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Herein, we demonstrated a sustainable green approach for the preparation of fluorescent biocompatible carbon
quantum dots by microwave-assisted reflux synthesis from Aloe barbadensis Miller (Aloe vera) extract. The
Transmission Electron Microscopic images reveal that the as-prepared CQDs are spherical with less than 5 nm in
size. The CQDs are amorphous, showed an excitation-independent behaviour, emitted blue fluorescence and
have a fluorescence quantum yield of 31%. The presence of ~OH groups contributed to the blue emission and
helped CQDs to disperse uniformly in an aqueous solution. The prepared CQDs were employed as a photocatalyst
for the environmental remediation to degrade the anionic dye, eosin yellow under visible light irradiation. The
results showed that the CQDs exhibited excellent photocatalytic efficiency of 98.55% within 80 min and a 100%
efficiency within 100 min. Further, the cytotoxic properties of as-prepared CQDs are investigated in the MCF-7
breast cancer cell line using MTT assay. The results demonstrated a notable reduction in cell viability in a dose-
subjected manner, and the cell viability decreased to 50% (ICso) at a concentration of 52.2 + 1.35 pg/mL.
Furthermore, cellular internalization of CQDs in breast cancer cells is studied. As expected, CQDs are found to
internalize by the cancer cells with blue emission as revealed by fluorescence microscope. In the end, CQDs in
human breast cancer cells demonstrate the anti-proliferative effect and are found to be an impressive fluorescent
probe for live-cell imaging, paving a path for its potential biomedical applications.

1. Introduction rich in emission quantum yield, simple surface functionalization and

high thermal as well as optical photostability that entrusts them for use

Carbon quantum dots (CQDs) have received huge attention in recent
years due to their outstanding properties for the replacement of con-
ventional quantum dots in diverse applications (Semeniuk et al., 2019).
CQDs belong to novel zero-dimensional carbon-based nanomaterials,
either a crystalline or amorphous structure, having sp? hybridization in
most cases followed by sp® hybridization (Wang et al., 2019; Molaei
et al., 2019). Interestingly, carbon quantum dots exhibit exceptional
optical and fluorescence characteristics, high aqueous solubility and are
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in various cutting edge applications especially in the area of energy,
environment and health care sectors (Sagbas and Sahiner, 2019).

By considering the fascinating optical and electronic properties
including effective absorbance of solar light, tunable photoluminescence
(PL), infrared-responsive up-converted photoluminescence (UCPL) and
unique photoinduced electron transfer, the CQDs are potentially
considered as an efficient photocatalyst (Wang et al., 2017b). Recent
studies elucidated that the photocatalytic process is one of the most
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Fig. 1. Schematic illustration of the preparation of CQDs from Aloe vera leaf extract.

energy-efficient technique to remove the pollutants and dyes from the
water and wastewater through advanced oxidation processes (AOP)
when compared with the other techniques including biodegradation,
adsorption, coagulation, membrane phase, etc. (Pirsaheb et al., 2018). It
is well known that dyes are the major pollutant or hazardous material
available in untreated effluents (Karthik et al., 2016). Further, the col-
oured dyes are resistant to biodegradation and can hardly be removed
from effluents using conventional wastewater treatments because of
their complicated chemical compositions.

Eosin yellow is a common textile dye that belongs to the fluorescence
class and being widely used for staining purposes. But, its toxicological
information listed it as carcinogenic, which can cause severe skin and
eye irritation and hurt vital organs (Anirudhan et al., 2015; Mittal et al.,
2013). The (photo) degradation process of EY is difficult since this dye is
highly light-sensitive and has a high pH dependency when compared
with the other cationic dyes (Majek et al., 2014; Zheng et al., 2007).
Many of the existing photocatalytic systems suffer from low sunlight
utilization and high recombination rates of photoinduced charge car-
riers, which limits the overall quantum efficiency and practicality of
photocatalysis. Hence in the present work, the CQDs are employed as a
photocatalytic agent for the degradation of EY, without the combination
of any semiconductor nanomaterial or heteroatom doping.

