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Abstract

Accurately determining the viability of cells is crucial for in vitro cell research. Fluorescence-based live/dead cell staining
is a highly desirable method to assess cell viability and survival in in vitro studies. We describe a green synthesis method
to create red-emissive CQDs from the medicinal and edible herb Echinophora tenuifolia using microwave irradiation. We
observed that the biocompatibility and photostability of the CQDs are superior. The antioxidant capacity of the CQDs
and the plant extract were also investigated using different chemical methods (DPPH, ABTS, CUPRAC, FRAP, PBD,
and MCA). The antioxidant capacity of the CQDs was similar to that of the extract of E. tenuifolia. Cytotoxicity studies
indicate that while the CQDs are not toxic to 1929, they exhibit significant toxicity towards HepG2 cells. The CQDs
exhibited a strong negative zeta potential (-44.0 mV), which contributed to their selective interaction with dead cells while
being repelled by viable cells with intact membrane potentials. The optimal concentration for effective, non-toxic imaging
was determined to be 25 pg/mL, as lower concentrations did not produce detectable fluorescence. Differential staining
experiments confirmed that CQDs selectively stained dead cells, with red fluorescence observed under the Texas Red filter.
Moreover, CQDs exhibited favorable fluorescence intensity and stability, which may offer advantages for long-term and
reliable bioimaging applications. In vitro studies on HepG2 and 1929 cell lines revealed that the red-emissive CQDs from
E. tenuifolia can be potentially used in bioimaging.

Keywords Antioxidant capacity - Bioimaging - Cytotoxicity - Dead cell discrimination - Red emissive carbon quantum
dots

Introduction microscopy is vital for understanding cellular processes and

has gained popularity in vitro applications thanks to nano-

Bioimaging is a modern technique used in research and
clinical settings, essential for diagnosing and treating dis-
eases [1]. Advanced bioimaging techniques include meth-
ods like PET, MR imaging, scanning probe microscopy,
fluorescence microscopy, and X-ray methods. Fluorescence
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technologies. Time-lapse fluorescence microscopy has been
used to observe superoxide dynamics in human lung can-
cer cells [2]. MET receptor-targeted fluorescence imaging
detected multifocal papillary thyroid cancer [3]. In vivo,
N-doped carbon quantum dot nanoparticles loaded with
indocyanine green (ICG) showed greater accumulation in
melanoma cancer cells during photodynamic therapy than
free ICG [4].

Fluorescence microscopy, a key biomedical imaging
method, uses fluorescent dyes to stain tissues, cells, or
compartments, with confocal microscopes offering sec-
tional views [5]. Imaging cells is a delicate process needing
special attention. Many methods involve extensive prepa-
ration, making simultaneous imaging unsuitable. Fluores-
cence-based imaging is sensitive, selective, and versatile,
enabling the detection of species that cannot be directly
imaged (e.g., hydronium ions). However, added materials
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may degrade the local area. Various dyes, like propidium
iodide (PI), ethidium bromide, Hoechst dye, DAPI, acridine
orange (AQ), and FITC, are used in fluorescence imaging.
It’s crucial to differentiate between live and dead cells dur-
ing viability studies to assess their relative percentages [6].

Determining the proportion of nonviable cells in a sample
is essential for assessing cell culture progress and the effects
of freezing and thawing [7]. Most live-dead analyses rely
on expensive cytometry-specific markers [8]. Traditional
viability dyes like PI are limited by poor photostability,
leading to rising interest in non-toxic, low-cost, naturally
synthesised carbon nanomaterials as alternative fluorescent
dyes in imaging studies. These materials show great prom-
ise in addressing the shortcomings of traditional dyes and
are attracting scientific interest [9].

Nanomaterials, especially crystalline quantum dots
(QDs), are increasingly significant in bioimaging research
[10]. Green-synthesised nanomaterials offer advantages
over traditional methods, as their synthesis enables using
non-toxic or less toxic solvents, thereby reducing the envi-
ronmental impact of the synthesis process. They also show
remarkable structural traits like high crystallinity, narrow
size distribution, and excellent monodispersibility [11, 12].
Notably, CQDs from green synthesis are valued for their
impressive physical and chemical properties, being sourced
from non-toxic, cost-effective, and renewable materials
for easy synthesis [13]. Carbon quantum dots (CQDs) are
widely used in fluorescence imaging due to their excellent
water solubility, chemical stability, adjustable optical fea-
tures, and sizes under 20 nm. They are also biocompatible
and non-toxic [14].

Synthesising CQDs requires various raw materials and
methods. There is growing demand for high-quality CQDs
with exceptional fluorescence. Researchers are recycling
carbon-rich waste materials like eggshell membranes and
fruit peels [15, 16]. CQDs have also been derived from
other organic sources such as milk [17], coffee [18], and
some plant leaves [19, 20]. Converting bio-based materials
into CQDs boosts biomass value and reduces the need for
external reagents due to high heteroatom content (N, O, P)
[21].

CQDs are versatile due to their small size, allowing them
to cross biological barriers like the blood-brain barrier and
glomerular filtration. Their adjustable properties make them
ideal as nanocapsules and nanocarriers for targeted drug and
gene delivery [1]. They also have unique optical features
that are valuable for bioimaging, serving as probes to track
DNA and RNA in real-time and as fluorescent agents in
microscopy [1, 22].

Most synthesised CQDs exhibit high quantum yields
in blue and green wavelengths, limiting their bioimaging
applications [23, 24]. High-efficiency red light-emitting
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CQDs are essential, as UV light can harm cells [25, 26].
Recent studies show that adjusting reaction conditions or
using aromatic compounds can yield red and near-infrared-
emitting CQDs [27-29]. However, achieving these efficient
CQDs with red fluorescence remains a challenging and
time-consuming task [29].

