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ABSTRACT

Biomass-derived carbon quantum dots have drawn special interest owing to their admirable photostability,
biocompatibility, fluorescence, high solubility, sensitivity and environmentally friendly properties. In the present
work, the Carbon Quantum Dots (CQDs) was synthesized from the Plectranthus amboinicus (Mexican Mint) leaves
via the microwave-assisted reflux method. The strong absorption peaks observed from UV-vis spectra at 291 and
330 nm corresponds to the n-1* and n-n* transitions, respectively, reveal the formation of CQDs. The synthesized
CQDs showed bright blue fluorescence under UV irradiation with a fluorescence quantum yield of 17% and a
maximum emission of 436 nm in the blue region at an excitation wavelength of 340 nm. The HRTEM analysis
elucidates that the synthesized CQDs were crystalline and spherical in shape with a particle size of 2.43 + 0.02
nm. The FT-IR spectroscopy confirms the presence of the different functional groups such as -OH, -CH, C—=0 and
C-0. The chemical composition of CQD was revealed through XPS analysis. The synthesized CQDs were used as a
fluorescent probe to detect different metal ions, where high selectivity was obtained for Fe>* ions through
quenching phenomenon. The emission intensity of CQD showed a good linear relationship with R = 0.9111 with
the concentration of Fe®' ions in the range of 0-15 pM. The fluorescence emission of CQD was turned OFF upon
the binding of Fe>* ions and turned — ON with the addition of ascorbic acid. With this fluorescent turn ON-OFF
behaviour of CQD, the NOT and IMPLICATION logic gates were constructed and studied for different input
conditions. The biocompatibility of CQD was tested via MTT assay using MCF7 breast cancer cell line, which
revealed that CQD synthesized from the Mexican Mint leaves possess less cytotoxicity. Further, the prepared CQD
was applied effectively as fluorescent probes in a cell imaging application.

1. Introduction

fundamental structure of haemoglobin, myoglobin and is involved in
many enzyme activities. As well as, it plays a prominent role in the

Heavy metals create a serious threat to the environment including
plants, animals and human beings due to the overexploitation in various
industrial and household applications. Hence it is more essential to
monitor the concentration of such toxic heavy metal ions in the envi-
ronment. Among the various metals ions, ferric ion (Fe3") is one of the
most important transition metal ions that play a crucial role in envi-
ronmental as well as biological systems. Especially, iron is the
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chemical and physiological processes of organisms, such as electron
transport, nucleic acid synthesis, enzymatic catalysis, and cellular
metabolism. Fe3* jons mainly accumulate within liver, spleen and bone
marrow cells, bound to ferritin (Murugan et al., 2018). The excess or any
insufficiency of Fe>" ions may cause several disorders and diseases,
where excess Fe3* ions can cause various types of cancers and decline
the functions of organs such as the heart, lungs and pancreas and
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deficiency leads to anaemia in the body. Therefore, it is essential to
detect the Fe®" in the environment and human health (Zhang et al.,
2019; Suresh Kumar et al., 2019). Thus, it is more necessary to develop a
sensitive, selective and safe method to detect Fe>* ion. Among the
different detection methods (Theerthagiri et al., 2018; Sedhu et al.,
2020; Ramu et al, 2020), fluorescence spectroscopy has drawn
increasing attention due to its high sensitivity, simple operation, and
excellent reproducibility (Zhao et al., 2020; Wang et al., 2021; Durai-
murugan et al., 2021). Similarly, different organic dyes such as por-
phyrins, indocyanines, boron-dipyrromethene, phthalocyanines, and
rhodamines have been used as fluorophores in in-vitro and in-vivo cell
imaging studies. Although these organic dyes have specific chemical
structures with excellent optical properties, they are not suitable for
long-term and real-time imaging or cell multiplication (Qian et al.,
2018). The main limitation of organic dyes is low photobleaching
thresholds, poor solubility, small Stokes shift, and broad absorption/e-
mission spectra (Zhu et al., 2019).