Apart from this, the other properties of CQDs such as superiority in
aqueous solubility, chemical stability, low cytotoxicity and its rich in
emission quantum yield that entrusts them for use in biomedical ap-
plications especially in in-vivo and in vitro bio-imaging (Jhonsi et al.,
2018). It has been found that CQDs have anti-proliferative, cytotoxic
and apoptosis effect on cancer cells, which paves a path for cancer
treatment with better potential (Arkan et al., 2018). The ability of CQDs

to exhibit anticancer effect has been attributed to different factors, and a
unified underlying molecular mechanism is not yet elucidated (Li et al.,
2014). But the CQDs can interact with the cancer cells resulting in the
formation of Reactive Oxygen Species (ROS), which can kill cancer cells.
Especially, carbon quantum dots derived from biomasses have been
widely used in in-vivo and in-vitro bio-imaging of MCF-7 (Arkan et al.,
2018; Arumugham et al., 2020; Yao et al., 2018) and other cancer cell
lines (Alam et al., 2015).

The conventional chemical methods make use of toxic and harsh
chemical additives for the synthesis of CQDs that provide risks to the
biological environment. Therefore, green synthesis is attracting massive
attention in recent years, where plant-based materials are used as the
source to synthesize CQDs. As well, this method is sustainable and eco-
friendly by minimizing wastes and reducing pollution. Similarly, the
produced CQDs have high biocompatibility since the reducing agents
and stabilizing agents, are naturally present in the biomasses (Singh
et al., 2018). It has been reported that the CQDs synthesized from walnut
oil (Arkan et al., 2018), and ginsenoside Re (Yao et al., 2018) were found
to have anticancer property against MCF-7 human breast cancer cell
lines. Overall, the biomass precursors for the preparation of CQDs were
found to exhibit multifunctional applications in both environmental and
biological regime.

In this line, the Aloe barbadensis Miller (Aloe vera) is preferred for the
synthesis of biocompatible in-situ functionalized CQDs as the green
precursor. Aloe vera is a hardy, perennial, tropical, drought-resistant
and succulent plant of the Liliaceae family. It is used in several cul-
tures, in different medicinal fields like Ayurveda, Siddha, Unani and
homoeopathy. Clinical evaluations indicated the presence of 75 poten-
tially active constituents, which are pharmacologically active
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ingredients in the rind and gel of the Aloe vera leaves (Nandal et al.,
2012). As well, the components in Aloe vera inhibited the proliferation
of human breast and cervical cancer cell lines (Hussain et al., 2015) and
hepatocellular cancer cell lines (Shalabi et al., 2015). These results
showed the high possibility of CQDs synthesized from Aloe vera leaf
extract possessing anticancer property. Previously, Sarkar et al. (2017)
and Xu et al. (2015) have developed high fluorescent CQDs from Aloe
vera leaf gel by time-consuming carbonization and hydrothermal
methods, respectively. On the other hand, microwave-assisted synthesis
is a widely accepted technique for the synthesis of CQDs due to its ability
for promoting reactions more energy efficient through creating homo-
geneous temperature and rapid action compared to the conventional
heat conduction methods (Singh et al., 2019).

Therefore, herein simple, single-step and rapid microwave-assisted
reflux method is adopted for the synthesis of CQDs from Aloe vera
extract without using any reducing agents and studied their physico-
chemical properties. Further, the synthesized CQDs are utilized for the
visible-light-induced degradation of anionic eosin yellow dye. The
anticancer activity of as-synthesized CQDs was carried out using an MTT
assay against MCF-7 human breast cancer cell lines. Furthermore, the
fluorescence microscopy technique is used to detect cellular morphology
and to study the bio-imaging potential of CQDs on the cancer cell line.

