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ABSTRACT: Carbon dots, the celebrated green material among the nanocarbon family,
are blessed with several interesting features like biocompatibility, solubility, tunable
luminescence, and so forth. Herein, carbon dots derived from Mint leaf extract (M-CDs)
via a green method are exploited for versatile applications as a biosensor, reductant, and
biomarker. M-CDs are applied for fluorimetric sensing of biologically relevant folic acid
through quenching response originating from the inner filter effect, with a limit of
detection of 280 nM. The carbon dots were highly selective toward folic acid in a
collection of 16 biomolecules. The specificity of carbon dots toward folic acid is explained
based on the interaction between the two. Along with sensing, herein, we project M-CDs
as a green reducing agent by demonstrating the reduction of Fe(III) and noble metal
nanoparticle synthesis from their salt solutions. The particles are found to be significantly
non-cytotoxic, as evident from the MTT assay performed on primary H8 cells. The
application of M-CDs in multicolor imaging is also illustrated using HeLa cells.

■ INTRODUCTION

Recently, carbon dots have emerged as a legitimate competitor
to the conventional heavy metal-based quantum dots, notably
for their potential as a more sustainable and biocompatible
alternative.1−3 These water-soluble, zero-dimensional spherical
nanoparticles, having tunable luminescence and photostable
nature, have become a promising scaffold in sensing,
photocatalysis, biomedical field, etc.4−12 To date, various
chemical and natural precursors have been used to construct
carbon dots using various approaches like hydrothermal,
solvothermal, arc discharge, pyrolysis, laser ablation, and
electrochemical carbonization methods.2,13 Among these, the
green method adopting hydrothermal strategy is an effective
one-step bottom-up method, which is widely made use of.
Along with this, emphasis is also given for the preparation of
carbon dots from natural resources as it benefits from the green
and sustainable nature of the precursor moiety. The presence
of enormous amounts of cellulose, protein, amino acids,
flavanoids, etc. and the added advantages of low cost and easy
availability are also claimed by these precursors. The optical
properties and biological activities of carbon dots depend on
the nature of components and may vary with the choice of the
precursor. Accordingly, various biomasses including tomato,14

potato,15 banana,16 lemon,17 grape juice,18 mango leaves,19,20

coriander leaves,4 neem extract,21 pomegranate,22 apple
juice,23 milk,24 egg,25 mint leaves,26 algal blooms,27 etc. have
been explored to this effect.
Mint or Mentha (family Lamiaceae) is a widely distributed

medicinal herb, which is also used as a flavoring agent. It is well
accepted as a remedy for common cold, inflammation, nausea,

vomiting, diarrhea, etc.28 The presence of menthone,
piperitone, linalool, camphor, etc. makes Mentha species
exhibit antimicrobial, anti-inflammatory, antioxidant, and
cytotoxic activities.29−31 However, the usage of toxic solvents
in the extraction procedure limits their biological applications.
Like most of the leaf extracts, Mint leaf extract is also examined
for the reduction efficiency.32−34 Although practically effective,
the time-consuming extraction procedures make the whole
process tedious and the time taken for the reduction process
was significantly high. As an excellent alternative with added
advantages, we have synthesized Mint leaf-derived carbon dots,
which are benefitted not only from reducing nature but also
from luminescence-based fine features. Hydrothermal treat-
ment of the leaves under high temperature and pressure leads
to dehydration, carbonization, and in situ surface passivation of
leaves, which finally leads to the formation of luminescent M-
CDs.4,35,36 Selective detection of folic acid (FA), reduction of
metal ions including Fe(III), Ag(I), and Au(III), and cell
imaging are effectively enabled by these particles. The role of
carbon dots as a reducing agent is less explored compared to
other luminescence-based applications of these systems.
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M-CDs could detect folic acid, also known as vitamin B9,
belonging to the group of water-soluble B group vitamins, with
high specificity and sensitivity. FA plays a crucial role in the
formation of red blood cells, body growth, and prevention of
anemia.37−39 As a significant biomolecule, the deficiency of FA
leads to a number of chronic diseases including stroke, heart
attack, psychosis, mentality devolution, neural tube disorder,
and so forth, and a high dose may cause pernicious anemia.40,41