Techniques to synthesise CQDs include hydrothermal,
microwave, and electrochemical methods [30]. Producing
CQDs involves reactions like pyrolysis, carbonisation, and
oxidation. Green synthesis methods use inexpensive, non-
harmful materials, making processes eco-friendly [31].
Microwaves provide effective, contactless heating, enabling
CQD production in minutes instead of hours. This method
supports green chemistry principles, with carbon sources
treated in a microwave reactor, with or without solvents,
under various conditions [32].

CQDs can be synthesised from either natural or synthetic
materials. CQDs derived from natural sources, particularly
plants, are especially notable for in vitro imaging [33]. For
example, fluorescent CQDs from banana stems can detect
Fe’" in HeLa and MCF-7 cells at a concentration of 100 uM
Fe’' [34].

This present study aimed to synthesise fluorescent CQDs
from the medicinal and edible herb Echinophora tenuifo-
lia subsp. sibthorpiana. The genus Echinophora belongs to
the Umbelliferae family, within the Apioideae subfamily
and Echinophoreae tribe. This herb grows from the Medi-
terranean to Afghanistan. Turkey has six species, three of
which are endemic [35]. E. tenuifolia is a fragrant herb con-
sumed in Mediterranean cuisine and traditional medicine.
The plant is used as a spice and is edible in Mediterranean
dishes. This herb is also a popular folk medicine remedy
due to its carminative properties that aid with digestion [36].

The present study presents dead cell discrimination
using red emissive CQDs from a medicinal and edible herb
(E. tenuifolia). It also describes an easy and eco-friendly
method for synthesising red-emissive CQDs from the aerial
parts of E. tenuifolia via microwave irradiation in water.
The study found that red emissive CQDs might be used as a
fluorophore dye for cell staining.

Experimental
Materials and Instrumentation

Echinophora tenuifolia L. ssp. sibthorpiana (called Tarhana
Grass in Turkish) samples were collected from its natural
environment (coordinates of the plant samples collection
site: 37.155532 N, 29.500608E, Golhisar, Burdur, Turkey).
The plant’s aerial parts were dried on paper at 21 °C, ground
and stored at 4 °C. The dried plant specimens are preserved
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in the herbarium for further study and reference. H,O, solu-
tion (30%) and quinine hemisulphate monohydrate were
obtained from Sigma-Aldrich.

The Supporting Information file provides details about
the instruments used in the study.

Synthesis of CQDs from E. tenuifolia

Optimal conditions for CQD synthesis were determined
by irradiating plant powder in a solvent using a microwave
device (CEM Mars 5). The operating conditions tested for
CQD synthesis were as follows. All CQD samples dispersed
in water were filtered prior to fluorescence emission mea-
surements using a Sartorius Minisart microfilter (0.2 um).

Solvent Type

The experiments were conducted separately in both water
and ethanol environments to determine the suitable sol-
vent for the synthesis. The plant sample (100 mg) in water
or ethanol (20 mL) was subjected to microwave irradia-
tion at 800 W for 5 min. The fluorescence emission of the
samples was analysed using fluorescence spectroscopy.
Subsequently, the solvent that demonstrated the highest flu-
orescence emission was chosen to synthesise CQDs.

Plant Powder/Solvent Ratio

The plant samples (0.05, 0.1, 0.3 and 0.5 g) in the solvent
were exposed to microwave irradiation at 800 W microwave
energy level for 5 min, and the fluorescence emission of the
synthesised samples was measured by fluorescence spec-
troscopy. The plant powder/solvent ratio showing maximum
fluorescence emission was recorded.

Microwave Energy Level

The plant samples (0.05 g in 20 mL of ethanol) were sub-
jected to microwave irradiation for 5 min at 400 W or 800 W
energy levels. Microwave treatment at 800 W yielded better
fluorescence emission.

Microwave Irradiation time

To determine the microwave exposure time, the plant sam-
ples were subjected to microwave irradiation for intervals
of 1, 3, 5, and 10 min using the specified solvent type, plant
powder/solvent ratio, and microwave energy level.

Separation and Purification

The separation and purification of CQDs were carried out
under optimal conditions. Initially, a plant sample (50.0 mg)
was combined with 20 mL of ethanol and exposed to micro-
wave radiation at 800 W for 1 min. The mixture obtained
was then gathered, and the solid residue was subsequently
separated using filter paper. The excess ethanol in the fil-
trate was removed using an evaporator. After centrifugation
at 4000 rpm for 15 min, the CQDs were separated from
the medium. CQDs were purified by dialysis against water
(3.500 MWCO). The dialysis water was changed three
times daily, and the extra water was removed by heating it
in an oven at 80 °C. Afterwards, the CQDs in water were
freeze-dried and stored as a solid.

Four reaction parameters (microwave exposure time, the
solvent type, the power of microwave, the amount of the
plant) were tested to optimise the synthesis of CQDs from
the plant E. tenuifolia, and the results are shown in Fig S1.

Fluorescence Quantum Yield of CQDs

The fluorescence quantum yield of CQDs was calculated
using quinine sulphate as a reference. The quantum yield of
CQDs was calculated using the following Eq (1).

B Grad, n,
7= e (G ) (i) »

where @ represents the fluorescence quantum yield of
CQDs, Grad indicates the slope of the plot of integrated flu-
orescence intensity versus absorbance (R: quinine sulfate,
X: CQDs), n denotes the refractive index of the solvent, R
refers to the reference (quinine sulfate), and X designates
the sample (CQDs). The details are presented in the Sup-
porting Information file [37].