In this regard, carbon quantum dots (CQDs) has emerged as an
attractive alternative to fluorescence probes for detecting heavy metal
ions and cell imaging applications in the recent past because of their
unique optical properties (Fan et al., 2019; Wang et al., 2019). CQDs are
the new class of carbon nanomaterials along with carbon nanotubes and
fullerenes (Chunduri et al., 2016). It is a zero-dimensional nanomaterial
having a size of less than 10 nm (Yang et al., 2014; Zhao et al., 2019). It
was discovered accidently by Xu et al. (2004) during the purification of
single-wall carbon nanotubes. The designed synthesis was carried out
first by Sun et al. (2006). Since then, the carbon quantum dots have
drawn the increased attention because of their exceptional properties
including broad and tunable emission wavelengths, easy surface func-
tionalization, long excitation ranges, good photoluminescence, highly
efficient electron-accepting capabilities, high chemical and photo-
stability, good water solubility, low cytotoxicity and low environmental
hazard over the other traditional metal-based semiconductor quantum
dots (Li et al., 2019). Among these, the excellent photoluminescence and
photostability of CQDs have attracted keen attention and find applica-
tions in various fields (Yue et al., 2019; Das et al., 2019; Liu et al., 2019;
Mittal et al., 2019; Hong et al., 2019; Su et al., 2020. Feng et al., 2019;
Lim et al., 2018).

The CQDs can be prepared in two different synthetic ways, namely
top-down and bottom-up methods. The bottom-up method refers to the
fabrication of CQDs from molecular precursors using microwave irra-
diation (Bajpai et al., 2019), laser ablation (Singh et al., 2019), ultra-
sonication (Dehvari et al., 2019), hydrothermal (Naik et al., 2019)
methods. Among these, microwave (MW) assisted synthesis is rapid,
facile, cost-effective, environmentally friendly. Further, the uniform and
selective distribution of microwave energy inside the sample provide
high yields, low impurity, and size control with improved safety, better
reproducibility, and excellent control over experimental parameters for
the preparation of CQDs (Vandarkuzhali et al., 2018; Huang et al.,
2018). The major advantage of using microwave heating is the con-
tactless heat transfer to the reactants, which allows the possibility for the
reactions to take place in a short time (Vadivel et al., 2016).

The easier availability and increased environmental concerns have
made the usage of plant, and other green biomasses as precursors for the
synthesis of CQDs. Various sources of biomass precursors including
pineapple (Vandarkuzhali et al., 2018), pear (Das et al., 2019), musk
melon (Mittal et al., 2019), pumpkin seeds (Qian et al., 2018), milk
protein (Bajpai et al., 2019), watermelon (Lu et al., 2018) have been
used as the raw materials. However, a very scarce amount of work has
been reported on the synthesis of CQDs using leaves of the Mexican Mint
(Plectranthus amboinicus) plant. Plectranthus amboinicus, (Lour.) Spreng.
is a perennial herb that belongs to the Lamiaceae family, with a pungent
oregano-like flavour and odour. It occurs naturally throughout the tro-
pics and warm regions of Asia, Africa, and Australia. It contains 76
volatiles and 30 non-volatile compounds of different classes of phyto-
chemicals including phenolics, flavonoids, alcohols and aldehydes,
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esters, monoterpenoids, diterpenoids, triterpenoids, sesquiterpenoids
(Zheng et al., 2016; Amarasiri et al., 2018).

Therefore, the present work concentrated on the preparation of
CQDs by microwave-assisted green synthesis method using the leaves of
the Mexican Mint (Plectranthus amboinicus) plant as the raw materials.
The physicochemical properties of CQDs, such as particle size, optical
properties, surface functional groups, and elemental composition were
characterized using various techniques. Subsequently, the synthesized
CQDs were used as an effective “turn-off” fluorescent sensor for the
detection of Fe>* jons and studied their sensitivity and selectivity.
Further, the fluorescence of the CQD-Fe3Jr system was recovered using
ascorbic acid. With this fluorescent turn ON-OFF behaviour, NOT and
IMPLICATION logic gate operations were performed. Finally, the cyto-
toxicity of CQDs was tested by the MTT assay using MCF-7 cells as a
model cell for bioimaging applications.

2. Materials and methods
2.1. Chemicals

All chemicals were of analytical grade and were used without any
further purification. FeCls, BaClp, MnCl,, PbCly, CuCly, BiNO3, ZnCl,,
NiCl, were purchased from HiMedia, India. Plectranthus amboinicus
leaves were collected from the Bharathiar University Campus, Coim-
batore (11.0398° N, 76.8790° E). The collected leaves were washed
thoroughly and dried before use. Deionized water (DI) was used
throughout all the experiments.

