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Abstract: Carbon dots are one of the most promising nanomaterials which exhibit a wide range of
applications in the field of bioimaging, sensing and biomedicine due to their ultra-small size, high
photostability, tunable fluorescence, electrical properties, etc. However, green carbon dots synthesized
from several natural and renewable sources show some additional advantages, such as favorable
biocompatibility, wide sources, low cost of production and ecofriendly nature. In this review, we
will provide an update on the latest research of green carbon dots regarding their applications in
cancer therapy and in the development of electrochemical sensors. Besides, the toxicity assessment of
carbon dots as well as the challenges and future direction of research on their anticancer and sensing
applications will be discussed.

Keywords: green carbon dots; toxicity; electrochemical sensor; anticancer agent; biomedicine

1. Introduction

Carbon-based fluorescent nanoparticles, or carbon dots (CDs), are classified into three
main categories, namely carbon nanodots, carbon quantum dots and graphene quantum
dots [1]. These three different materials have several applications in various fields [2—4].
In 2004, while purifying single-walled carbon nanotubes (SWCNTs), Xu and colleagues
discovered carbon quantum dots (CQDs). This group of carbon allotropes has a particle
size of less than 10 nm [5]. Since its discovery, CQDs have attracted the attention of
scientists due to their unique properties, such as favorable biocompatibility, low toxicity,
large surface-to-volume ratio, stable photoluminescence and excellent hydrophilicity, along
with tunable optical and electrical properties [6,7]. CQDs have been used in a wide range
of applications, which includes carbon fixation, gas storage, cell biology, cancer imaging,
drug administration, etc. [8]. Since its discovery, many synthetic routes for the preparation
of CQDs have been established, including green means. Although the green approach to
prepare CQDs is advantageous, the as-prepared CQDs offers limited practical applications
due to its low fluorescence intensity and single emission wavelength. These shortcomings
of green CQDs have been improved later upon incorporating special strategies that enhance
the intensity and multicolor emission of CQDs [9].

Recently, green carbon dots (GCDs) have gained immense attention, owing to the
availability of plenty of natural resources, excellent photophysical properties of the as-
prepared GQDs and several other advantages over the CQDs (Table 1). The natural
precursors for GCDs include several plant parts, fruits, amino acids, etc. [10-12]. GCDs
are more biocompatible, which makes them highly suitable for a wide variety of biological
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applications, including drug delivery, antibacterial and anticancer agents [13-15]. GCDs
possess large surface areas due to their small size, which facilitates their applications in
sensor development [15,16]. One of the advantages of GCDs is their tunable luminescence
intensity and surface area by size control. In addition, the reaction conditions, precursors
and surface modifications can also play crucial roles for tuning the properties of GCDs.

Table 1. Advantages of GCDs over CQDs.

Applications and Advantages (];;‘(ffsn(geg]gz? Ca];l:)(:: (%Ba]r)‘:;m
Precursors availability High Low
Preparation cost Low High
Aqueous solubility Generally high Generally low
Biocompatibility /therapeutic applications High Low
sﬁfgig?:;?i;ﬁgj;igf;fg Not/Less required Highly required
Biodegradability Generally high Generally low

GCDs have tremendous potential applications in biomedicine and bioimaging [13].
For advancements in biological applications, it is important to test the biocompatibility
of GCDs. Several in vitro studies have been carried out to test the cytotoxicity of GCDs
and found that GCDs have shown low toxicity on different cell types [17-19]. How-
ever, studies related to GCDs toxicity evaluation in vivo are limited [20,21]. For example,
Atchudan et al. [22] evaluated the toxicity of GCDs on C. elegans and found low toxicity.
GCDs are also reported to be potential anticancer agents [19,23] and are used for bioimag-
ing [21] applications. Although most of the GCDs are highly biocompatible and exhibit
low cytotoxicity toward cancer cells, they can be used as an effective drug delivery carrier
for various cancerous cells due to their small size, which enable them to be absorbed by
the cancer cells easily. Both hydrophilic and hydrophobic anticancer drugs can be loaded
on the GCD surface via electrostatic, covalent, hydrophobic or pi-pi stacking interaction,
and the drug-loaded GCDs show sustained release pattern of the drug under mildly acidic
conditions [24]. Besides, GCDs can also be used for the delivery of hydrophobic photosensi-
tizer molecules and other near infrared active substances into cancer cells for photothermal
or photodynamic therapy [25].