Carbon dots derived from chemical precursors are explored by
some researchers to trace this analyte. Li et al. have reported
the synthesis of fluorescent carbon dots (CDs) for assaying FA
by using citric acid and the ethylene imine polymer as
precursors.42 Aconitic acid and lactose were also utilized in this
direction.41,43 AgInS2 quantum dots were developed by
another group for the detection of FA.44 The practical
application of these particles is successfully proved by He et
al. through detecting FA in the serum sample by a dual-
emission fluorescence nanoprobe.45 Although some of these
systems show considerable sensitivity, none of them provide a
proper explanation for the specificity of systems toward FA
over other interfering biomolecules. The present system
exhibits commendable sensitivity as well as excellent selectivity
toward FA in a collection of 16 biomolecules. The limit of
detection (LOD) of FA is found to be 280 nM. The specificity
of M-CDs toward FA is attributed to the inner filter effect, as
evident from a detailed investigation on the mechanism of
quenching.46,47 The highlights of the present work include the
usage of a natural precursor to carbon dots, facile green
synthesis, excellent selectivity, and more importantly a
satisfactory explanation for the selectivity of the system toward
FA compared to other analytes.
The performance of these particles as a green reducing agent

is also demonstrated along with biosensing. Reduction is one
of the most important chemical reactions, which generally
involves the usage of toxic chemicals and expensive heavy
metals, carried out under harsh reaction conditions. Hitherto,
the reducing property of carbon dots is mainly exploited in
metal nanoparticle synthesis. M-CDs could successfully reduce
Fe3+ to Fe2+, where the conversion starts within a few minutes.
The one and only precedented work in this direction is by
Shariati-Rad et al., who adopted onion and grape CDs for this
purpose.48 The reducing efficiency is further proved through
achieving noble metal nanoparticles from the respective metal
salts. A noteworthy achievement here is that no heat treatment
or addition of other chemical agents is demanded for the
reduction process. Silver nanoparticles (AgNPs) are obtained
directly within a few minutes in the presence of M-CDs. Jin et
al. have used carbon dots derived from a chemical precursor
for the synthesis of AgNPs with the aid of heat treatment and
other chemical agents.49 Apart from Ag(I) reduction, M-CDs
could yield gold nanoparticles (AuNPs) from Au(III) upon
mild heat treatment. Carbon dots serve as both a stabilizing
and reducing agent in solution.50 Finally, by considering the
stable and excitation-dependent luminescence nature, the
application of M-CDs in multicolor imaging of HeLa
(human cervical cancer cell lines) cells has also been
demonstrated here.

■ RESULTS AND DISCUSSION
Characterization of M-CDs. Transmission electron

microscopy was used to study the size distribution and
morphology of M-CDs.27,51 As shown in Figure 1a, the dots
are of size less than 10 nm. The inset of Figure 1a shows

fringes corresponding to the partial crystalline nature of M-
CDs.52 The “d” spacing value of 0.24 nm obtained is attributed
to the in-plane lattice constant of aromatic carbon or graphene-
like structures.52,53 The size distribution histogram also
indicated an average particle size of 6.5 nm (Figure 1b). The
selected area electron diffraction (SAED) pattern of M-CDs
shown in the inset of Figure 1b confirms their partial crystalline
nature.
A single peak in the XRD pattern at 23.58° confirms the

graphitic nature with the (002) lattice spacing54 (Figure 2a).
The interlayer spacing value of 0.37 nm, which is greater than
that of bulk graphite, indicates a disordered graphitic core. The
Raman spectrum of the M-CDs showed two peaks at 1293 and
1603 cm−1, which represent the D band and G band,
respectively, corresponding to the vibrations of sp3 and sp2