Cell Maintenance

This study used two types of cell lines (HepG2 human
hepatocellular carcinoma cell line and L929 mouse fibro-
blast cell line). Both cell types were cultured in Dulbecco’s
Modified Eagle’s Medium (Capricorn, Germany) supple-
mented with 10% foetal bovine serum (Gibco, USA), 1%
antibiotic-antimycotic (Gibco, USA), and 1% L-glutamine
(Sigma Aldrich, Germany). The cells were kept at 37 °C
under a humidified atmosphere with 5% CO,, and the cul-
ture medium was replaced twice to thrice weekly.
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Cell Viability Assay

To determine the cytotoxic effect of CQDs and cell viability,
the MTT assay was used following Mosmann’s method [38].
Initially, cells were seeded into 96-well plates at a density of
5x10? cells/well and allowed to grow for 24 h. Afterwards,
the cells were exposed to varying concentrations of CQDs
in the culture medium and incubated for 24, 48, and 72 h.
The control group, which did not contain any CQDs, was
considered 100% alive compared to the other group. At the
end of each time point, the medium was carefully removed
from the wells and replaced with 150 pL of serum-free
culture medium mixed with 5 mg/mL of MTT. The plates
were placed back in the culture incubator for 4 h. After the
incubation period, the MTT solution was removed, and the
formazan crystals formed were dissolved by adding 100 pL
of DMSO (Sigma Aldrich, Germany). The spectrophotom-
eter (BioTek, USA) was used to measure the absorbance
value of the final solutions at 570 nm. The absorbance of
the CQDs-treated cells was compared to the control group,
and the viability of the control group was considered 100%.
The percentage of the cell viability was calculated using the
following formula (Eq. 2):

Cell viability (%) =(Optical density of treated cells) )
/(Optical density of control cells) x 100 @)

Cell Imaging Studies

To validate the results of the MTT test conducted as part
of the research, the impact of the CQDs on the cells in a
manner that depends on the concentration was observed
using light microscopy after the 24th and 72nd h. In this
context, images were obtained from different wells using an
inverted microscope at the same magnification (Leica, Ger-
many). The impact of CQDs on cell fluorescent staining was
investigated in a manner that varied with concentration. A
fluorescent microscope was used for imaging studies (Leica
DMi8, Germany).

Furthermore, the investigation was carried out to deter-
mine the staining capabilities of CQDs on both live and
dead cells. This research involved the use of DAPI (25 pg/
mL, Elabscience, USA), a stain specifically designed for cell
nuclei, Acridine Orange (AO) (25 pg/mL, Sigma Aldrich,
Germany), a commonly employed stain for live cells, and
prepared CQDs (25 pg/mL). The cells obtained from the
liquid nitrogen tank were quickly moved into a culture
medium kept at 37 °C to stain the viable cells. Furthermore,
the cells were immersed in a growth medium and kept at a
temperature of 4 °C for 1 h to evaluate the staining of non-
living cells. 10 uL of each dye solution was used, and an
equal amount of cells from suspensions of HepG2 and L929
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cells (5 x 103 cells/mL) were combined to produce mixtures
of DAPI/AO/QDs. Subsequently, 10 pL of stained cells was
exemplified from the mixture mentioned above and exam-
ined using a fluorescence microscope (Leica DMi8, Ger-
many). The examination involved using DAPI, FITC, and
Texas Red filters alone and in combination.

Antioxidant Assays

The study conducted various antioxidant assays to evaluate
the properties of CQDs and plant ethanol extracts. These
assays included the 2,2-diphenyl-1-picrylhydrazyl (DPPH)
and 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid
(ABTS) assays, which tested the ability of antioxidants to
neutralise free radicals, as well as the ferric reducing anti-
oxidant power (FRAP) and cupric reducing antioxidant
capacity (CUPRAC) assays, which measured the reduction
capabilities of the CQDs and extracts. The metal chelating
ability (MCA) and phosphomolybdenum (PBD) assays were
also conducted. The Trolox standard was used for all assays
except for MCA, which was measured in terms of equiva-
lent EDTA per gram of extract. The procedures used in this
study were described in our previous publication [39].

HPLC Analysis of the Extracts

The phytochemical composition of the methanol extracts
was determined using RP-HPLC-DAD (Shimadzu Scien-
tific Instruments, Kyoto, Japan). The separation procedure
was performed at 30 °C on an Eclipse XDB C-18 reversed-
phase column (250 mm, 4.6 mm length, 5 um particle size,
Agilent, Santa Clara, CA, USA) under optimised experi-
mental conditions. All details are given in the Supporting
Information file.

Statistical Analysis

The one-way analysis of variance (ANOVA) is utilised
when comparing multiple groups. If the ANOVA pro-
duces statistically significant findings, additional post hoc
analyses are carried out. Tukey’s test was employed when
the homogeneity of variance was confirmed, whereas the
Games-Howell test was used when the homogeneity of
variance was not met. When the data did not follow a nor-
mal distribution, non-parametric tests such as the Kruskal-
Wallis H and Mann-Whitney U tests were used to analyse
differences in group means. The threshold for statistical sig-
nificance (p) was set at 0.05. In non-parametric tests, the
p-value was adjusted by the Bonferroni correction for pair-
wise comparisons.
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Results and Discussion
Synthesis of CQDs

Optimum operating conditions for microwave-assisted
synthesis CQD from E. tenuifolia are defined as follows:
solvent type: ethanol, plant powder/solvent ratio: 50 mg/20
mL, energy level: 800 W and irradiation time: 1 min. The
light emission efficiency of any substance, known as the
quantum yield, is determined by the ratio of emitted pho-
tons to absorbed photons. The fluorescence quantum yield
for CQDs was measured as 0.027 using quinine sulfate as
the reference standard. The absorbance and fluorescence
emission spectra of CQDs in an aqueous solution can be
seen in Fig. la and b.
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Fig. 1 The UV-vis absorption spectrum (a) and photoluminescence
intensity of CQDs dispersed in water (water: CQDs synthesised in
water, ethanol: CQDs synthesised in ethanol) (excitation wavelength
365 nm) (b)

The electronic band gap transitions of CQDs were inves-
tigated using UV-visible spectroscopy. CQDs typically show
two absorption peaks, as shown in Fig. 1a. These peaks cor-
respond to the m-m* transition of aromatic sp> domains and
the n-n* transition of surface functional groups like car-
bonyl, hydroxyl, ester, and carboxyl groups [40].