2. Experimental methods and materials
2.1. Microwave-assisted reflux green synthesis of carbon quantum dots

Fig. 1 shows the schematic representation for the preparation of
carbon quantum dots from Aloe vera extract using the microwave-assis-
ted reflux green synthesis method (Shobana et al., 2018). For the typical
synthesis, the healthy and fresh leaves of Aloe vera were collected,
washed several times with double-distilled water. The 50 mg of smashed
leaf pieces were mixed with 50 ml of double-distilled water. Further, the
mixed solution was transferred to a 100 ml round bottom flask and kept
in the domestic LG microwave oven with an operating frequency of 2.45
GHz, and output power of 80 W. Top of the microwave oven was
equipped with a water-cooled condenser to prevent the loss of Aloe vera
extract by evaporation. The reaction proceeds with the continuous 1 min
“on” and 30 s “off”. Subsequently, it is allowed to cool at room tem-
perature. Finally, the solution was centrifuged at 5000 rpm for 20 min to
remove undesired impurities. Further, the CQDs are separated by the
silica gel column separation method and followed by dialysis (MW:
12-14 kDa in Milli-Q water). The reaction was repeated at regular in-
tervals of 4, 5, 6, 7 and 8 min. The obtained fluorescence emission under
UV light confirmed the formation of CQDs from the biomass (Hasan
et al., 2021).

2.2. Characterization techniques

Subsequently, the physicochemical properties of CQDs are measured
using UV-visible spectroscopy (JascoV-550), photoluminescence spec-
troscopy (PL) (Horiba Jobin Yvon Fluoromax-4 spectrofluorometer), X-
Ray Diffraction (XRD) (Malvern PANalytical multipurpose diffractom-
eter), Fourier Transform Infrared Spectroscopy (FT-IR) (Shimadzu IFS
66V FTIR) and X-ray Photoelectron Spectroscopy (XPS) (Kratos
Analytical, Ultra axis instrument). The morphology and particle size
distribution of CQDs are measured by using Transmission Electron Mi-
croscopy (TEM) (JEOL JEM 2100 High-Resolution Transmission Elec-
tron Microscope (HRTEM)).

2.3. Quantum yield calculations

The fluorescence quantum yield (QY) of CQDs are calculated using
the established procedure by Arkan et al. (2018). In this regard, quinine
sulphate (in 0.10 M H3SO4) was chosen as the reference to determine the
QY of CQDs at various concentrations. All the optical emissions were
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recorded at 360 nm excitation, which should not exceed 0.1 to reduce or
avoid internal filter effects. The integrated fluorescence intensity was
determined by calculating the area under the photoluminescence curve
from 380 to 700 nm. The integrated fluorescence intensity and the
absorbance values were used to calculate the QY (equation (1)):

LA 1?

o) [l w
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Where ¢ refers to quantum yield of CQDs, ‘I’ is the measured integrated
intensity, 7 is the refractive index and A is the optical absorption. The

subscript ‘x” and ‘R’ denotes the CQDs and quinine sulphate samples,
respectively.

¢ = {/)szd

2.4. Photocatalytic measurements

For the photocatalytic studies (Sabet et al., 2019; Das et al., 2019a),
1.55 mg (in 50 ml of water) of eosin yellow was mixed with 200 pl of
CQDs and stirred for 30 min under the dark condition to reach the
equilibrium state. Further, the desired amount of mixed solution was
subjected to expose the sunlight between 11.00 a.m. and 2.00 p.m.
without sealing. The experiments were carried out at the Bharathiar
University campus (76.8764° E and 11.0390° N). The samples were
collected for every 20-min intervals. Finally, the degradation level of the
eosin yellow was studied using a UV-vis spectrometer by measuring the
spectra in the wavelength range between 200 and 800 nm.

2.5. Cell viability studies — MTT assay

For cell culture-based studies, MCF-7 human breast cancer cells were
procured from National Centre for Cell Science (NCCS), Pune. The ob-
tained cells revived in Dulbecco’s Modified Eagle’s Medium (DMEM)
provided with 10% fetal bovine serum (FBS) and 1% antibiotics (peni-
cillin and streptomycin) in an incubator supplied with 5% CO4 at 37 °C.
The cytotoxic effect of CQDs was analyzed in the MCF-7 human breast
cancer cell line. MCF-7 human breast cancer cell lines were cultured
with 5% (v/v) fetal bovine serum in 100 U/mL penicillin and 100 mg/
mL streptomycin in Dulbecco’s modified Eagle medium (DMEM). The
medium was replaced within 2-3 days and sub-cultured once the cell
population density reached a confluence of 70-80%.