carbon atoms (Figure 2b).27 The coexistence of the two bands
and the intensity ratio (ID/IG) of 1.30 also confirm that the
prepared CDs possess plenty of structural defects in the core.
The surface functional groups of M-CDs were characterized by
using FTIR spectroscopy (Figure 2c). The peak around 3439
cm−1 could be ascribed to the stretching vibrations of surface
−OH groups, whereas the bands at 2918 and 777 cm−1

correspond to C−H stretching and bending vibrations,
respectively.4,15,55 The band at 1643 cm−1 and the weak one
at 1319 cm−1 indicate the existence of CO and C−O
stretching vibrations of the carboxylic ester group in the
respective data. The results confirm that the M-CDs are
functionalized with oxygen-containing groups such as carboxyl,
epoxy, and hydroxyl, which originate from the organic groups
in Mint leaf extract under hydrothermal reaction conditions.
As depicted in Figure 3a, the bands at 225 and 281 nm in

the absorption spectrum of M-CDs correspond to π−π*
transitions of CO and CC bonds, respectively, and the
one at 323 nm corresponds to the n−π* transitions of CO
bonds.36,56,57 An intense photoluminescence (PL) emission
was noted at 441 nm at an excitation wavelength of 360 nm
(Figure 3b). The M-CD solution shows the brown and cyan
colors under daylight and 365 nm UV light, respectively (inset
of Figure 3b). The PL decay was recorded at room
temperature by using the time-correlated single-photon
counting technique. Figure 3c represents the fluorescence
decay curve. The average lifetime calculated, τavg (5.19 ns),
suggests that the synthesized M-CDs are suitable for
optoelectronic fields as well as biological applications.58 The
quantum yield was found to be 7.64% by using quinine sulfate
as the standard.
The successful application of a luminescent material

demands high stability.59 The as-prepared M-CDs show very
good fluorescence stability under continuous UV light

Figure 1. (a) HR-TEM image of M-CDs; the inset shows lattice
fringes of M-CDs. (b) Histogram derived from TEM shows particle
size distribution. The inset of (b) shows the SAED pattern of M-CDs.
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irradiation in a UV chamber (365 nm). From Figure 3d, it is
clear that fluorescence intensity is almost constant up to 4 h,
which assures its efficiency in the fields of bioimaging. In order
to examine the stability of M-CDs under high-ionic-strength
environments, the PL spectrum of the system in different NaCl
concentrations was recorded. The dependence of the
fluorescence intensity of the as-prepared M-CDs on ionic
strength was estimated in NaCl solutions of different

concentrations (0−100 mM). As shown in Figure 3e, the PL
intensity is almost the same in the above range of ionic
concentrations, indicative of the superior colloidal stability and
their application in biological imaging and sensing under more
complicated physiological conditions.60

Fluorimetric Sensing of FA Using M-CDs. The sensing
performance of M-CDs towards various biomolecules was
analyzed. As displayed in Figure 4a, the PL intensity at 441 nm

Figure 2. (a) XRD pattern of M-CDs, (b) Raman spectrum of the M-CDs, and (c) FT-IR spectrum of the system.

Figure 3. (a) UV−vis spectrum. (b) PL spectrum of the M-CD solution at 360 nm excitation; the inset shows the color of M-CDs in daylight and
UV light (365 nm). (c) PL decay curve of M-CDs. The dependence of luminescence intensity of the M-CDs on (d) irradiation time and (e) ionic
concentration (NaCl upto 100 mM).

Figure 4. (a) Emission spectrum of M-CDs with increasing amounts of FA; (b) dependence of relative fluorescence quenching efficiency ((F0 −
F)/F) on FA concentration; (c) plot illustrating the selectivity of the system toward FA over other interfering analytes.
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decreased gradually by the introduction of aliquots of folic
acid. The fluorescence quenching occurred within a few
seconds by the addition of FA. Figure 4b shows the
characteristic Stern−Volmer plot between quenching efficiency
((F0 − F)/F) and FA concentration, which shows a good linear
relationship (R2 = 0.9808; F0 and F are the luminescence
intensities of M-CDs in the absence and presence of FA,
respectively). The limit of detection (LOD) of the analyte was
calculated to be 280 nM. Figure 4 c shows the selectivity of the
system toward FA compaired to other biomolecules. A
comparison of the performance of other folic acid sensors is
summarized in Table 1. It can be seen that the efficiency of M-
CDs is definitely considerable when compared to several CDs
derived from chemical precursors through complex reaction
steps.