Fluorescent GCDs can be employed in the sensing of metal ions and organic com-
pounds [15]. Very recently, GCDs are emerging as an excellent probe in electrochemical
sensing applications due to their excellent electronic properties, excellent conductivity, low
cost of production, and facile surface modification [15]. The electrical conductivity and
stability of GCDs can be tuned by changing precursors or synthesis conditions to obtain
desired GCDs for electrochemical sensing applications. GCDs offer high active areas and
many hydrophilic functional groups, which are important for electrochemical sensing [4,16].
Because of these attractive properties, carbon dots are widely used in sensing applications
as modifiers for the fabrication of electrode materials which can improve the rate of electron
transferring process [26-29].

However, there are not many reviews focusing on the toxicity and electrochemical
sensing applications of GCDs. Herein, first, we briefly discussed a few of the recent studies
regarding the green synthesis and optical properties of GCDs. Thereafter, we summarized
the recent literature related to the toxicity of GCDs, anticancer activity and electrochemical
sensing applications. We further pointed out the challenges and opportunities for GCDs in
toxicity assessment, anticancer and electrochemical applications.

2. Green Synthesis Methods and Optical Properties of GCDs

The green synthetic method of carbon dots, also referred as GCD in this review, is
carried out by using renewable precursor and solvents that are nontoxic and environ-
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mentally benign [14]. Either top-down or bottom-up approaches are mostly adopted for
the synthesis of GCDs; however, each method offers unique advantages and challenges.
We have reviewed recent bottom-up synthetic methods, such as, microwave pyrolysis,
hydrothermal (solvothermal process) and electrochemical etching techniques here. GCDs
synthetic routes follow three common steps: (i) high temperature pyrolysis of the carbon
sources, which results in (ii) carbonization and nucleation, followed by (iii) surface passi-
vation using stable surfactants. The microwave pyrolysis method is selected for the rapid
carbon dot synthesis. On the other hand, the hydrothermal (or solvothermal) method
produces isotropic (typically below 10 nm diameter) carbon dots which also offers strong
emission properties with high quantum yield (QY). The electrochemical etching-based
method to prepare carbon dots is simple and convenient to operate; therefore, it can easily
be carried out in the laboratory condition. By using these methods, the sizes of GCDs and
its luminescent (PL) performance are easily tailored [8,16,30-32].

Each of the green precursor needed to meet certain requirements to be used in these
techniques for the synthesis of desired carbon dots. For instance, the carbohydrates with
C:H:O as 1:2:1 and which are easy to dehydrate were selected as carbon dot precursor
for hydrothermal synthesis [31]. Therefore, carbohydrates sourced from leaves, roots or
flowers, fruits and seeds from plants or plant biomass, such as bark, shells, kernels, peels,
etc., were used as green carbon dot source [14].