MTT assay was used to evaluate the inhibitory effects of CQDs on the
growth of the MCF-7 cell line. Briefly, the cells were suspended at a
concentration of 1 x 10° cells/mL in a mixture of DMEM and 10%
bovine serum, 100 units/mL of penicillin, and 100 pga/mL of strepto-
mycin. The cell suspension was pipetted into a 96-well plate (100 pL/
well) and was allowed to adhere at 37 °C in a humidified incubator
containing 5% COs. After 24 h of seeding, the cells were treated in
different concentrations (0-100 pg/mL) of CQDs dissolved in DMSO. In
the end, the medium was replaced by 100 pL of 0.5 mg/mL of MTT in the
growth medium after 24 h and was incubated at 37 °C for 3 h. Followed
by this, the supernatant was removed carefully, and 100 pL of DMSO was
added to each well to dissolve formazan crystals. Then, the absorbance
was read at 595 nm using a microliter plate reader to determine the half-
maximum inhibitory concentration (ICsg) of CQDs.

2.6. In-vitro bio-imaging studies

Briefly, the cells were suspended at a concentration of 1 x 10° cells/
mL were seeded onto a 6 well plate and allowed to adhere at 37 °C in a
humidified incubator containing 5% CO,. After 24 h, about 10 pL (10
pg/mL) of CQDs in 1 mL of PBS was added to the cell culture medium
followed by incubation for 1 h at 37 °C in a 5% CO; environment. After
incubation, the cells were imaged under a fluorescence microscope
(Accu-Scope EXI-310, USA) at 20 X magnification.
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Fig. 2. (a) UV-Vis spectra of carbon quantum dots prepared from Aloe vera extract at various reaction periods (inset: The corresponding PL emission spectra of all
CQDs excited at 360 nm), (b) XRD pattern, (c) FT-IR spectrum and (d) PL spectrum of CQDs prepared at 8 min.

3. Results and discussion
3.1. The formation mechanism of CQDs

Highly fluorescent carbon quantum dots are synthesized using the
microwave-assisted reflux method directly from the Aloe vera extract
without using any additional chemical reagents. The formation mech-
anism of CQDs by this method is coming under the category of the
bottom-up approach. Few studies have reported the synthesis of CQDs
by the microwave-assisted method using the biomass precursors of
empty fruit bunch (Zaman et al., 2021), Mexican mint (Archita et al.,
2021), Gingko Biloba (Genc et al., 2020), etc. However, the mechanism
of CQD formation remains unclear since each precursor can contribute
to different intermediate species (De Medeiros et al., 2019). In general,
while irradiating the Aloe vera extract solution by applying thermal
energy in terms of microwave power, the smaller carbon units (pre-
cursor molecules) converted into fluorophores. Upon continuous heat-
ing, the formed fluorophores undergo polymerization, condensation
followed by carbonization that leads to the formation of CQDs (Ali et al.,
2021).

3.2. UV-vis analysis

Fig. 2a shows the UV-visible spectra of CQDs prepared at different
reaction periods of 4, 5, 6, 7 and 8 min. The peak observed in the UV
region having maximum absorption at 301 nm with a tail extending to
the visible region for all the samples. Besides, two small peaks arise

before the maximum SPR peak at 257 nm and followed by 274 nm. The
maximum absorption peak at 301 nm is due to the n-n* electronic
transition of the C=0 bond (Yang et al., 2020), and the other two small
peaks are due to the n-1* electronic transition of the conjugated C—=C
bond (Ding et al., 2017; Han et al., 2017). The obtained maximum ab-
sorption (301 nm) is matched well with the reported CQDs (300 nm)
prepared by the hydrothermal method using Chitosan as the raw ma-
terials (Yang et al., 2020). As well, both ginkgo (Zhang et al., 2019) and
coriander leaves (Sachdev et al., 2015) derived CQDs provides the
prominent absorption at 273 nm. On analyzing the effect of reaction
time, it is found that CQDs synthesized at 8 min showed maximum
absorbance in the UV-vis spectra (Fig. 2a) and also provides the
maximum PL emission intensity at the excitation wavelength of 360 nm
(Fig. 2a inset). Therefore, the CQDs prepared at 8 min was chosen for
further studies.