2.2. Synthesis of CQD from Mexican Mint by microwave-assisted reflux
method

The Carbon quantum dots were prepared from the fresh leaves of
Mexican Mint via the microwave-assisted reflux method. The collected
leaves were cleaned thoroughly and washed using DD water. The rinsed
leaves (50 gm) were ground with 50 mL of DD water using a mortar and
pestle and collected the leaf extract. Then the desired amount of leaf
extract is irradiated (4, 5, 6, and 7 min) with 80% power of the total
1200 W power under the domestic LG microwave oven. The irradiated
sample was collected and centrifuged at 5000 rpm for 20 min. The su-
pernatant solution was collected and purified using the column chro-
matography technique (Cheng et al., 2019). The purified sample was
kept in a vacuum oven for 24 h for drying. The dried powder sample was
used for further characterization studies. Scheme 1 represents the syn-
thesis procedure of CQD preparation from the leaves of Plectranthus
amboinicus.

2.3. Characterization

Carbon quantum dots synthesized from Mexican Mint leaves were
characterized via different techniques. The XRD pattern was recorded
using a Malvern Panalytical instrument with Cu-Ka radiation of wave-
length 1.5406 A. The morphology of biomass-derived CQD was analysed
using TEM images through JEOL JEM 2100 High-resolution trans-
mission electron microscope. The chemical composition of CQD was
studied using XPS through Thermo scientific Multi-lab 2000 system.
UV-vis absorption spectra were recorded using Varian Cary 5000
UV-vis spectrophotometer, and the photoluminescence spectra were
recorded using Fluoromax Plus Spectrofluorimeter. Fourier transform
infrared spectroscopy (FTIR) measurements were performed using a
JASCO FT-IR - 6600 instrument.

2.4. Fe*' sensing analysis
For the sensing analysis, various metal ions including Fe, Pb, Mn, Ni,

Cu, Bi, Ba and Zn were tested for their presence in the drinking water.
Each metal was taken at 15 pM concentration and mixed with 1 mL of
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water. Then 2 mL of CQD solution was added dropwise to the metal
stock solution and was stirred for 15 min using a magnetic stirrer.
Interestingly, the metal ion solution containing iron showed a colour
change from yellow to black. Thus the CQD solution was sensitive to the
iron metal ions, with this sensing property the fluorescence emission and
other characteristics were studied.

2.5. Fluorescent ink

The aqueous solution of CQD synthesized from Plectranthus amboi-
nicus leaves was conveniently utilized as a fluorescent ink for writing
letters and drawing patterns (coding) based on their excellent dis-
persibility, stability, and strong fluorescence capacity. For the prepara-
tion of fluorescent ink, the thin film was developed by mixing PVA and
CQDs solution in the ratio of 1:10 and stirred well. Subsequently, the
PVA and CQD mixture was drop-casted in a Petri dish and maintained at
45-degree Celsius for 2 h. The formed thin film layer of CQDs was peeled
off and used further.

2.6. MTT assay and bio-imaging studies

To extend the biological application of the prepared CQDs, the cell
cytotoxicity was tested via MTT assay using MCF-7 cells. Human breast
cancer cells (MCF-7) were cultured in Dulbecco’s modified Eagle’s me-
dium (DMEM) under the condition of 5% CO5 and 37 °C. The cells were
seeded into 96-well plates and allowed to adhere for 24 h. Then the
different concentrations (0, 25, 50, 75, 100 pg/mL) of purified CQDs by
dialysis were added to each well and maintained for another 24 h. Af-
terwards, the medium with diluted CQDs was discarded and the cells
were washed using PBS solution 3 times. MTT solution was added to
each well in all plates and incubated for another 4 h. Subsequently, the
medium was carefully removed and DMSO (100 mL) was added to
dissolve the formazan crystals. The absorbance was recorded at 595 nm
using a microtitre plate reader (Bio-Rad, USA). For imaging studies, the
CQDs (100 pg/mL) was allowed to stand for 2 h. Later, the media con-
taining CQDs were removed and the cells were washed with phosphate
buffer saline (PBS) twice. Finally, a fluorescence microscope (Accu-
scope EI 310, USA) was used to record images using a blue filter. The cell
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viability was calculated using equation (1),

Cell viability (%) = (A sampte/Acontot ) X 100 €h)