Huo et al. reported a hydrothermal method for the preparation of GCDs from grape-
fruits. They prepared three types of GCDs: undoped green carbon dots (UGCDs), UGCDs-
peel and nitrogen-doped green carbon dots (N-GCDs) [9]. The three types of GCDs showed
size-dependent absorption and emission properties plausibly due to their difference in
surface energy states. As the size increases in the UGCDs-peel, it exhibited a red-shifted
PL emission compared to others [9]. Size dependency was also reported by Ahmadian
Fard Fini et al. in a separate hydrothermal method [33] as shown in the scanning electron
microscopy (SEM) image in Figure 1 [33].
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Figure 1. SEM images of carbon dots with different sizes. Reproduced with permission from ref. [33].
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Zhu et al. decomposed alkali lignin (AL) to GCD through hydrothermal method.
As part of the process, the AL were hydrolyzed in presence of mild organic acids
(e.g., 4-aminobenzoic acid, benzenesulphonic acid, 4-aminobenzenesulphonic acid,
2,4-diaminobenzenesulphonic acid) before the hydrothermal treatment. These GCDs
showed stability in a wide pH range (3-11). They also exhibited yellowish green fluo-
rescence below pH 7 due to the protonation, and green due to deprotonation in basic
medium [7]. The emission property also changed with respect to the sizes of the GCDs as
shown in Figure 2.
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Figure 2. Classification of GCD based on their size and emission properties. While smaller GCDs

Energy gap decrease

emit blue color, the red shifting of emission occurs as the GCD size increases. Reproduced with
permission from Zhu et al. [7].

Zheng et al. used 2,7-dihydroxynaphthalene as the carbon source for the synthesis of
GCDs with high product yield through an effective one-step solvothermal method. With
a particle size close to 3.31 nm (Table 2), these GCDs offer high quantum yield (QY) [34].
From the results of their study, Zheng et al. found that the red-green-blue (RGB) spectral
composition was 93.86% for the GCDs [34].

Table 2. GCDs quantum yield (QY) values under different reaction conditions [34].

VEDA(mD QY% GODssie  puL e O
0 5.29 3.31 nm 12 180
2 41.07 3.31 nm 12 180
4 62.98 3.31 nm 12 180
8 36.22 3.31 nm 12 180
4 15.07 3.31 nm 12 160
4 62.98 3.31 nm 12 180
4 43.05 3.31 nm 12 200
4 25.42 3.31 nm 10 180
4 62.98 3.31 nm 12 180
4 24.02 3.31 nm 14 180
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Hoan et al. reported hydrothermally prepared GCDs from lemon juice (at 120 to
280 °C for 12 h) which were amorphous in nature. Dynamic light scattering measurement
confirmed the ~50 nm size of the GCDs. The zeta potential value of the GCDs was ~9.48 mV,
confirming that they are relatively stable. Under UV irradiation, the GCD dispersion emits
green color. The fluorescence intensity is only influenced by the hydrothermal reaction
times (3, 6, 9 and 12 h) as emission increases with the increase in reaction time. Size
distribution, band gaps and the excitation-emission wavelength of the as-prepared GCDs
are impacted by the reaction temperature as shown in Table 3. Temperature-dependent
aggregation and the absence of functional groups contribute toward the properties of the
GCDs [31]. Mathew et al. prepared GCDs from Simarouba glauca (SG) leaves through
hydrothermal method, where the SG leaves are of carbon source. The prepared GCDs
showed selective electrochemical sensing properties toward doxycycline [35].

Table 3. Quantum yield values of hydrothermally prepared GCDs under different
temperature conditions [31].

V (Lemon Juice) (ML) Reaction Temperature (°C) Reaction Duration (h) QY%
40 150 12 14.8
40 200 12 16.87
40 240 12 21.37
40 280 12 24.89

In another synthesis of GCDs, Asghar et al. reported the preparation of 2-7 nm GCDs
from honey through microwave digestion. As-prepared GCDs showed D (presence of
sp® defects) and G (in-plane stretching vibration of sp? carbon atoms) band in Raman
spectrum [36]. Zhao et al. studied blue-emitting GCDs (prepared through hydrothermal
method) where they used biomass water hyacinth as a carbon source [37].

Visheratina et al. used D- and L-cysteine for the preparation of chiral GCDs by
hydrothermal carbonization. At the identical hydrothermal condition (150 °C for 4 and
20 h), L-GCDs size ranges from 4.4 & 0.5 to 5.3 & 0.3 nm, which are all larger in diameter
than D-GCDs [38].