3.3. XRD analysis

Fig. 2b represents the XRD pattern of carbon quantum dots prepared
from Aloe vera extract. The XRD profiles of the synthesized CQDs having
a broad diffraction peak centred around 20 = 20° which can be attrib-
uted to the (002) lattice spacing of carbon-based materials with amor-
phous nature (Xu et al., 2020). The weak peak at 20 = 40° can be
assigned to the (100) diffraction pattern of synthesized CQDs (Chunduri
et al., 2016), which confirms the amorphous nature. Similar XRD profile
having 20 = 20° was reported in the CQDs synthesized from walnut oil
(Arkan et al., 2018) by hydrothermal method. The aqueous solution of
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Fig. 3. The de-convoluted XPS spectra of (a) C 1s and (b) O 1s of CQDs.

CQDs appeared relatively transparent in daylight and it exhibited blue
luminescence on the exposure of UV light (Fig. 2b inset).

3.4. FT-IR spectral analysis

The different bands observed in the FTIR spectrum (Fig. 2 c) infers
the presence of certain functional groups located on the surface of CQDs.
The observed broadband with a maximum at 3337 cm ™! and 1650 cm™?
denotes the presence of O-H and C=O groups in the CQDs (Boruah
et al., 2020; Yan et al., 2020). The band observed at the fingerprint re-
gion of 662 cm™! corresponds to the C-H bond (Zhu et al., 2020).
Usually, the functional groups present on the surface can affect the op-
tical properties of CQDs. In particular, the fluorescent properties of
CQDs greatly depend upon the presence of various functional groups
including OH, COOH, C=O0, etc (Tang et al., 2019). Studies have also
shown that the presence of carbonyl and hydroxyl groups contributes to
the greater water-soluble nature of CQDs and helps in preventing
post-synthetic aggregation without any surface passivation (Zhang et al.,
2019; Jhonsi et al., 2018). It is worth mentioning that biomass pre-
cursors (Aloe vera) usually contains carbon and oxygen-rich compounds
which might be the reason for the presence of carbonyl and hydroxyl
groups on the synthesized CQDs.

3.5. PL analysis

Fig. 2d shows the PL spectra of CQDs at different excitation wave-
lengths from 320 to 420 nm. The emission peak at 434 nm with
maximum intensity was obtained for the excitation wavelength of 360
nm. This blue emission of CQDs might have originated from the radia-
tive combination of excited electrons from the n- n* transition of the
C=O0 groups (Hu et al., 2015). The literature depicts that the phenom-
ena of exhibiting the blue fluorescence of CQDs are mainly due to the
presence of the maximum amount of O-H groups (Das et al., 2019b).
Especially, Du et al. (2016) have investigated the effect of functional
groups on the visible fluorescence emission of GQDs and revealed that
the O-H group has a major contribution to the emission of blue fluo-
rescence. Further, while increasing the excitation wavelength from 360
to 420 nm, the emission intensity gets decreased. Usually, the excitation
dependent emission wavelength significantly limits the application of
CQDs because one has to use a series of different excitation sources to get
different colours and the obtained long-wavelength emissions are usu-
ally very weak. But, the excitation independent wavelength emission
can compensate for such deficiency (Wang et al., 2017a). Several rea-
sons have been proposed to elucidate the wavelength independence of

CQDs, such as the size distribution of carbon dots, the distribution of
various emissive traps, the presence of oxygen-containing groups, py-
rolytic development of various polyaromatic pyrophores within the
carbogenic centre, free zig-zag sites and edge defects etc. (Chandra et al.,
2013). The wavelength-independent behaviour could also be related to
the presence of highly centralized particle size distribution (Wang et al.,
2018). As well as the most important advantages of using the
microwave-assisted reflux method are the synthesis of uniform-sized
nanoparticles (Motshekga et al., 2012). Further, the CQD solutions
have undergone centrifugation and dialysis, which altogether resulted in
the presence of uniform, finite-sized, highly centred particles; hence
there will be no wavelength dependency in the present case.