The absorption peaks were detected at 262 and 331 nm,
indicating the transitions from 7—n* in the sp®> hybridised
C=C and C=N bonds and the n—x* transition of the C=0
bond. It has been previously reported that surface defects
are accountable for the broad absorption spectra of CQDs
[41]. Due to these surface defects, CQDs absorb UV light
within the 200 to 600 nm wavelength range. The graph in
Fig. 1b shows the fluorescence intensity emitted by CQDs in
an aqueous solution. CQDs solution was excited at 365 nm,
and two maxima were recorded at 454 nm and 675 nm
wavelengths. Previous studies demonstrated that CQDs that
are approximately 2 nm in size exhibit intense blue photo-
luminescence. As the size of CQDs increases, their fluores-
cence shifts towards the red end of the spectrum [42]. In
other words, depending on their size, the optical character-
istics of CQDs can differ [43]. In this study, the solution of
the CQDs contains a mixture of small and large sizes (Fig.
S2). Small particles may exhibit fluorescence at 454 nm in
the blue spectrum, while larger particles could contribute to
red fluorescence at 675 nm.

In the study, it was found that the photoluminescence of
CQDs varied with the excitation wavelength in the range of
330 to 500 nm, as depicted in Fig. 2. The CQDs exhibited
the greatest fluorescence emission at a 675 nm wavelength
when excited at 420 nm. In contrast, the fluorescence emis-
sion at 454 nm was higher when the CQDs were excited at
330 nm. Also, it was observed that as the excitation wave-
length increased, the peak at 454 nm decreased and moved
toward the red end of the spectrum. However, the emission
peak at 675 nm did not shift despite the changes in excita-
tion wavelength. A recent study reported similar results for
CQDs from banana leaves (Chl-CQDs, Chl: chlorophyll)
[44]. The intense peak at 675 nm found in the fluorescence
emission spectrum of the Chl-CQDs was associated with
chlorophyll molecules located on the surfaces of the CQDs.
Surprisingly, this emission peak did not shift toward longer
wavelengths despite changes in the excitation wavelength.
It is widely accepted that CQDs display excitation-depen-
dent fluorescence emission due to the presence of surface
groups, surface defects, and their size [32].

CQDs synthesised in ethanol solution produced red emis-
sions in this study, while those obtained in aqueous solution
did not (Fig. 1b). This could be attributed to the chlorophyll
molecules from E. ftenuifolia. Chlorophyll molecules are
insoluble in water but can easily dissolve in ethanol. During
the synthesis process, CQDs were formed using microwave

@ Springer
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Fig. 2 The fluorescence emission intensity of CQDs in an aqueous
medium depends on the level of excitation (330-500 nm) (upper spec-
trum). The fluorescence emission intensity of CQDs in an aqueous
solution after 5 days of storage at room temperature (21 °C) (lower
spectrum, A, 360 nm)

‘excitation*

irradiation at 800 W in a microwave oven, and chloro-
phylls dispersed in ethanol were fused to CQDs. The CQDs
exhibited a prominent fluorescence peak at a wavelength of
675 nm, indicating the presence of chlorophyll molecules
on their surfaces. This finding implies that the CQDs can
emit red light due to their chlorophyll-rich composition,
which aligns with previous research findings [44].

The study analysed how CQDs emit fluorescence with
varying excitation wavelengths. CQDs exhibited a weak
blue emission peak at 454 nm and a strong red emission
peak at 675 nm. The red emission remained constant regard-
less of the excitation wavelength, indicating the presence of
chlorophyll molecules [44, 45]. Furthermore, E. tenuifolia
contains various types of phenolics, as shown in the HPLC
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results of the ethanol extract (Table S1). During the syn-
thesis of CQDs, numerous—OH groups were added to the
surface of the dots, as confirmed by the stretching band at
3355 cm! in the FT-IR spectrum (Fig. 4). The presence of
a large number of highly electronegative—~OH groups in the
extract of E. tenuifolia contributed to the development of
CQDs with red emission [46].

Figure 2 (lower spectrum) presents the results of a photo-
stability test conducted on CQDs in water. The test involved
storing the CQDs for 120 h under room conditions (at
21 °C) and observing changes in their photostability over
time. The findings showed that the photostability of the
CQDs increased over time. This enhanced photostability
was likely due to the greater solubility of the CQD particles
in aqueous medium.

HR-TEM analysis can offer insights into the crystalline or
amorphous characteristics and detailed structure of CQDs.
The CQDs derived from E. tenuifolia are spherical, with a
diameter of approximately 20 nm (Fig. S2) (measured using
ImagelJ software). As depicted in Fig. 3a, the TEM image
illustrates the spherical nature of the CQDs. The crystal lat-
tices in the images (Fig. 3b) show that CQDs have a gra-
phitic core with a crystal structure, which is attributed to the
graphite planes in the core [47]. The lattice spacing is about
0.26 nm (Fig. S3) (measured using ImajeJ software), which
closely resembles that of graphite (~0.35 nm), suggesting
the crystalline core of the CQDs.

The FT-IR spectrum of the synthesised CQDs from the
plant extract (E. fenuifolia) exhibited a stretching vibra-
tion band (3355 cm ') due to large—~OH groups, confirming
the involvement of phenolic molecules with—-OH groups in
forming carbon quantum dots (Fig. 4). The O-H and N-H
stretching vibrations are attributed to the absorption band
at 3355 cm™'. The 2851 cm™! absorption band corresponds
to the—CH stretching vibration. The absorption bands in
the 1598-1733 cm™ range are linked to—-C=C, C=0, and
C=N. Additionally, the absorption band at 1165 cm! is
associated with the—C-O stretching vibration [48].