Selectivity toward Folic acid. Since selectivity is another
important feature to be achieved for a sensor, the fluorescence
intensity of M-CDs in the presence of various other coexisting
biomolecules including cysteine, valine, glycene, phenyl
alanine, glucose, urea, dopamine hydrochloride, nicotinic
acid, glutathione, glutamic acid, methionine, tryptophan,
alanine, cholesterol, and ascorbic acid was examined. As
shown in Figure 4c, no significant alteration was noticed in the
luminescence intensity of M-CDs in the presence of these
afore-mentioned biomolecules, validating the high selectivity of
the system toward folic acid (FA). Although there are several
other fluorescent sensors for the detection of FA, none of them
detail the exact specificity of the system over other biological
analytes.41−43 To deeply probe this matter, the UV absorption
spectral behavior of the system toward FA was analyzed. As
noted from Figure 5a, a small increase in the absorbance value
of M-CDs was observed at 278 nm by the introduction of FA,
indicating a special affinity of M-CDs toward FA. According to
previous reports, this indicates the formation of FA-function-
alized carbon dots.64 The specificity of the system toward FA is
thus expected on the basis of this preliminary observation.
However, a more detailed investigation rules out this
possibility of functionalization, as illustrated below. First, the
absorbance of M-CDs and the specific analyte, FA, and the
mixture of M-CDs was recorded using water as the reference.
In another set of experiments, the absorbance of the mixture of
M-CDs and FA was measured using carbon dot solution as the
reference material. On analyzing the spectra in this regard
(Figure 5a), it is obvious that the an increase in absorbance of
M-CDs around 278 nm observed in the presence of FA
accounts for the presence of FA itself in the mixture as the
absorbance of the mixture of M-CDs and FA overlaps with that
of pure FA in water, in the latter case, with the M-CD solution
as the reference. This underlines the absence of complexation
or functionalization between the two.

Hence, a more lucid explanation strong enough to
emphasize the selectivity should be thus formulated. To this
effect, optical features of the systems are well examined,
probing the mechanism of fluorescence quenching. Fluores-
cence quenching may occur via various ways such as (i) static
quenching and ground-state complex formation between the
fluorophore and the analyte, (ii) dynamic quenching, (iii)
Forster resonant energy transfer (FRET), (iv) photoinduced
electron transfer (PET), the inner filter effect (IFE), and so
forth.65 Therefore, it is imperative to figure out the exact
mechanism that leads to the quenching of fluorescence of the
M-CDs to remove the ambiguity regarding the selectivity. An
analysis to this effect rules out the chance for FRET as there is
no overlap between the absorption spectrum of FA and the
emission spectrum of M-CDs (Figure 5b). Since FRET- and
PET-based electron transfer occurs in the excited state, there
should be a substantial change in the fluorescence lifetime of
the donor after the introduction of the absorber.66 To
investigate the involvement of FRET, the TCSPC measure-
ments were carried out (Figure 5c). The lifetime values of M-
CDs in the absence and presence of FA (1 mM) are 5.19 and
5.41 ns, respectively. A negligible change in the values of
lifetime excluded the effect of dynamic quenching and FRET.67

Another possibility is static quenching. Since static quenching
involves the formation of a non-fluorescent ground-state
complex, there should be a deflection in the value of
absorption maxima of the fluorophore.66 It was apparent that
there was no new peak in the absorption spectrum of the
mixed system (Figure 5a), which excluded the participation of
the static quenching mechanism in the process. Almost
constant lifetime values further substantiate this judgement.
However, as displayed in Figure 5b, there is considerable

overlap between the absorption spectrum of FA appearing

Table 1. Comparison of Different Systems in FA Sensing

method LOD (μM) refs

citric acid-derived CDs 0.38 42
aconitic acid-derived CDs 0.04 43
CDs from lactose 0.019 41
Ni/POA/CPE 0.28 61
MoS2 QDs 0.1 62
N-CQDs 0.5 × 10−3 63
M-CDs 0.28 this work