Where,
Asample is the absorbance in the presence of CQD,
Acontrol is the absorbance in the absence of CQD.
3. Results and discussion
3.1. Structural, optical and morphological properties of CQDs
The formation of carbon quantum dots from the Mexican Mint leaves

is revealed with the help of UV-vis absorption spectroscopy. Fig. 1
shows the UV-vis spectra of CQDs prepared at different microwave
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Fig. 1. UV-Vis spectra of Carbon quantum dots prepared from Mexican Mint by

microwave irradiation and the inset shows the CQD solutions under Normal
light and UV light.
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irradiation times of 4, 5, 6, and 7 min. It can be seen that two strong
absorption peaks observed at 291 nm and 330 nm for all the samples
corresponding to the transitions of n-n1* of C=C and n-t* of C=0
functional groups (Melhuish et al., 1960; Zhan et al., 2019; Huang et al.,
2019). Typically, the n-n* transition is due to the aromatic sp> domains
in the carbon core, and n-n* transition is due to the carboxyl groups on
the surface of the fluorescent Carbon dot (Yue et al., 2019; Shi et al.,
2019). Among the samples prepared at different periods, the maximum
absorption was obtained for the CQD prepared at 4 min. Hence, it is used
for further studies, as it showed the most substantial absorption peak.
The inset images show the prepared CQDs exposed under both sunlight
and UV light.

In the photoluminescence spectroscopy, the CQD samples are excited
at different wavelengths from 320 nm to 440 nm, and the fluorescence
properties are studied. Fig. 2a shows the PL emission spectra of the CQD
prepared from biomass at the different excitation wavelengths. Initially,
the CQDs are excited from a wavelength of 260 nm to 300 nm, but no
prominent emission peak was observed. On the other hand, while using
the excitation wavelength from 320 to 380 nm, a sharp emission peak
centred at 436 nm was observed. However, the maximum intensity was
obtained at the low excitation wavelength of 340 nm due to the n— 7"
transition. While further increasing the excitation wavelength from 400
to 440 nm, the emission wavelength shifted from the blue to the red
region (420-480 nm). This excitation dependent emission property is
mainly dependent upon various parameters including surface states of
C=0 bonds (Sciortino et al., 2016), polydispersity and surface hetero-
geneity (Liu et al., 2017a, 2017b), etc. In the present case the presence of
C=O0 bonds and the polydispersity was observed through FTIR and
HRTEM analysis, respectively. As well as, while transmitting the elec-
trons from non-bonding orbitals to bonding orbitals with smaller energy
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i.e. at higher excitation wavelengths, the wavelength of emission spectra
tends to increase. Besides, the solvent polarity also induces the emission
wavelength from the blue to the red region (Gharat et al., 2019). A
similar type of blue-emitting carbon dots (CDs) was obtained from a
milk protein and their interaction with Spinacia oleracea leaf cells (Baj-
pai et al.,, 2019). Huang et al. (2018) prepared CQD from Bauhinia
flower and reported the maximum emission wavelength located at 442
nm with the corresponding optimal excitation wavelength at 355 nm.
CQD prepared from the black soya beans by Jia et al. (2019) showed a PL
peak at 470 nm with excitation of 360 nm. Shen et al. (2017) prepared
the CQDs from sweet potato and obtained the PL. emission peak at 442
nm which is nearly equal to the present work. Similarly, they have re-
ported that the PL emission peaks were red-shifted from 406 to 486 nm
while varying the excitation wavelength from 300 nm to 410 nm.

The representative XRD pattern of CQDs prepared at 4 min is given in
Fig. 2b. The observed sharp peaks at 28.28°, 40.46° and 50.12° corre-
sponding to the (002), (100) and (102) planes of graphitic carbon of sp2
hybridization (Naik et al., 2020). The peaks at 58.66° and 66.31°
correspond to the planes of (600) and (220) of the diamond carbon
structure of sp3 hybridization (Souza et al., 2018). The obtained results
are well-matched with the CD synthesized from the biomass of coconut
husk by Chunduri et al. (2016), coffee grounds by Hsu et al. (2012) and
coconut coir by Chauhan et al. (2020).

The FTIR spectrum of biomass-derived CQD is shown in Fig. 2c. It is
well known that the surface of the CQD contains abundant different
organic compounds such as -OH, C-H, C=0, C=C and C-O depend
upon the raw materials. The spectrum infers that the peak observed at
3276 ecm ™! corresponds to the stretching vibration of the O-H group
present at the surface of the CQD. The presence of stretching C-H group
confirmed by the band appeared at 2874 cm ™. The observed band at