Also, the CQDs showed a Zeta potential of -44.0 mV,
indicating a negative surface charge. The presence of strong
electron-withdrawing groups, such as the—OH group on
the surface of CQDs from the plant extract (E. tenuifolia),
made them effective antioxidants and gave them a strongly
negative surface charge. This negative charge is one of the
reasons why CQDs can distinguish between live and dead
cells. Living cells have a high negatively charged membrane
potential, which causes them to repel the negatively charged
CQDs. This makes it difficult for negatively charged CQDs
from E. tenuifolia extract to be used in live cell imaging.
However, those CQDs can be successfully used for imaging
dead cells since membrane potential is only present in living
cells [49].
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Fig.3 TEM (a) and HR-TEM (b) images of CQDs obtained from the plant E. tenuifolia (Scale bars a: 10 nm, b: 2 nm)
Fig.4 FT-IR spectrum of
CQDs derived from the plant E. &
tenuifolia o 7
o |
=3
Sy
g
£ 81
& 0
g -
e
- o
~
wn
©
- bl MHTO O™ n v
3500 3000 2500 2000 1500 1000 500

The structure and chemical bonding of CQDs were exam-
ined using XPS analysis. The surface analysis of CQDs
revealed the existence of C, O and N, as shown in Fig. 5.
The detailed spectra of Cls, N1s, and Ols in Fig. 5 illustrate
the identification of carbon bonding linked to the peaks [44,
50]. The peak assignments observed were consistent with
the findings of the FTIR analysis, as shown in Fig. 3. The
XPS analysis indicated that the CQDs had higher carbon
and oxygen content but lower nitrogen content (C: 68.85%,
0:22.96%, N: 0.80%). A comprehensive list of the element
percentages obtained from XPS analysis is presented in the
Supporting Information file (Table S2).

Wavenumber cm™

The XRD analysis is employed to ascertain the chemical
composition, particle dimensions, phase purity, and crystal
arrangement of CQDs [51]. As illustrated in Fig. 6, the XRD
analysis of CQDs revealed a broad peak at 26=20°. This
suggests the existence of graphitic carbon crystal planes
within the cores of the CQDs. The spacing between the
layers suggests that CQDs are less crystalline than graph-
ite because of the existence of functional groups contain-
ing oxygen [52]. This suggests an irregularity in the layers
between the graphitic cores of CQDs and partial amorphous
structure in some parts of the crystal structure. The crys-
tal lattices in the HR-TEM images (Fig. 4b) indicate that
CQDs possess a graphitic core with a crystalline structure,
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Fig. 5 The XPS survey spectrum (top left) of the CQDs obtained from E. tenuifolia, along with detailed XPS spectra displaying the signals for C
Is, O 1s, and N 1s. The detailed C 1s, O s, and N 1s signals were analysed to identify individual peaks
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Fig.6 XRD pattern of CQDs derived from the plant E. tenuifolia
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attributed to the graphite planes in the core. The CQD dif-
fraction pattern shows peaks at 20=25°, linked to the (0 0 2)
planes of carbonaceous materials, indicating disordered car-
bon atoms in the hexagonal graphite structure, resulting in
a turbostratic arrangement through interlayer stacking [53].

Antioxidant Potential of CQDs

Exploring the antioxidant capacity of both synthesised and
natural compounds can provide a better understanding of
their potential pharmacological benefits [54]. Various chem-
ical tests were carried out, and the findings are presented in
Table 1. The DPPH and ABTS tests are employed to assess
the capacity of antioxidants to quench free radicals. If the
antioxidants can donate hydrogen to free radicals, they can
be classified as chain-breaking antioxidants.

As Table 1 shows, the CQDs (ABTS: 46.16 mg TE/g;
DPPH: 42.62 mg TE/g) displayed similar radical scaveng-
ing capacity as extract (ABTS: 44.52 mg TE/g; DPPH:
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Table 1 Antioxidant effects of the CQDs and the tested extract

CQDs Extract
DPPH (mg TE/g) 42.62+0.39 44.52+0.60
ABTS (mg TE/g) 46.16+£0.82 50.61+£3.29
CUPRAC (mg TE/g) 81.06+1.11 85.45+3.87
FRAP (mg TE/g) 45.96+1.24 42.47+1.31
PBD (mmol TE/g) 1.05+0.13 1.22+0.05
MCA (mg EDTAE/g) 17.93+0.41 19.87+0.30

*Values are reported as mean+ SD of three parallel experiments. TE:
Trolox equivalent; EDTAE: EDTA equivalent; na: not active

50.61 mg TE/g). The presence of functional groups such as
COOH and OH™ allows CQDs to scavenge radicals [55-58].
A previous study suggested that compounds characterised
by extended conjugated C-C chains typically exhibit strong
free radical scavenging properties [59]. Based on the infor-
mation in Table S1 (showing the phenolic composition
of the extract), the primary contributors to its antioxidant
capacity were rutin, present at a concentration of 217 mg/g
extract, and chlorogenic acid, present at a concentration of
39.6 mg/g extract. Previous studies demonstrated that these
compounds have powerful antioxidant properties [60, 61].
Antioxidants’ electron-donating capacity, known as reduc-
tion capacity, can be estimated using CUPRAC and FRAP
assays. These assays involve converting Cu>" to Cu® and
Fe** to Fe*™ respectively. Like radical antioxidant com-
pounds. The measured values were 1.05 mmol TE/g for
CQD and 1.22 mmol TE/g for the extract. Chelating transi-
tion metals is important because it helps prevent the creation
of hydroxyl radicals in the Fenton reaction, a key aspect of
antioxidant mechanisms [54].