3.6. XPS analysis

The de-convoluted XPS spectra of CQDs (Fig. 3a,b) shows two nar-
row and strong peaks at 284.6 eV and 531.61eV corresponding to C 1s
and O 1s, respectively. It indicates that the synthesized CQDs contain
mainly carbon and oxygen, having an atomic percentage of 56.33% and
43.67%, respectively. The high-resolution Cls peak is de-convoluted
into three distinct peaks at 284.6 eV, 286.33 eV and 283.06 eV, con-
firming the presence of functional groups like C=C, C=0 and C-C
(Dager et al., 2019; Far’ain et al., 2017; Wu et al., 2015), respectively.
On de-convolution of O 1s spectrum, three peaks are observed in which
peaks at 530.86 eV and 529.75 eV indicates the presence of C=0
groups, whereas the peak at 531.87 eV can be attributed to the presence
of C-OH/C-0O-C groups (Guo et al., 2017; Zhao et al., 2019). As there is
no significant trace of any other residual elements, which indicate the
purity of the prepared CQDs.

3.7. Quantum yield

The quantum yield can measure the efficiency of the fluorescence
property of CQDs. Quantum yield is described as the efficiency of con-
version of absorbed light into emitted light, in the form of fluorescence.
It is a measure of photon emission efficiency, by determining the ratio of
the number of the emitted photons to the number of absorbed photons.
The QY of the CQDs is determined with quinine sulphate as standard.
The relative QY of Aloe vera derived CQDs is 31%, which is much higher
than the QY of 10.37%, and 16.4% of Aloe vera derived CQDs, from
hydrothermal (Xu et al., 2015) and carbonization method (Sarkar et al.,
2017), respectively. The hydroxyl groups on the surface of CQDs may
contribute to high fluorescent quantum yield (Xu et al., 2015).
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Fig. 4. (a—c) HRTEM image of CQDs prepared from Aloe vera extract, (d) Particle size histogram and (e) EDAX analysis.

3.8. TEM and HRTEM analysis

Fig. 4(a—c) shows the HRTEM images of the synthesized CQDs. It
infers that the particles are spherical, monodisperse and without any
aggregation. The observed size of the particles is less than 5 nm. The
particle size histogram (Fig. 4d) elucidates that the CQDs have a narrow
size distribution centring around 3-3.5 nm, with an average size of 3.2
nm. The SAED pattern further confirms that the synthesized CQDs are
amorphous in nature (Fig. 4a inset). EDX analysis was performed to
investigate the elemental analysis of synthesized CQDs, as shown in
Fig. 4e, which reveals the samples containing the maximum amount of
carbon. This can be attributed to the presence of carbon-containing
(Organic) compounds in Aloe vera leaf (Banik et al., 2019).

3.9. Photocatalytic degradation studies of eosin yellow

The degradation efficiency of the prepared CQDs was analyzed by
using the anionic dye, EY in an aqueous solution without the combi-
nation of any semiconductor nanomaterial or heteroatom doping.
Fig. 5a shows the UV-vis absorption spectra of the EY in the presence of
CQDs measured at a regular interval of 20 min with the characteristic
wavelength of 517 nm. It is observed that the gradual decrease and final
disappearance of the characteristic absorption peak (at 517 nm) from
0 to 120 min. The temporal concentration changes (C/C,) of EY in-
dicates a steady decrease of the dye concentration with time, with a
photodegradation efficiency of 98.55% within 80 min (Fig. 5b and
inset). The solution becomes colourless after 100 min thereby achieving
an efficiency of 100% and hence indicating complete degradation of the
dye in the aqueous solution. It shows that the removal rate of dye in-
creases as the contact time increases and the absorbance decreases until
the absorption rate reached the equilibrium for adsorbent after 80 min.

The reaction rate in the photodegradation experiment was deter-
mined using pseudo-first-order kinetics: In(C,/C) = kt, where C, is the
initial concentration of EY before illumination and C is the concentra-
tion of EY with respect to time t, k is the reaction rate, and t is the

reaction time during EY decomposition. The reaction rate (k) of the
photodecomposition of EY was estimated by drawing a graph between In
(Co/C) and t (Fig. 5b inset). It reveals that the photocatalytic degrada-
tion is utterly consistent with the pseudo-first-order kinetics, with a
degradation rate constants of 2.079 x 1072 min~!. The photocatalytic
degradation performances of the present work are comparable to other
carbon-based NP’s especially graphene-based nanostructures (Ojha
et al., 2020) and graphite nanocomposite (Ndlovu et al., 2014) for EY
degradation.