A
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Fig. 2. (a) The PL emission spectra of CQDs prepared from biomass at various excitation wavelengths, (b) XRD pattern and (c) FTIR spectrum of CQDs prepared from

biomass by microwave irradiation method.
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1581 cm™! corresponding to the occurrence of the C=0 group. The
C=—C group appeared at 1406 em ™, and the peak at 1066 em ™! corre-
sponds to the bending vibration of the C-O group. The observed two
peaks in the fingerprint region, i.e., 934 cm ™! and 661 cm ™! is due to the
aromatic sp bending. Similar results were obtained by Roy et al. (2014)
who prepared the CQD from the fenugreek leaves they have observed
the stretching of C=0 at 1586 cm ™' and the bending of C-H at 1420
ecm L. Lu et al. (2018) have also obtained similar results for the CQD
prepared from watermelon juice with peaks at 2854 cm™! and 1056
cm ! corresponding to the C-H stretching and C-O groups on the sur-
face of the CQDs. The CQD prepared from the coconut coir by Chauhan
et al. (2020) showed similar peaks at 2960 em ! and 1450 em ™! cor-
responding to the C-H stretching and CHy bending and one peak in the
fingerprint region at 650 cm™! correspondings to the aromatic sp?
bending.

Further, X-ray photoelectron spectroscopy was used to examine the
chemical composition and structure of carbon quantum dots. Fig. 3
shows the deconvoluted XPS spectra of the CQD sample synthesized
from the leaves of Plectranthus amboinicus. The two strong binding en-
ergy peaks at 284.7 eV and 531.8 eV, attributing to Cls and Ols
respectively (Chen et al., 2019; Wan et al., 2019). Fig. 3a depicts the
high-resolution peaks of Cls. The Cls spectrum is resolved into three
peaks at 284.6eV which is due to the C=C, the other two peaks at 285.9
eV and 288.5eV that attributes to the C-O and C=0 bonds, respectively.
Fig. 3b shows the high-resolution peaks of O1s. The O1s XPS spectrum of
the CQDs is de-convoluted, the binding energies at 530.6 eV, 531.7 eV
and 532.9eV ascribed to the HO-C—=0, C-O and C-OH bands, respec-
tively (Singh et al., 2019; Jayaweera et al., 2019; Atchudan et al., 2018).

The UV-vis absorption spectra and PL emission spectra of CQD and
quinine sulfate solutions are measured to calculate the quantum yield
and are given in Fig. 4 (a, b). Equation (2) is used to calculate the
quantum yield, where the quinine sulfate, 5 x 107> M in 1 N HoSO4 with
quantum yield, ¢yq = 54% was used as the reference (Melhuish, 1960).

2
I,mmple Aszd n std

= Psta 2
[.\rd A.\ample nmmple

[0)4 2

where,

QY and @gy4, are the fluorescence quantum yield of the CQD and the
standard quinine sulfate.

Isample and Igq are the integrated fluorescence intensity of CQD and
the standard quinine sulfate.

Asample and Agq are the absorbance values of CQD and the standard
quinine sulfate,

Nsample and nsq are the refractive indices of the sample and standard.

A series of CQD solutions and quinine sulfate were prepared and the
absorption was kept less than 0.1 to reduce the inner filter effects
(Schneider et al., 2019) and the obtained above parameters are given in
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Table 1. A quantum yield of 17% was obtained for the CQD derived from
the Mexican Mint leaves (Feng et al., 2016).

The morphology and particle size of Carbon quantum dots prepared
from the Mexican Mint leaves were characterized using TEM analysis, as
the photoluminescence (PL) properties of CQDs are mostly dependent on
particle size. Fig. 5a, b shows that the prepared carbon quantum dots are
spherical in size having less than 5 nm. The individual particles are
dispersed uniformly without any agglomeration. The calculated lattice
spacing, 0.222 nm is corresponding to the lattice plane of (100) plane.
However, in addition to the monodispersed CQDs (Fig. 5 a, b), the
aggregated and well defined highly crystalline CQDs also observed
(Fig. 5¢). The measured interplanar spacings of 0.222 nm and 0.3118 nm
correspond to the lattice planes of (100) and (002), respectively. The
particle size histogram (Fig. 5d) indicates that the size of the particles
lying in between 0.5 and 5 nm and the maximum number of particles
having a size range of 2.43 + 0.02 nm. The SAED pattern (Fig. 5c inset)
reveals the crystalline nature of CQD, which is in agreement with the X-
ray diffraction results.

3.2. Metal ion sensing applications

Though numerous analytical techniques available for identifying the
level of metals, an easy and cost-effective way is to make use of the CQD
as the sensing probe. Fig. 6a shows the PL spectra of blank CQD and with
different metals ions (Mn2+, Fe3+, Ni2+, Cu2+, Zn2+, Ba2+, Pb2+, Bi®") to
study the fluorescence quenching properties. It can be seen that the
empty or the blank CQD solution has a maximum emission intensity at
447 nm, and with the addition of different metal ions, the fluorescence
intensity gets diminished. On the addition of different metal ions, the
quenching of fluorescence was observed, thereby the emission intensity
started to decrease. The quenching constant of different metal ions was
calculated using the Stern-Volmer formula (eqn. (3)), and it was inferred
that the maximum quenching was observed on the addition of Fe>" ions
to the CQD solution (Fig. 6b).