The characteristics of CQDs are determined by scaveng-
ing assays, the tested CQDs and extract displayed remark-
ably similar reducing abilities. Notably, the surface groups
in CQDs, such as OH, can serve as electron donors, eluci-
dating the observed capability. Like this, phenolics such as
rutin and chlorogenic acid, which possess hydroxyl groups,
might be responsible for the observed reducing potential [62,
63]. The phosphomolybdenum test involves the reduction of
Mo(VI) to Mo(V) at acidic pH due to the precursor sub-
stance and the method of synthesis employed in their pro-
duction [14]. Their antioxidant properties were compared
with those of the extract to characterise CQDs synthesised
from the plant extract (E. tenuifolia). Phenolic molecules
in plant extracts contribute to their antioxidant activity and
contain multiple-OH groups [64]. Thokchom et al. (2023)
reported that the presence of the hydroxyl (—-OH) and car-
boxylate (-(COOH) groups in the surface of CQDs can be
attributed to their radical scavenging abilities [65]. In the
current study, during the carbonisation process, these phe-
nolic molecules with—OH groups were involved in forming
CQDs, resulting in the doping of hydroxyl groups on their
surface. According to the data from Table 1, the chelation

capability of the tested extract (19.87 mg EDTAE/g) was
slightly better than that of CQDs (17.93 mg EDTAE/g).

The synthesised CQDs exhibited antioxidant properties
comparable to those of the extract. Based on these find-
ings, it was concluded that the antioxidant characteristics
of the tested extract were largely maintained throughout the
CQD synthesis process. In this sense, the synthesised CQDs
can be useful for designing health-promoting applications,
including drug delivery.

Cytotoxicity Tests

Figure 7 displays a concentration-dependent chart of the
cytotoxicity test results conducted over 24, 48, and 72 h. At
the end of 24 h, the cell viability of the L929 cell line was
calculated to be 70.58 +1.38% at 100 ug/mL (***p<0.001),
80.28+3.31%at50 pg/mL (***p<0.001),and 87.14+2.83%
at 25 pg/mL (**p<0.01). All values below 25 pg/mL fell
between 82 and 88% (*p<0.05). At the conclusion of 48 h,
the viability values were again calculated in the same order as
75.45+5.36% (***p<0.001), 85.13+£2.42% (***p<0.001),
and 84.74+1.27% (***p<0.001), and again all values
below 25 pg/mL were calculated within the 85-92% range
(**p<0.01). At the end of 72 h, the viability values were
calculated to be 80.31+4.03% (***adjusted p<0.001) at
100 ug/mL, 82.62+3.82% (**adjusted p<0.01) at 50 ug/
mL, 85.03+0.14% (*adjusted p<0.05) at 10 pg/mL. No
statistically significant differences were observed between
1-5-25 pg/mL and control groups (adjusted p>0.05).

The cell viability on the HepG2 cell line was calculated
as 73.07+£7.67% at 50 pg/mL concentration (**adjusted
p<0.01) and 44.05+2.33% (***adjusted p<0.001) at
100 pg/mL after 24 h, respectively. No statistically sig-
nificant differences were observed between concentrations
below 50 pg/mL and control groups (adjusted p>0.05).
After 48 h, the calculated viability values for each concen-
tration were 90.31£8.75 (p>0.05), 84.45+6.62 (*p<0.05),
78.10£4.46 (**p<0.01), 72.14+3.94 (***p<0.001),
59.91+1.18 (***p<0.001), and 36.01+1.94 (***p<0.001),
respectively. At the end of 72 h, there was a dramatic
decrease in cell viability and the calculated viability results
were as follows: 70.58+2.26 (**p<0.01), 62.83+£2.78
(***p<0.001), 61.83+2.73 (***p<0.001), 59.18+1.73
(***p<0.001), 53.91+3.50 (***p<0.001), and 27.87+1.76
(***p<0.001).

According to the ISO 10993-5:2009 standard, in vitro
cytotoxicity assessments indicate cytotoxicity when cellu-
lar viability percentages fall below 70% (ISO/EN10993-5).
Upon examination of the cell viabilities, it was revealed that
HepG?2 cells exhibited a considerably higher level of cyto-
toxicity compared to L929 cell lines throughout the initial
24 h-period. The concentration-dependent effect of QDs on
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Fig.7 Cytotoxic effect of CQDs
on HepG2 and L929 cells
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cells was also visualised by light microscopy, and the rel-
evant images are presented in Fig. S4. In addition, it is also
observed that there is a regular decrease in HEPG2 cells in
a time-dependent manner.

Many studies have shown that small-sized nanopar-
ticles (NPs) have a cytotoxic effect at high concentrations
[66—70]. The literature reported that quantum dots made of
cadmium telluride measuring 2.2 nm were found to be more
toxic compared to those measuring 5.5 nm in size [69]. NPs
may have a smaller hydrodynamic size, resulting in a larger
surface area and increased Cd exposure [71].

The toxicity of QDs depends on the release of metal
ions and their stability. In a research study, copper-indium-
sulfide QDs without a shell, measuring approximately
3.5 nm, degraded easily in biological fluids. This degrada-
tion resulted in in vitro and in vivo toxicity, affecting blood
chemistry indexes and the mass of the liver and kidney.
However, the presence of a ZnS shell had the potential to
alter the toxic properties of these QDs, leading to a signifi-
cant improvement in their biocompatibility [72]. The toxic-
ity of QDs may vary according to the key parameters of
size, concentration, nucleus, coating material, and cell type.
To explore the role of core material and surface coatings,

@ Springer
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namely particle formation in a broad sense, a study was
conducted to investigate the toxicity of four types of QDs
in two different cancer cell lines (BGC-823-human gastric
carcinoma and SH-SY5Y-neuroblastoma) [71]. These for-
mulations commonly used in biological applications are as
follows: mercaptopropionic acid-modified CdSe/CdS/ZnS
QDs, PEGylated phospholipid encapsulated CdSe/CdS/ZnS
and InP/ZnS QDs and Pluronic F127 encapsulated CdTe/
ZnS QDs. When BCG-823 cells were used, the CdSe-MPA
group showed a concentration-dependent decrease, while
cell viability was unaffected in the other groups. Con-
versely, SH-SYSS5Y cells exhibited significant resistance
to the CdSe-MPA group, whereas cell viability declined in
the remaining groups. The results of that study underscore
the complexity of toxicity due to the cellular interactions of
QDs (cellular uptake, fate, cell type, and QD formulation,
to name a few).