Figure 5. (a) UV absorption spectral behavior of M-CDs alone with
water as a reference (black line); the mixture of M-CDs and FA with
water as a reference (red line); FA alone with water as a reference
(green line); the mixture of M-CDs and FA with M-CDs as a
reference (pink line); (b) overlapping of the normalized absorbance
spectrum of FA, the excitation spectrum of M-CDs, and the emission
spectrum of M-CDs; (c) TCSPC measurements of M-CDs (pink
line) and the FA + M-CD mixture (blue line); (d) overlapping of the
absorption spectrum of biomolecules and the excitation curve of M-
CDs.
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around 360 nm and the excitation spectrum of M-CDs. This
opened up the chance for the inner filter effect, arising from
either the attenuation of the excitation light or absorption of
emission radiation by the quencher, to be the causative factor
for fluorescence quenching of M-CDs in the presence of
FA.42,67 The trend in the lifetime indicates the absence of
chemical reaction between the target analyte and the
fluorescent material, which further stresses the occurrence of
IFE.68,69 The conclusion that IFE originates from weakening of
excitation of the fluorophore in the presence of FA, as
indicated by the overlap of excitation curve of the carbon dot
and absorption of FA, provides the explanation of the
selectivity pretty well. As seen in Figure 5d, FA alone exhibits
a significant overlap with the excitation energy distribution of
carbon dots, thus leading to luminescence quenching with high
specificity.
The practical application of the as-prepared M-CDs was

examined by employing the M-CDs as a fluorescence probe for
the detection of FA in FA tablets (Folvite) by the standard
addition method. The results are presented in Table 2. The
recoveries varied in the range of 98.05−105.42%, which
demonstrates the applicability and reliability of FA detection
by the M-CD sensor.

M-CDs as a Reducing Agent. Reduction of Fe3+ to Fe2+.
The reducing ability of the as-synthesized M-CDs is
demonstrated through the reduction of Fe3+ to Fe2+. A color
change was noted in Fe3+ solution to pale green upon the
addition of CDs, concomitant with the appearance of a broad
peak around the 500−700 nm region in the UV absorbance
spectrum (Figure 6a). Such an observation confirms the
reducing nature of carbon dots. The formation of Fe2+ was
further proven by taking 1,10 phenanthroline as the complex-
ating agent for ferrous ions. Figure 6b shows the spectra of a
mixture of Fe3+ and 1,10 phenanthroline in presence and

absence of M-CDs. In the presence of carbon dots, an
additional peak around 500 nm was observed, and the same
was absent in the mixture of the former two species. The
above-mentioned peak signifies complexation between Fe2+

and 1,10 phenanthroline, indicated by the color change to
orange (inset of Figure 6 b). This observation confirms the
reducing ability of the prepared M-CDs, a property attributed
to the surface hydroxyl groups present on carbon dots.48

To study the effect of time in the reduction reaction,
absorption spectra of the mixture of M-CDs (200 μL), ferric
chloride (1.5 mL, 1 mM), and 1,10 phenanthroline (100 μL, 9
mM) at different time intervals were recorded. Figure 6c
displays the UV−visible spectra of the mixture of Fe(III), 1,10
phenanthroline and M-CDs in 1−10 min. An intense peak
around 500 nm was observed within 1 min after the addition of
M-CDs to the Fe(III) and 1,10 phenanthroline mixture. The
absorbance increases and becomes stable in 5−10 min, and no
noticeable change occurs after that, which implies the
completion of reduction of Fe3+ within 10 min. The inset of
Figure 6c agrees with this observation.