F
E: 1+ Kz (0) 3)
where.

Fo — fluorescence intensity of the standard CQD solution.

F - fluorescence intensity of metal ion solution.

Kgy - Stern Volmer quenching constant.

The quenching decreased in the order of Fe3*, Mn?*, cu®', zn?t,
Pb%*, Ba?*, Bi®* and Ni?* and the lowest quenching was observed for
the Ni2* ions. The higher selectivity of Fe>* is due to the ion-selective
nature of functional groups present on the surface of CQD and their
charge selective nature. The oxygen groups present on the surface of
CQD interact with the Fe>* and lead to the formation of complexes.
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Fig. 3. The deconvoluted XPS spectra (a) C 1s and (b) O 1s peaks.
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Fig. 4. (a) UV-vis absorption spectra and (b) PL emission spectra of CQD and quinine sulfate.

Table 1
Data for calculating the fluorescence quantum yield of CQD.
Sample Absorbance Integrated area Refractive Quantum
(A) (I) (400-630 nm) index (n) yield
(at 350 nm)
Quinine 0.0547 1.19349 x 10° 1.33 0.54
sulfate
(Std)
CQD 0.0523 3.6687 x 107 1.33 0.17

These complexes affect the distribution of surface energy traps and
enhance the non-radiative recombination of electrons and holes which
causes fluorescence quenching (Das et al., 2019).

The sensitivity of CQDs for the detection of Fe>* ions was estimated
with the relationship between the fluorescence quenching of CQDs and

the different concentrations of Fe>* ions from 0 uM-15 pM (0, 5, 10, and
15 pM). Fig. 6¢ shows the Fluorescence spectra of CQDs in the presence
of a different concentration of Fe>" and the inset of Fig. 6¢ shows the
linear relationship between Fo/F and the concentration of Fe>* ions. It is
seen that the fluorescence intensity of CQD decreases gradually with
increasing the concentration of Fe®" ions in the order of 0, 5, 10 and 15
pM. The PL spectra depict that the decrease in fluorescence intensity on
the increase in the concentration of Fe>* jons. The mechanism of fluo-
rescence quenching of CQDs in the presence of Fe3* ion is caused by the
electron transfer between CQDs and Fe>'ions. A good linear relation
(Regression equation: y = 0.5529x + 0.00981, R2 = 0.9111) is observed
over the concentration range of 0-15 pM. The limit of detection (LOD)
was calculated using equation (4).

3
Limit of detection= 20 @
s

4’ s\'l' ‘lf

Size distribution (%)

(d)

05 1.0

1.5 2.0 25 3.0 35 40 45 50 55
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Fig. 5. (a—c) HRTEM images and (d) the particle size histogram of prepared CQDs particles (inset: Corresponding SAED pattern).
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Fig. 6. (a) The PL spectra of blank CQD and the presence of different metal ions, (b) The difference in relative PL intensities of CQD between the blank and solutions
containing different metal ions, (c) Fluorescence spectra of CQDs in the presence of a diverse concentration of Fe>* ions, inset shows the linear relationship between
Fo/F and the concentration of Fe>" in the range of 0-15 pM and (d) The PL Spectra of fluorescence quenching and re-quenching properties.

where.

o is the value of standard deviation and

s is the slope of the linear fit (Raveendran et al., 2019).

The calculated LOD is 0.53 pM for the prepared CQDs, which is
comparable with the previous literature (Table 2).

Fig. 6d shows the quenching and re-quenching behaviour of CQDs.

For the re-quenching of fluorescence of CQD, 15 pM of Ascorbic Acid
(AA) was added to the above solution. Interestingly, the colour of the
CQD solution changes from black to yellow, which infers that the fluo-
rescence property was regained. As Fe>* and AA have a high binding
affinity, the restoration of fluorescence is attributed to the release of
loosely bound Fe®' from the surface of CQD. With the fluorescence
quenching and re-quenching mechanism, the turn ON-OFF assay was