Recently, there has been increasing interest in synthe-
sising QDs using green methods to reduce their toxicity.
The cytotoxicity of CQDs derived from Vitis vinifera seeds
was determined to be 38.4% against the MCF-7 cell line
[73]. Additionally, hemispherical CQDs, with a diameter of
12 nm, synthesised from the leaves of Hibiscus rosasinensis
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Linn. using the microwave-assisted method, exhibited an
ICs, value of 314 pg/mL against L929 cells [74]. Also,
carbon quantum dots (CQDs) obtained from date palm
leaves using the hydrothermal technique did not diminish
the survival of human mesenchymal stem cells (hMSC) at
a level of 200 pg/mL [75]. In another study, six variations
of carbon nanodots created through the carbonisation and
hydrothermal treatment of plant substances demonstrated
no harmful effects on mouse macrophage RAW?264.7 cells
at a non-hazardous concentration of 2000 pg/mL. They also
exhibited minimal toxicity at a concentration of 500 pg/mL
when tested on HacaT, MCF-7, and HT-29 cells [76]. The
study discovered that even at the highest concentration of
CQDs produced from three varieties of bread using frying
and hydrothermal methods, over 95% of human colon can-
cer (HT-29) and mouse colon cancer (CT-26) cells were able
to survive [77]. Kamble et al. used the microwave method to
extract carbon quantum dots (CQDs) from human hair and
then modified them with Poly-L-L-lysine (PLLCQDs) [78].
The PLLCQDs were found to exhibit low cytotoxicity on
the fibroblast cell line (L929).

The viability of CQDs (measuring 2—6 nm) produced by
the hydrothermal method in the 1929 cell line was more than
90% up to 400 mg/mL [79]. It was stated that unaltered car-
bon dots with positive charges and quaternary ammonium
groups reduced cell viability in the L.929 cell line while
not significantly affecting cell viability in the NIH3/T3 cell
line [80]. This revealed that the toxicity of CQDs on mam-
malian cells varies according to the type of cell, although
they are fibroblast cells. Another research indicated that the
uptake of L.929 and MCF-7 cells was significantly greater
compared to NIH/3T3 and HeLa cells [81]. The differ-
ences observed in cytotoxicity may be related to the fact
that different cell lines have different cellular uptake. Also,
antioxidant activity may have a role. A study examined the
connection between cytotoxicity and the elimination of free
radicals in cancer cells [82]. In our present study, the cyto-
toxic effect of CQDs differed by concentration and cell type
(L929 and HepG2 cells). Also, CQDs are suitable for the
size range for cellular uptake. The toxicity of CQDs against
different cells can be attributed to their antioxidant activity
and cellular uptake.

The study investigated how the concentration of CQDs
affects imaging, and Fig. 8 shows the corresponding images.
Cells treated with CQDs at concentrations lower than 25 pg/
mL exhibited no fluorescence.

Upon determining the optimal concentration of CQDs
as 25 pg/mL, the live and dead staining studies were per-
formed with the help of CQDs and the conventional widely
used cell stains such as DAPI, AO and CQDs. The images
obtained by a fluorescent microscope containing DAPI,
FITC, and Texas Red filter set are given in Fig. 9. As seen

in Fig. 9, it was observed that it appeared red colour was
under the Texas Red filter. In this study, the cell staining
with DAPI/AO/CQDs was performed under the relevant
filters, and it was observed that CQDs can stain dead cells.
The study results indicate that the ideal concentration for
achieving both non-toxicity and fluorescence is 25 ug/
mL. Furthermore, it has been found that CQDs can be pre-
pared at a concentration equivalent to other dyes and can
be used in combination with them. While the current find-
ings support the selective staining of dead cells by nega-
tively charged CQDs, further validation through differential
co-staining with established live/dead dyes is warranted for
comprehensive confirmation. Quantum dots exhibit more
robust fluorescence brightness and durability than organic
fluorescent dyes, and they have a longer fluorescence lifes-
pan. In addition, CQDs are biocompatible when interacting
with the cell. According to the research findings, the fluo-
rescence intensity of QDs surpasses that of Rhodamine 6G
by a factor of 20 while demonstrating stability 100 times
greater than that of Rhodamine 6G [83]. In a different
study on this topic, the contrast in the physical and chemi-
cal characteristics of traditional organic dyes and QDs was
examined and assessed for their potential application as
fluorescent markers [84]. Individual QDs were discovered
to be 10-20 times more luminous than organic dyes due to
their increased light emission rate [83, 85, 86]. Moreover,
QDs exhibit greater stability against photodegradation than
organic dyes, making them suitable for prolonged monitor-
ing of biological systems [87]. In a study by Dubertret et al.
(2002), QDs coated with PEG-derived phospholipid deriva-
tives were introduced into frog embryos for long-term cell
imaging and tracking. The results indicated that these QDs
were compatible with the biological system and remained
stable, supporting normal embryo development for up to 4
days [88].

CQDs are being developed to overcome the shortcom-
ings of fluorescent materials in the field of bioimaging. The
use of CQDs has expanded in various fields, such as in vitro
and in vivo cell imaging [89, 90], bacterial imaging [91],
cancer cell imaging [92] and other fields.