Yen et al. selected a simple three-electrode (graphite-coated rod, Ag/AgCl reference
electrode and platinum (Pt) wire as the counter electrode) electrochemical method to make
high-quality GCDs in pure water electrolyte (i.e., in the absence of acids and bases). With
the use of this facile electrochemical fabrication, smaller than 5 nm GCD-water suspension
could be prepared in a single step, without separate workup, such as filtering, dialysis,
centrifugation, column chromatography, or gel-electrophoresis [39]. Summary of the above-
mentioned reports are shown in Table 4.

Hydrothermal technique is therefore the most widely used method for the preparation
of GCDs because of its easiness, low cost, high scalability and eco-friendly nature. However,
in order to bring GCDs into commercial applications, more study should be conducted on
the search for high-quality natural precursors for the synthesis of GCDs with improved
chemical and photo-stability, which will allow GCDs to become an excellent alternative to
existing quantum dots or other dyes for bioimaging applications.
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Table 4. Size and optical properties of the hydrothermally (solvothermally) prepared GCDs
are summarized.

Excitation Emission
Author Treatment GCDs Source Size (nm) Wavelength Wavelength Ref.
(nm) (nm)
Huo et al. Hydrothermal Natural grapefruit 4.74-8.20 320-360 411420 [9]
Hydrolysis
Zhu et al. followed by Alkali lignin 2.88-5.05 450 520 [7]
hydrothermal
Zheng et al. Solvothermal 2,7-dihydroxynaphthalene 3.31 460 513 [34]
Hoan et al. Hydrothermal Lemon juice 3-5 410-480 500-550 [31]
Mathew et al. Hydrothermal Simarouba glauca leaves 2.64 365 445 [35]
Asghar et al. Microwave Honey 2-7 - - [36]
. . L-cysteine 44and 5.3
Visheratina et al. Hydrothermal D-cysteine 44and 53 350 ~430 [38]
Yen et al. Electrochemical Graphite-coated rod 0.5-4 365 500 [39]
3. Electrochemical Sensing Ability of GCDs
In the case of GCDs, the smaller the particle size, the more the surface-to-area ration
increases, which in turn enhances the contact area in the electrode. This observation makes
GCD a good candidate for electrochemical sensing. To study the electrochemical behavior
of GCDs, Borna et al. modified the glassy carbon electrode (GCE) with CQDs and used
cyclic voltammetry (CV) as well as linear sweep voltammetry (LSV) to detect the anticancer
drug, letrozole. In CV, the GCE modified with GCDs exhibit the highest intensity of the
anodic and cathodic peak current, plausibly due to the small size of GCDs. The enhanced
surface area increased the contact area of the modified electrode with the analyte, and
boosted the current intensity. These findings also demonstrate the function of GCDs as
an electrocatalyst. In the presence of letrozole, a significant current increase was seen in
the modified electrode with electrochemically synthesized GCDs at a current intensity of
100 mA. As a result, the GCE modified with GCDs was chosen as the best electrode for use
in the construction of sensors and drug analysis (letrozole analysis) as shown in Table 5 [6].
Table 5. Detection limit of different sensors [6].
. Detection Sensitivity GCD.S Required GCDs
Sensor Material Limit (V) (A/M) Synthesized Current for Size Range
Method GCDs Synthesis 8
GCE/GCDs Letrozole 1.85 x 107 0.111 Electrochemical 100 mA 1-10 nm
GCE/GCDs Clomifene 70 x 1072 0.041 Electrochemical 100 mA 1-10 nm
GCE/GCDs Letrozole 423 x 1073 0.076 Electrochemical 200 mA 1-10 nm
GCE/GCDs Clomifene 85 x 107> 0.033 Electrochemical 200 mA 1-10 nm
GCE/GCDs Letrozole 5.15 x 10~° 0.067 Electrochemical 300 mA 1-10 nm
GCE/GCDs Clomifene 90 x 107> 0.028 Electrochemical 300 mA 1-10 nm
GCE/GCDs Letrozole 4.27 x 1072 0.069 Hydrothermal - 1-10 nm
GCE/GCDs Clomifene 87 x 107> 0.031 Hydrothermal - 1-10 nm