Table 2
Comparison of CQDs derived from various biomass for Fe>* sensing.
Precursor Linear range Limit of Reference
detection
Lychee 0.1-1.6 pM 23.6 nm Sahoo et al. (2019)
Rose heart radish 0.02-40 pM 0.13 pM Liu et al. (2017a,
2017b)
Mint leaf 0-0.38 M 0.37 uM Raveendran et al.
(2019)
Hydrogenated rosin 0-60 pM 6.16 pM Zhou et al. (2020)
Miscanthus grass 0-100 pM 0.02 pM Picard et al. (2019)
Lycii Fructus 0-30 pM 21 nM Sun et al. (2017)
Rice residue and 3.32-32.26 0.7462 pM Qi et al. (2019)
glycine pM
Phyllanthus acidus 2-25 pM 0.9 uM Atchudan et al.
(2018)
Willow catkin 40-700 pM 0.03 pM Cheng et al. (2019)
Black soya beans 0.2-300 pM 96.87 nm Jia et al. (2019)
Mexican Mint 0-15 pM 0.53 pM Present work

performed, and the logic gate operation was also studied. Scheme 2
depicts the schematic representation of the fluorescence ON- OFF assay
of the biomass-derived carbon dots.

Logic gates are simple logic circuits that may be fed with one or more
input values to give the desired output values depending upon the op-
erations to be performed. Here the fluorescence quenching property of
the CQD solution on the addition of Fe3" jons and the fluorescence re-
quenching property on further addition of AA is taken. The quenching
re-quenching property of the CQD at different input conditions is
checked with the help of the NOT and the IMPLICATION logic gates
(Bandi et al., 2018). ANOT gate is also called an inverter, or the not gate
is a logic gate that implements logical negation. Each NOT gate has only
one input signal. Logically with NOT gates, the input and the output
swap, so if the input is 1, then the output is 0 and vice versa. With this
basic knowledge, the NOT gate was constructed, and the performance
was studied. Fig. 7a represents the NOT logic gate and its truth table.
Here the NOT gate operation was performed based on the fluorescence
quenching of the CQD. The presence of Fe>* was considered as input 1,
and the absence of Fe> as 0 input. In the absence of Fe>*, the CQD
solution showed maximum intensity, and this state has an output of 1
(ON state), the presence of Fe®* the CQD solution showed no intensity,
and this output is taken as O (OFF state). With this information, the logic
gate and the truth table was drawn.

The IMPLY gate is a digital logic gate that implements a logical
relation between two propositions. The implication logic gate consists of
two inputs, of which one is directly connected to one of the inputs of an
OR gate. The other input is fed into a NOT gate; the inverted output from
the NOT gate is fed as the second input of the OR gate. The output of the
OR gate is taken as the final output of the IMPLY gate. With this basic
knowledge, the implication logic gate was constructed, and the perfor-
mance was studied. Fig. 7b represents the IMPLICATION logic gate and
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its corresponding truth table. Based on the Fe>' and AA-sensitive
switching system, an IMPLICATION logic gate was designed. The pres-
ence of Fe>* and AA were considered to be the input “1” state, and the
absence of Fe> and AA was as “0” state. Four different input conditions
were fed, and the corresponding output was noted. It was seen that with
the absence of both Fe** and AA (0/0) state maximum fluorescence was
seen and the output is taken as 1 (ON state). In the absence of AA and the
presence of Fe>* (0/1) as the input condition, there was no fluorescence,
and the output is 0 (OFF state). With the presence of only AA and
absence of Fe®™, i.e., (1/0) as the input state, the CQD solution showed
fluorescence and the output is 1(ON state). With the presence of both the
AA and Fe3+ ((1/1 state) the fluorescence was seen, and the output is 1

(ON state). Hence, the prepared CQDs can be used to design the next
generation molecular logic devices.

3.3. Fluorescent ink properties

Green synthesis biomass CQD’s possess the most attractive optical
properties such as good photostability and excellent fluorescent prop-
erty. It can be used as fluorescent ink for coding and decoding secret
information (Atchudan et al., 2018). since it is easy to prepare,
eco-friendly and cost-effective. The aqueous solution of CQD synthe-
sized from Plectranthus amboinicus leaves was conveniently utilized as a
fluorescent ink for writing letters and drawing patterns (coding) based
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on their excellent dispersibility, stability, and strong fluorescence ca-
pacity. The photographic optical images of an aqueous dispersion of
CQDs in both daylight and UV light (365 nm) exposure are depicted in
Fig. 8. Fig. 8 (a and b) shows the handwritten letters of the Tamil lan-
guage using the synthesized CQD and their fluorescent behaviour. The
comic character, iron man heart was drawn using fluorescent ink on the
black surface and its blue fluorescent under the irradiation of UV light is
shown in Fig. 8 (c and d). Further, the PVA and CQDs were mixed in a
1:10 ratio as a solution and drop-casted on a Petri dish and dried using
the hot-air oven for 2hr at 45 °C. Subsequently, the formed thin film
layer of CQDs was peeled off and exposed to sunlight and UV light
(Fig. 8e and f), where the bright blue emission was seen.