Synthesis of Silver and Gold nanoparticles. The reducing
nature of the as-synthesized M-CD is further demonstrated
through the formation of silver and gold nanoparticles (AgNPs
and AuNPs) from the respective salt solutions. Addition of
CDs to Ag(I) solution affected Ag(0) formation in the absence
of any stabilizing agent and heat treatment, as indicated by the
color change of Ag(I) solution to brownish yellow. The
observation was noted within 10 min following the addition of
M-CDs to 1 mM AgNO3 solution. The formation of the
particles in the nanoregime is confirmed by the surface
plasmon resonance (SPR) peak at 438 nm. As nanoparticle
synthesis is proven to be a time-dependent process, the
absorption spectra at different time intervals were recorded to
investigate the reaction process. Figure 7a displays the UV−
visible spectra of the reaction mixture in 24 h. The formation
of AgNPs occurred in just 10 min, and a gradual increase in
intensity of the peaks at the same intensity maxima confirms
that the time elapse has not influenced the silver particle size.
The inset of Figure 7a shows the synthesized silver
nanoparticle solution by the addition of M-CDs. The average
particle size determined from the HRTEM image is found to
be around 12 nm (Figure 7b). The lattice fringes shown in the
inset of Figure 7b and the SAED pattern presented in Figure 7c
clearly reveal the crystallinity of metal nanoparticles.

Table 2. Real Sample AnalysisFA Content in FA Tablets

spiked (in μM) found (in μM) error % recovery (%)

8.02 7.6 5.2 94.7
16.12 15 6.9 93.05
32.25 34 5.4 105.42
48.38 50 3.3 103.34
64.5 65.9 2.7 102.7

Figure 6. (a) Absorption spectrum of Fe3+ (red line) and Fe3+ plus M-CDs (blue line); the inset shows the photographic image of (a) Fe3+ solution
(b) Fe3+ in the presence of M-CDs. (b) UV−visible spectrum of Fe3+(blue line), Fe3+ plus phenanthroline (black line), and (c) Fe3+ plus 1,10
phenanthroline in the presence of M-CDs; the insets show the corresponding photographic images. (c) Absorption spectra of Fe3+ plus 1,10
phenanthroline in 1−10 min in the presence of M-CDs. The images of intensity variations are shown in the inset.
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AuNPs were achieved by mild heat treatment of Au(III)
solution with CDs in the presence of small quantities of starch
solution as a capping agent. The pale-yellow solution of
HAuCl4 turned to purple in 5 min, which indicates the
formation of AuNPs. The UV−visible spectrum shown in
Figure 7d substantiates the nanoparticle formation, where the
SPR band appeared at 540 nm. The absorption maxima at this
position suggest an average particle size of 60 nm to the as-
prepared AuNPs. The time-dependent absorption spectral
maxima reveal that the formed particles are considerably stable.

HeLa Cell Imaging. Considering the strong and stable PL of
the M-CDs, it becomes worthwhile to check whether the
present system can be utilized for fluorescence imaging of cells.
The fluorescence images of M-CD-treated HeLa cells were
recorded to this effect. The hydrophilic nature and the
presence of functional groups on the surface of M-CDs enable
effortless internalization of them into the cells via endocy-
tosis.23 The cell images excited with long-wavelength UV light
(360−380 nm), blue light (460−480 nm), and green light
(510−590 nm) are displayed in Figure 8. Successful
application of M-CDs as an effective probe for imaging is

Figure 7. (a) Absorption spectra of AgNPs synthesized (b) HRTEM image of AgNPs, inset shows the lattice fringes at higher magnification. (c)
SAED pattern of AgNPs obtained from TEM. (d) Absorption spectra of gold nanoparticles synthesized by using M-CDs as reducing agent.

Figure 8. Fluorescence microscopy image of HeLa cells, control (a) and under excitation wavelengths of 360−380 nm (b), 460−480 nm (c), and
510−590 nm (d). Percentage cell viability of primary H8 cells in the presence of M-CDs of varying concentrations (e).
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assured through these results. MTT assay was conducted to
check the biocompatible nature of the present system by taking
primary H8 cells as the model. The percentage cell viability
results illustrated in Figure 8e reveal no significant cytotoxicity
of M-CDs (0−200 μg/mL) on normal H8 cells, thus ensuring
the safe use of the system for biological applications like cell
imaging.