Zhou et al. reported an increase in oxidation efficiency of ascorbic acid (AA) using
NH,-GCDs-modified GCE. The NH,-GCDs could increase the conductivity of the electrode
surface, and the positively charged amine groups allow them to interact with the dienol
hydroxyl groups in AA through electrostatic contact, thereby detecting AA with a high
degree of specificity. They found that, compared to many other previously reported
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quantum dot materials, the NH>-GCDs had a superior effect on detecting AA in both
electrochemistry and fluorescence approaches. It is due to this reason that the NH, -GCDs
is able to boost the rate of electron transfer via direct connection with dienol hydroxyl
groups in AA. Additionally, NH,-GCDs can also be joined to AA by hydrogen bonds [40].

Ran et al. used WP6-N-GCD (water soluble pillar [6] arenes nitrogen-doped green
carbon dot) nanocomposite as an electrode material to build a sensitive electrochemical
sensing platform for trinitrotoluene (TNT) detection. The electrochemical analysis demon-
strated that WP6-N-GCDs outperformed the 3-CD-N-GCDs in terms of supramolecular
recognition and enrichment capabilities, and displayed a higher peak current toward TNT.
The WP6-N-GCD-modified electrode showed a linear response ranging from 0.001 uM to
1 uM and form 1 pM to 20 uM with a LOD of 0.95 nM due to the synergistic effects of WP6
and N-GCDs. These results indicate that WP-N-GCD composites are ideal materials for
electrochemical sensing platforms as shown in Table 6 [41].

Table 6. Comparison of some electrode materials for electrochemical sensing of TNT [41].

Materials Linear Range (uM) LOD (nM)

Ionic liquid-graphene 0.13-6.6 17.6
Boron-doped diamond 0.088-1.76 44
Ordered mesoporous carbon - 0.88

Nitrogen-doped graphene 0.53-8.8 129.9
Deposited graphene 0.0044-0.88 0.88

N-rich carbon nanodots 5-30 1

PtPd-rGONRs 0.044-13.2 3.5
Vanadium dioxide 0.44-4.4 44
N-doped graphene nanodots 0.0044-1.76 0.88
WP6-N-GCDs 0.001-1; 1-20 0.95

GCDs have also been used to determine hydrogen peroxide (H,O,), a common in-
dustrial oxidant electrochemically. Hassanvand et al. [16] demonstrated the use of GCE
modified with GCDs as an amperometric H,O, sensor. When compared to octahedral
Cuy0O, GCDs/octahedral CuyO exhibited more favorable electrocatalysis behavior for the
glucose oxidation and H,O, reduction reactions, as shown in Table 7 [16].

Table 7. H,O, and glucose detection by GCDs-based electrochemical sensors [16].

Modified Electrode Target Compounds Detection Limit GCD Size Electrochemical Method
GCDs/GCE H,O, 3x107°M - Amperometry
GCDs/Cu,O/NF/GCE H>,O, 28 x107°M 10 nm Amperometry
CuO/GCDs/CHNS/GCE H,0, 24 x107°M ~4-6 nm Amperometry
GCDs/Cu,0/GCE Glucose 6x107°M - Amperometry
GCDs/AuNPs-GOx/Au Glucose 17 x 107° M - Amperometry
GCDs/Au-NPs-Gox/GDAE Glucose 13.6 x 107° M - Amperometry

Accurate clinical dopamine (DA) diagnosis can help to address several neurological
disorders. Modifying GCE with N-doped green carbon dots (NGCDs) can be used for DA
detection with a wide linear range and a low detection limit, as shown in Table 8 [16].
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Table 8. DA detection using different GCDs-based sensors [16].

