further,
the photophysical properties of TE-CQDs have been investi-
gated by UV-Visible and FL spectroscopy. The synthesized TE-
CQDs are highly selective and exhibit remarkable sensing
behavior to Fe**. Quenching constant K, has a value ~4.24 x
10> M~' which is almost 6.5% of the collision quenching
phenomena derived constant and suggests a defined way of
quenching by the quencher towards the TE-CQDs FL intensity,
as unveiled by modified S-V plot. TRPL studies suggest the high
selectivity (K ~ 10.022 x 10" M ' s™') and sensitivity of the
TE-CQDs towards the Fe** sensing. The developed probe has
good LOD ~ 0.37 uM and 0.36 uM in standard solution (line-
arity range ~ 0-90 uM) and HBS (linearity range ~0-70 pM),
respectively. To the best of our knowledge, the present study
inspects the synthesis of TE-derived CQDs, which is a cost-
effective, eco-friendly approach for the very first time. Also,
our findings unveil that the as-synthesized TE-CQDs can be
used as an efficient, reliable, and feasible biosensor for sensing
Fe*" in biological samples.
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