The high photodegradation efficiency obtained by the CQDs can be
attributed to the adsorption of EY dye molecules by CQDs. There are
different adsorption mechanisms such as hydrogen bonding, electro-
static and n- ©* interactions etc., for the adsorption of dyes into photo-
catalysts surface (Veerakumar et al., 2017). As well as the photocatalytic
efficiency of CQDs is strongly dependent on the surface chemistry and
surface functionalization of CQDs for the effective separation of charge
carriers (Phang et al., 2019). However, very few studies have depicted
the use of pure CQDs as photocatalysts for the degradation of organic
dyes and revealed that the photodegradation was predominantly
attributed by the surface states (Pirsaheb et al., 2018; Sabet et al., 2019).
The FTIR and XPS analysis infer that the presence of abundant hydroxyl
as well as oxygen-containing functional groups on the CQDs. These
oxygen-containing functional groups and delocalized 7 electrons can
effectively interact with the EY dye molecule. Similarly, the C=C and
C—H stretching bands create a strong n- n* interaction between the
delocalized = electron of aromatic rings of CQDs and EY. A similar type
of observations has been reported by Veerakumar et al. (2017) for the
photodegradation of EY using graphene oxide nanosheets. The mecha-
nism for photocatalytic degradation of organic dyes by carbon dots was
proposed by Peng et al. (2020). The high photocatalytic efficiency of
CQDs can be attributed to their visible light absorption capacity and
abundance of optically active centres.

Fig. 5¢c explains the plausible degradation mechanism of EY by CQDs.
As CQDs were excited by photons of sufficient energy, electrons were
excited from the ground state to the excitation state, generating excess
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Fig. 5. (a) UV-visible absorption spectra elucidating the photocatalytic activity of CQDs towards the photocatalytic degradation of Eosin Yellow, (b) Kinetics of EY
degradation (inset: the photographic image of EY solution at different time periods) and (c) Tentative scheme for the degradation mechanism. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)

electrons (") and holes (h™). Owing to the rich nature of surface defects
(i.e. surface functionalities) on CQDs, some of the excited carriers are
trapped, and the recombination of e~ and h' is inhibited. As a result,
organic dyes could be oxidized directly by h' to induce degradation.
Some of the h' could interact with surface-adsorbed H,0 to generate
hydroxyl radicals (i.e., *OH). Occasionally, some of the e” could be
absorbed by oxygen dissolved in solution, creating superoxide radicals
also (i.e., *0%7) (Das et al., 2019a). The produced reactive oxygen spe-
cies (ROS) reacts with the EY molecule and releases the CO,, H,O and
mineral acids as by-products (Rani Rosaline et al., 2020). Further, the
surface hydroxyl groups (OH) on the surface of CQDs could act as the
active sites for the photocatalytic reactions by effective H-bonding in-
teractions with dye molecules (Das et al., 2019a). However further
studies will be needed to quantify the specific performance of ROS and
reveal the exact degradation pathway of EY. Nevertheless, considering
the excellent photocatalytic activity of CQDs towards the degradation of
EY, as well as the fact that they are easily synthesized without the need
for further doping, compositing, and time-consuming purification and
separation, the CQDs developed in this work are shown to be a prom-
ising alternative for environmental remediation.

3.10. MTT assay

The cell viability and the possible apoptosis effect of CQDs were
evaluated using the MTT assay on the MCF-7 human breast cancer cell
line. Cancerous breast cells had diverse concentrations ranges from 0 to

Cell viability (%)

0 20
Concentration of CQDs (pg/mL)

40 60 80 100

Fig. 6. MTT assay of CQDs in MCF-7 human breast cancer cell line.