Modified Electrode Method Corrl;?;%;:n d Ave?a?g]e);ize Detection Limit
GCDs/MoS, /Mo foil cv DA - 0.0090 uM
NF/NGCDs/GCE Drv DA 7.4 nm 1.0nM
GCDs/GCE LSV DA 3.3nm 2.7 uM
3-CD/GCDs/GCE DPV DA 7.6 nm 0.14 uM

Wang et al. have shown that when GCDs are mixed separately with layered-double-
hydroxides (LDHs), metal sulfides, and metal phosphides, etc., they can be used as electro-
catalysts for oxygen reduction reaction (ORR), oxygen evolution reaction (OER), hydrogen
evolution reaction (HER), CO, reduction reaction (CO,RR), etc. OER activity of CoP/GCDs
composite is better with 400 mV overpotential in alkaline electrolytes than pure CoP.
The CoP/GCDs composite’s electrical catalytic performance is increased due to the pres-
ence of functional groups, its small size, good conductivity, and fast electron transfer of
GCDs. If specific surface area is high, the presence of electrochemical active sites will
be high, and contact area with the electrolyte will be large, which results in increasing
HER performance [30].

Lin et al. [15] described the potential use of GCDs as electrochemical sensors as it
can be synthesized through different methods, have rich functional groups, and can make
composites with other materials easily. When GCE was modified with GCDs, it showed an
increase in response current and potential compared to bare GCE. It also showed a greater
electrochemical reaction due to the presence of many functional groups in GCDs/GCE [15].
When Mathew et al. compared the bare GCE and the developed ternary sensor, they
found that the anodic peak current becomes threefold in the case of the developed ternary
sensor. This shows that the developed ternary sensor was able to detect small levels of
doxycycline accurately. They conducted the electrochemical sensing in phosphate buffer
solution, where the potential range was 0 to 1 V for cyclic voltametric measurement, with a
scan rate of 50 mV/s. The modified GCE was remarkably stable and had great repeatability
and reusability [35].

From the above discussion, it is clear that GCDs are widely used for the sensitive and
selective detection of a large number of biomolecules, such as ascorbic acids, hydrogen
peroxide, drug molecules, as well as explosives (trinitrotoluene). However, only limited
studies are reported till date. Therefore, more research should be conducted to explore the
potential applications of GCDs.

4. Toxicity Assessment and Anticancer Properties of Green Carbon Dots (GCDs)

GCDs synthesized from various green sources have many potential biological applica-
tions. Here, we will discuss about the biocompatibility of these synthesized GCDs studied
by several researchers with normal and cancerous cells.

Ensafi et al. prepared fluorescent carbon dots from a naturally sourced saffron. Cyto-
toxicity of saffron carbon dots was tested on olfactory mucosa cells and bone marrow cells
after incubating for 24 h, and low toxicity for all the different concentrations (Table 9) of car-
bon dots was observed [42]. Zhang et al. prepared green carbon dots using schizonepetae
herba carbonisata (SHC). Cytotoxicity of the prepared carbon dots was evaluated in RAW
264.7 cells in various concentrations (Table 9). Cell viability was negligible, but with
increasing concentration from 840-10,000 pug/mL, cell viability started to decrease [10].
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Table 9. Toxicity of GCDs for normal cells.