■ CONCLUSIONS

In summary, a simple and green route for the synthesis of cyan
luminescent carbon dots from Mint leaves is developed
without any surface modification. The intrinsic fluorescence
of M-CDs could be quenched in the presense of FA through
the inner filter effect, enabling the fabrication of a fluorescent
sensor for the former. The as-prepared M-CDs were highly
stable under continuous UV light irradiation and were stable
over a wide range of ionic concentrations. The synthesized M-
CDs could be used as an effective green reducing agent for
ferric ion reduction as well as for the production of stable silver
and gold nanoparticles. The M-CDs were found to be
significantly non-cytotoxic towards primary H8 cells, as evident
from the MTT assay. The strong and excitation-dependent
emission of the system made it an excellent candidate in the
multicolor imaging of HeLa cells.

■ EXPERIMENTAL SECTION

Materials. Fresh mint leaves were obtained from a local
market and were washed thoroughly before use. Quinine
sulfate, sodium chloride, sodium hydroxide, 1,10 phenanthro-
line, and hydrochloric acid were supplied by Merck Ltd., India.
L-Ascorbic acid, glutamic acid, glutathione, FA, valin, phenyl
alanine, alanine, nicotinic acid, glycine, cysteine, glucose, urea,
dopamine hydrochloride, cholesterol, tryptophan, silver nitrate,
trichlorogold hydrochloride, etc. were purchased from Sigma-
Aldrich.The human cervical cancer cell line (HeLa) and
primary H8 cells were obtained from the National Center for
Cell Science (NCCS, Pune), and MTT was purchased from
Sigma-Aldrich (Bangalore). Dulbecco’s modified Eagle’s
medium (DMEM) and fetal bovine serum polybrene analytical
grade reagents were purchased from Sigma-Aldrich (Banga-
lore). DMSO, paraformaldehyde, the antibiotic−antimycotic
(1%), L-glutamine, and p-nitroanilide were purchased from
Sigma-Aldrich. All the samples were prepared in Milli-Q water.
Synthesis of CDs. The synthesis of CDs is similar to that of

our previous work.26 Briefly, 5 g of the fresh mint leaves was
washed well with deionized water, chopped, and crushed in a
mortar. It was dissolved in 40 mL of deionized water and
stirred for 30 min. The extract then underwent hydrothermal
treatment at 200 °C for 5 h. Then, the insoluble portion was
filtered off and subjected to centrifugation at 2500 rpm for 1 h.
The brown-colored M-CD solution obtained was then stored
in 4 °C for further characterizations and studies.
Characterizations of M-CDs. The absorbance and

fluorescence spectra of the M-CDs were recorded by using a
JASCO V-550 spectrophotometer and Cary Eclipse (Agilent
Technology) fluorescence spectrophotometer, respectively. An
LZC-4X photoreactor was used for measuring of the
luminescence nature of the prepared sample. The X-ray
diffraction (XRD) pattern of the sample was recorded using a
RigakuMiniflex-II diffractometer using Cu Kα radiation in the
scan range of 2θ 20−80°. The morphology and the particle size
were obtained by transmission electron microscopy (JEOL

JEM 2100). The sample for TEM analysis was prepared by
dropping an aqueous solution of carbon dots on the copper
grid coated with carbon. Fourier transmission infrared (FTIR)
spectra were recorded using a JASCO FTIR-4100 instrument
using the KBr disc method. The Raman spectrum was
recorded using a LabRam HR-Horiba Jobinyvon Spectrometer
using a Raman Microprobe with a 532 nm Nd:YAG excitation
source. A fluorescence microscope (Nikon Eclipse, Inc., Japan)
at 40× magnification was employed for the imaging of HeLa
cells incubated with CDs.