100 pg/mL in CQDs for 24 h, as found in Fig. 6, demonstrating a notable
reduction in cell viability in a dose-subjected manner. The synthesized
CQDs induced 50% (ICso) of inhibition activity against MCF 7 cells at a
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Fig. 7. Confocal fluorescence microscopic images of CQDs labelled MCF-7 cells (a) under bright field (b) UV light excitation.

concentration of 52.2 + 1.35 pug/mL, thereby clearly demonstrating the
anti-proliferative and apoptosis effect of CQDs in human breast cancer
cells. A similar finding was reported by Basak et al. (2017), who revealed
that Aloe vera whole leaf extract has the potential to inhibit the growth
of MCF 7 breast cancer cell. The literature depicts that Aloe vera has the
anticancer property since it is containing aloe-emodin, aloin (barba-
loin), anthracene and emodin compounds, as well as phytochemicals
including alkaloids, phenols, and flavonoids (Rahmani et al., 2015;
Basak et al., 2017). Therefore, the synthesized CQDs derived from Aloe
vera also having better cytotoxicity properties.

3.11. Bio-imaging analysis

In recent years, bio-imaging is a method for direct visualization of
biological processes in real-time, and this can act as an effective method
for the diagnosis of cancer cells. The bioimaging potential of as-prepared
CQDs was tested by treating MCF-7 human breast cancer cell lines with
10 pL of CQDs derived from Aloe vera extract. Cell images were recorded
with fluorescence microscopy under a blue filter. Fig. 7a shows the
phase-contrast microscopic images of the MCF-7 cell line after incuba-
tion with CQDs. Upon uptake, the cells were found to be normal and
found less toxic at (10 pL). Meanwhile, Fig. 7b shows the bright blue
luminescence within the cells inferring the rapid internalization and
excellent permeability of CQDs. The FT-IR and XPS results revealed that
the surface of CQDs contains hydroxyl and carbonyl groups. From the
study conducted by Zhang et al. (2019), the presence of hydrophilic -OH
groups and the presence of C=0 groups (Jhonsi et al., 2018) was
beneficial for biological imaging (Dong et al., 2018). Therefore, the re-
sults indicate that the CQDs derived from Aloe vera can be used as an
excellent biomarker or bioimaging probe. Similarly, CQDs synthesized
from Catharanthus roseus by the hydrothermal method also showed
bright fluorescence emission on MCF 7 cell lines (Arumugham et al.,
2020). CQDs synthesized from Allium fistulosum by hydrothermal
method exhibited blue fluorescence in MCF 7 cells when excited at 405
nm (Wei et al., 2019) and those synthesized from seeds, leaves, and
cysteine of tobacco by mixed acid oxidation emitted blue fluorescence at
400 nm excitation (Dong et al., 2018). In the present work, Aloe vera
derived CQDs exhibited both bioimaging as well as anticancer properties
and acted as multifunctional biomedical nanoagent which can diagnose
cancer and inhibit it by cytotoxic activity and are expected to have great
potential in future clinical applications.

4. Conclusions
In this article, we have demonstrated a facile method to prepare

bright blue-emitting carbon quantum dots from Aloe vera leaf using the
microwave-assisted reflux method within a concise duration of 8 min.

The prepared CQDs are spherical, monodispersed with narrow size
distribution having less than 5 nm size. XRD analysis revealed that the
synthesized carbon quantum dots are amorphous. Their aqueous solu-
tions emitted bright blue light under UV irradiation, indicating the
photoluminescence property. Excitation independent emission wave-
length was observed, which arise due to the uniform size of particles
(monodispersity) as a result of the microwave-assisted reflux method.
FT-IR analysis demonstrates the carbon quantum dots contains hydroxyl
and carbonyl groups, which is responsible for luminescence making
them applicable in bio labelling and bioimaging. It also helps carbon
quantum dots to disperse in an aqueous solution uniformly. The CQDs
showed excellent photocatalytic activity by degrading eosin yellow dye
under solar light irradiation, leading to complete degradation within
100 min. Effect of CQDs on cell viability of MCF-7 human breast cancer
cell line analyzed using MTT assay revealed the potential apoptosis ef-
fect of CQDs in human breast cancer cell line, in a dose-dependent
manner. Further, CQDs can be an excellent fluorescent agent that gets
internalized by the cells for live-cell bio-imaging studies. Therefore,
these multifunctional CQDs which could exhibit bioimaging, anticancer
and photocatalytic applications may be considered as an economical and
easily accessible source of effective agents used in cancer therapy paving
a path for its potential applications in better cancer treatments as well as
for remediation of organic dye pollutants in aqueous media.
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