3.4. Biological properties

3.4.1. Cytotoxicity and cell imaging

As explained previously, the Plectranthus amboinicus (Mexican Mint)
leaves have been used for a wide range of pharmaceutical applications
that included antimicrobial, antiinflammatory, antitumor, wound
healing, anti-epileptic, larvicidal, antioxidant, and analgesic activities
(Arumugam et al., 2016). As well, these leaf extracts were used in the
preparation of metallic nanoparticles of silver (Ajitha et al., 2014), gold
(Purusottam Reddy et al., 2017), etc. However, experiments about
Plectranthus amboinicus for the synthesis of CQDs are scarce with bio-
logical significance. Hence, the present study aims to estimate the
cytotoxicity of CQDs using MTT assay through the viabilities of MCF7
Breast cancer cells. Fig. 9 shows the cell viabilities of CQDs prepared
under different microwave irradiation time (4, 5, 6 and 7 min) with
different concentrations (0, 25, 50, 75, 100 pg/mL). Among these, the
sample irradiated for 4min shows about 80% cell viability at 20 pg/mL
concentration and almost constant viability at even higher concentra-
tions. Thus the CQD synthesized from the Mexican Mint leaves are
highly biocompatible and show low cytotoxicity. Therefore, the

Environmental Research 199 (2021) 111263

100
__ 80+
R ]
>
= 60+
o)

9 1

S

S 404

o ]
204
0

Concentration (ug/mL)

Fig. 9. MTT assay of CQDs in MCF-7 human breast cancer cell line.

prepared CQDs can be effectively used in live-cell imaging as bio-
markers. Fig. 10 (a,b) shows the fluorescence images of MCF 7 breast
cancer cells incubated with CQDs (100 pg/mL) under a bright field. The
cells emitted strong blue fluorescence when excited at 360 nm. How-
ever, no emission was obtained in the control sample. Arumugham et al.
(2020) has prepared the CQDs from Catharanthus roseus, which shows
the 82% cell viability and obtained the clear penetration at 500 pL/mg
for MCF7 breast cancer cell imaging. Similarly, Andrographis paniculata
leaves derived pink colour fluorescent CQDs exhibits 50% cell viability
and slightly good permeability for the cell imaging reported by Naik
et al. (2020). Comparatively, the prepared CQDs from Mexican Mint

Fig. 8. Photographic image of (a, b) hand -written Tamil words, (¢, d) hand-drawn comic character iron man heart and (e, f) CQD-PVA film exposed under normal

light and UV irradiation.
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Fig. 10. Fluorescence images of MCF 7 breast cancer cells incubated with CQDs (100 pg/mL) (a) under bright field, (b) under 360 nm excitation.

shows better performance in terms of cell viability and bio-imaging due
to the good permeability and biocompatibilities. Overall, the observed
distinctive blue emission infers that the prepared CQDs can be used as
optical nanoprobes for bio-imaging applications.

4. Conclusions

In summary, blue-emitting carbon quantum dots were successfully
synthesized from the Plectranthus amboinicus (Mexican Mint) leaves via
the Microwave-assisted reflux method. The CQD were spherical with an
average diameter of about 2.43 + 0.02 nm. Besides, the characterization
of CQD showed that they have oxygen-containing functional groups on
their surface which are beneficial in improvising the water solubility and
fluorescence. The obtained CQD showed a fluorescence quantum yield
of 17%. The CQDs were used as the fluorescent probe for Fe*' ion
detection. The CQDs were selectively quenched by Fe** jon and
exhibited marvellous selectivity. It showed a good linear relationship
(R2 =0.9111) with the limit of detection of 0.53 M in the concentration
range of 0-15 pM. With the fluorescent turn ON-OFF behaviour of CQD
on the addition of Ascorbic Acid, the NOT and IMPLICATION logic gates
were constructed and studied. Further, the fluorescent ink was prepared
for writing letters and drawing patterns towards the coding and
decoding process. Finally, the cytotoxicity and bio-imaging applications
of the prepared CQDs were studied, which showed 80% of cell viability
as well as better permeability for cell imaging at 100 pL/mg. Overall, the
CQDs prepared at 4 min shows the excellent properties in terms of
detection of Fe3" ions and biological applications.
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