S1 . Source of Green Average Toxicity Assay in .
No. Material Carbon Dot Synthesis Size (nm) Ceil Line Concentration Remark Reference
Fluorescent Olfactory mucosa Low toxicity (more
1 rbon dot Saffron 6.0 cells and bone 0.005-1.5 mg/mL than 70% cell [42]
carbon dots marrow cells viability remains)
. Negligible cytotoxicity
2 Carbon dots Szg;@gﬁfii;aﬁsﬁga 0.8-4.0 RAW 264.7 cells 39.06-10,000 pg/mL up to 840 g /mL [10]
concentration
Negligible cytotoxicity
3 Carbon dots Phellodendri cortex (PC) 1.2-4.8 RAW 264.7 cells 0.01-10,000 pg/mL up to 1000 pg/mL [17]
concentration
Enanti . L-lysine L-lysine carbon
4 nark;t 1orgeilc . 4.0 SH-SY5Y cells 0.2 and 0.4 mg/mL dots showed [12]
carbon dots D-lysine negligible cytotoxicity
Gum tragacanth (GT) Human umbilical Low cytotoxicity (more
5 Carbon dots Gum tragacanth (GT) 70-90 vein endothelial cells 0-50 ug/mL than 80% cell [18]
and chitosan (HUVEC cell line) viability remains)
Human renal Low toxicity
6 Re-based Ginsenoside Re, 46 epithelial cells 293T, 0-1.0 mg/mL (after 24 h of incubation, 23]
carbon dots citric acid and EDA . HL-7702 (L-02), S mg cell viability was more -
MCF-10A and NSFbs than 90%)
Cinnamon 3.4 0.1-2.0 mg/mL
; Fluorescent Red chili 3.1 Human kidney 0.1-2.0 mg/mL LO":},-[ ;ix;;%lot/y C(érﬁore 1]
carbon dots Turmeric 43 cells (HK-2) 0.1-2.0 mg/mL et Ov/o €
8 viability remains)
Black pepper 35 0.1-4.0 mg/mL
Kiwi 44 Low toxicity (up to
Ay d 14 Epithelial human » 1 mg/mL concentration
8 Carbon dots vocado kidney cells (HK-2) 0.25-5.0 mg/mL cell viability more (1]
Pear 4.1 than 60%)
Fluorescent (noﬂaﬁﬁgfnan
9 CarbI;III:_d e Wet algal biomass 4.7 embryonic kidney 5-75 ug/mL Negligible cytotoxicity [43]
cell line)
10 S;;l‘t());isg:: Cyanobacteria powder 2.5 PC12 cells 0-1000 ug/mL Low cytotoxicity [44]
1 Carbon dots Banana peel waste 5 Nematode 0-200 pg/mL Negligible cytotoxicity [45]
Fusobacterium BEAS-2B Low cytotoxicity (more
12 Carbon dots nucleatum cells 4.1 (Lung normal 12.5-200 pg/mL than 80% cell [46]
epithelial cells) viability remains)
13 Salllk());isai)rtﬂst Fresh mint leaves 6.5 Primary H8 cells 0-200 pg/mL Negligible cytotoxicity [47]
E-CD Citric acid 10
Carbon and EDA L.
14 dots (CDs) EA. hy926 cells 0.1-3.2 mg/mL Low cytotoxicity [48]
U-ch Urea and 5

citric acid

From the natural source of Phellodendri cortex (PC), Liu and his coworkers prepared

green carbon dots. Cytotoxicity of these green carbon dots was evaluated in RAW 264.7 cells
with eight different concentrations (Table 9). After 24 h of incubation, cell viability was
negligible by up to 1000 pg/mL of concentration. However, when the concentration
increased to more than that amount, cytotoxicity also started to increase [17]. Malishev et al.
prepared two types of green carbon dots using amino acids (Table 9) as a natural source.
Cytotoxicity of these amino acid-based carbon dots was evaluated in SH-SY5Y cells. For
the cytotoxicity assay, Af42 was induced in both types of the carbon dots. Cytotoxicity
was measured for AP42 alone and AR42-induced carbon dots. Without carbon dots, in
the presence of AB342, cell viability decreased to 25%. In the case of pre-incubated Ap42
with D-lysine carbon dots at the above concentrations (Table 9), the results did not show
much difference with A342 alone. However, in the case of pre-incubated Af342 with L-
lysine carbon dots at both the concentrations (Table 9), the results have shown significantly
low cytotoxicity [12].

Two types of green carbon dots (GT carbon dots and GT/Chitosan carbon dots)
were prepared by Moradi and his coworkers using natural and ecofriendly sources, gum
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tragacanth and chitosan. Cytotoxicity of these prepared carbon dots was tested in human
umbilical vein endothelial cells (HUVEC cell line) at different concentrations (Table 9) after
24 h of incubation, and low cytotoxicity and high biocompatibility were observed [18].