Ji et al. [93] synthesised carbon dots using microwave
irradiation for bioimaging of A549 cells and antioxida-
tion applications. The hydrothermal method was used to
synthesise nitrogen and sulfur-doped CQDs, which have
the potential for in vitro cancer cell imaging [94]. In that
study using urea and cysteine as carbon, nitrogen and sul-
phur sources, the fabricated photoluminescent heteroatom-
doped CQDs (UC-CQDs) with a 3.5 nm diameter in size
were internalised by cells and emitted green luminescence
inside the cells. The normal glial cell line did not experi-
ence cell death as a result of the treatment of UC-CQDs.
These characteristics showcased how heteroatom-doped
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Fig. 8 Observation of the effect of the different concentrations of CQDs on fluorescence imaging. Red fluorescence was detected under the Texas

red filter

UC-CQDs could be used for labelling cells and monitor-
ing their images [94]. Plant-derived CQDs have recently
attracted the most attention in in vitro imaging applica-
tions. Fluorescent CQDs from the flowers of Abelmoschus
manihot were tested for detecting 2,4,6-trinitrophenol and
for cellular imaging applications [33]. A sensitive fluores-
cent detection method for microRNA-21 in breast cancer
cells was created using a 3D hydrogel made from chitosan
and CQDs [95]. N, S self-doped carbon quantum dots (N,
S-CQDs) were synthesised from fungus fibres to bioim-
age cancer cells and sense tetracyclines [96]. In vitro cell
imaging applications of N, P-doped CQDs derived from
algal biomass (Dunaliella salina) were evaluated on HEK-
293 cells [97]. CQDs that emit blue light under ultraviolet
light have demonstrated fluorescence quenching with high
selectivity and sensitivity to harmful metals such as Hg and

@ Springer

Cr. In addition, these CQDs were internalised by HEK-293
cells, which resulted in negligible toxicity to them. These
results indicate that the fabricated dual-doped CQDs can
be used in contaminated living cells for intracellular bio-
imaging of Hg(Il) and Cr(VI). Another study pointed out
that 2-3 nm CQDs synthesised from the Pseudo-stem of the
banana plant using the hydrothermal method can be used for
the intracellular detection of Fe** in HeLa and MCF-7 cells
when treated with 100 pM Fe* [34].

Colourimetric methods are commonly used to assess
cytotoxicity and cell proliferation. However, fluorescent
probes may be preferred when evaluating long-term cell
viability because they can visualise cells more sensitively.
Apoptosis in cancer cells can be determined by different
methods [98]. Fluorescence microscopy, one of the mor-
phology-based methods, visualises living and dead cells in
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Fig. 9 Fluorescence microscopy images of HEPG2 and 1.929 cell lines

various colours using different fluorescent dyes. The critical
issue in cell staining is the interaction between the fluores-
cent dye used for imaging and the cell. While some dyes,
such as DAPI, bind specifically to the nucleus, others, such
as PI, target the integrity of the cell membrane. Living cells
do not allow PI to pass through their intact plasma mem-
branes. However, it can enter dead and apoptotic cells, where
it fluoresces strongly. When AO/PI double staining is used
to assess apoptosis, AO can enter living cells. Aside from
visualising cancer cells, studies were conducted to ascertain
if QDs could differentiate between live and deceased cells,
similar to fluorescent dye. Four different carbon dots were
developed to observe living and dead bacterial cells for this
purpose [99]. Nemati et al. documented the cancer-fighting
properties of saffron-based CQDs doped with nitrogen
and copper (Cu, N-CQDs) against colon cancer cells and
their use in bioimaging [100]. They used an AO/PI double

TXR

MERGE

staining assay to assess the impact of CQDs on apoptosis,
finding that cells exposed to Cu, N-CQDs experienced sig-
nificant apoptosis. In another study, sulfur-doped organo-
silica nanodots (S-OSiNDs), which appear orange in colour,
have been reported to show selectivity between living and
dead cells in staining dead bacterial, fungal and mammalian
cells [101]. For discrimination between mammalian cells,
S-OSiNDs were found to have a better staining effect than
RedDot2 for dead cells.

Chen et al. synthesised silanised carbon quantum dots (Si-
CQDs) measuring an average size of 2.8 nm for specific bio-
imaging of live and dead cells [102]. Dead cells of S. aureus,
E. coli, Italian penicillium, and HepG2 were co-stained with a
solution of Si-CQDs (20 pg/mL) and PI (20 pg/mL) for 5 min
to demonstrate the capability of Si-CQDs in distinguishing
between living and deceased cells. The study revealed that
Si-CQDs could strongly interact with dead cells but could not
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fully penetrate the intact cell membranes of viable cells within
a brief period. The findings indicate that carbon quantum dots,
like fluorescent dyes, have applications in biological imaging.
Nonetheless, detailed investigations into the differentiation
of living and dead cells are imperative for understanding the
underlying mechanism.

In conclusion, E. tenuifolia-derived CQDs showing low
cytotoxicity and higher fluorescence intensity may also offer
selective staining of dead cells. These properties could make
CQDs promising alternatives for advanced bioimaging applica-
tions, particularly for long-term and selective cellular imaging.

Conclusion

Fluorescence-based live/dead cell staining is a desirable
method to assess cell viability. CQDs are increasingly used to
stain live and dead cells. Here, we describe a green synthesis
method for creating red-emissive CQDs from the plant E. tenu-
ifolia. The in vitro studies showed that the CQDs accumulate
differently in live and dead cells, with the latter becoming per-
meable to the CQDs. They are not toxic to L929 but harmful
to HepG2 cells. CQDs have a similar antioxidant capacity to
E. tenuifolia extract. Red-emissive CQDs can be synthesised
from E. fenuifolia and used to evaluate bioimaging studies in
vitro. Further research is needed to investigate the mechanisms
responsible for the uptake of plant-derived CQDs into non-
living cells. Future research should focus on understanding the
degradation pathways, half-life, and clearance mechanisms of
E. tenuifolia-derived CQDs to better assess their biocompat-
ibility and long-term behaviour in biological systems.
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supplementary material available at https://doi.org/10.1007/s10895-0
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