FA Sensing. 100 μM stock solutions of biomolecules
including ascorbic acid, nicotinic acid, FA, glysene, cysteine,
glutamic acid, valin, phenyl alanine, methionine, dopamine
hydrochloride, tryptophan, cholesterol, alanine, and gluta-
thione were prepared. 3.5 mL of the M-CD solution was taken
in a cuvette, and different concentrations of the analyte
solutions were added. Then, the solution was kept for a few
seconds, and then, the aliquots were subjected for the
fluorescence assay at an excitation wavelength of 360 nm. In
order to advocate the practical applicability of the sensor, FA
detection in tablets (Folvite) was carried out.

Reduction of Fe3+ to Fe2+. The reduction of ferric to ferrous
ions was carried out simply by using the synthesized M-CD
solution. The yellow color of ferric chloride solution changed
to a pale-green color immediately after the addition of the
prepared carbon dot solution. The formation of Fe(II) from
Fe(III) was conformed by 1,10 phenanthroline as the
complexing agent. In a typical procedure, 1.5 mL of iron(III)
chloride solution (1 mM) was mixed with 100 μL of 1,10
phenanthroline(10 mM). Subsequently, 200 μL of the M-CD
solution was added to this mixture, and the color change was
noted. The absorbance of the solution was recorded using a
UV−visible spectrophotometer.

Synthesis of Silver Nanoparticles. The procedure for
preparing AgNPs by M-CDs as both a reductant and stabilising
agent is as follows: 250 μL of M-CDs was added to 20 mL of
silver nitrate solution (1 mM) taken in a glass bottle. After 10
min, the color of the solution (silver nitrate + M-CDs)
changed from colorless to yellowish brown, indicating the
formation of silver nanoparticles. The formation and growth of
the nanoparticles were monitored using a UV−visible
spectrophotometer.

AuNP Synthesis. AuNPs were prepared by reacting
tetrachloroaurate (HAuCl4) with M-CDs as the reducing
agent and starch as the stabilizer. Briefly, 50 μL of HAuCl4
solution (0.05 M) was added to 20 mL of water taken in a
beaker. The solution was heated to 60 °C for 1 min, followed
by the addition of 500 μL of M-CDs and a very small quantity
of 1% starch solution with constant stirring. The color of the
gold solution changed to purple, indicating the formation of
AuNPs, which is monitored through the UV−visible
spectrophotometer.

Evaluation of Cytotoxicity (MTT Assay). The inhibitory
concentration (IC50) value was evaluated using an MTT assay.
The primary H8 cells were grown (1 × 104 cells/well) in a 96-
well plate for 48 h in to 75% confluence. The medium was
replaced with a fresh medium containing synthesized
compounds, and the cells were further incubated for 48 h.
The culture medium was removed, and 100 μL of the MTT
(Hi-Media) solution was added to each well and incubated at
37 °C for 4 h. 50 μL of DMSO was added to each of the wells
after the removal of the supernatant and incubated for 10 min
to solubilize the formazan crystals. In an ELISA multiwell plate
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reader (Thermo Multiskan EX, USA), the optical density
(OD) was measured. The OD value was used to calculate the
percentage of viability of cells using the formula % of viability =
(OD value of the experimental sample/OD value of the
experimental control) × 100.
Cell Incubation and Imaging. Human cervical cancer HeLa

cells were maintained in DMEM supplemented with FBS
(10%), L-glutamine (2 mM), the antibiotic−antimycotic (1%),
and non-essential amino acids (1%) in 5% CO2 at 37 °C.
Then, the cells were seeded in 96-well plates at a cell density of
1 × 104 cells per mL. 100 μL of the mixture of M-CDs and
polybrene were added to each well, which was incubated for 24
h. The precipitated cells were washed thrice with PBS before
being used for bright-field and PL imaging measurements using
a fluorescence microscope (Nikon Eclipse, Inc., Japan) at 40×
magnification. The excitation wavelengths were set in the
ranges of 510−590, 460−480 and 360−380 nm.
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