Carbon dots prepared from natural sources (Table 9) were used by Yao and his
coworkers to evaluate the cytotoxicity assay in human renal epithelial cells 293T, HL-
7702(L-02), MCF-10A and NSFbs. After 24 h of incubation of the cell lines with various
concentrations (Table 9) of prepared carbon dots, they observed low cytotoxicity for all
the concentrations [23].

Vasimalai et al. prepared four different types of carbon dots from four different spices,
i.e., cinnamon, red chili, turmeric and black pepper. Cytotoxicity of these prepared carbon
dots were evaluated in different concentrations (Table 9) on human kidney cells (HK-2)
after 24 h of incubation. For all the carbon dots, cell viability remained at more than
80% at 0-2.0 mg/mL concentration, but in the case of black pepper carbon dots at higher
concentrations (3.0 and 4.0 mg/mL), results showed high toxicity for the cell line [19].
Cytotoxicity of these four carbon dots in different concentrations on HK-2 and LN229 cells
is shown in the Figure 3.
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Figure 3. Cell viability evaluation in two different types of cells (cancerous LN229 cells and normal
HK-2 cells) after a 24 h incubation with increasing concentrations of: (A) cinnamon, (B) red chili,
(C) turmeric and (D) black pepper carbon dots. Represented results are mean + SD of at least three
independent experiments. * p < 0.05, *** p < 0.001 and **** p < 0.0001 are for statistical significance of
differences between the effect of the same concentration of spice-based carbon dots in other cell line
(LN229). Adapted from ref. [19].

Fruit-based carbon dots were prepared by Dias and his team from kiwi, avocado and
pear. For the cytotoxicity evaluation at different concentrations (Table 9) of the prepared
carbon dots, epithelial human kidney cell (HK-2) line was used. Cells were incubated for
two different time periods (48 and 72 h) with different concentrations of carbon dots. After
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72 h of incubation, cell viability was more than that measured at 48 h. When concentration
is more than 1 mg/mL, cell viability started to decrease. Overall, pear-based carbon dots
showed more cell viability and kiwi-based carbon dots showed less cell viability [11]. Wet
algal biomass source was used by Singh and his coworker to prepare green carbon dots.
HEK-293 (normal human embryonic kidney) cell line was used for the cytotoxicity evalua-
tion of these carbon dots. After 24 h of incubation in different concentrations of carbon dots
(Table 9), more than 80% of cell viability was observed, even in the highest concentration
(Table 9) [43]. Wang et al. evaluated the cytotoxicity of cyanobacteria-based carbon dots in
PC12 cells in different concentrations (Table 9), and 94.4% of cell viability was observed, up
to 100 ng/mL concentration. Even at a high concentration (500 pug/mL), cell viability was
observed to be more than 80%, which concludes low cytotoxicity and biocompatibility [44].

From the banana peel waste, Atchudan and his team prepared green carbon dots, and
for the cytotoxicity evaluation in different concentrations (Table 9), live-cell line (nematode)
was used. From their observations, overall, only 5% cell viability was decreased even at
the highest concentration, thereby indicating negligible cytotoxicity with excellent biocom-
patibility [45]. Liu et al. prepared carbon dots from Fusobacterium nucleatum cells, and a
cytotoxicity test was evaluated in BEAS-2B (lung normal epithelial cells) cell line. After
incubation for 48 h at different carbon dots concentrations (Table 9), low cytotoxicity was
observed for all concentrations [46]. From fresh mint leaves, Raveendran and Kizhakayil
prepared green carbon dots and performed a cytotoxicity assay with different concentra-
tions (Table 9) in primary HS cells. For all the concentrations, no significant change was
observed in cell viability [47].

Cytotoxicity of curcumin-loaded green carbon dots (Curc-GCDs) and prepared GCDs
were studied in different concentrations (Table 9) by Arvapalli et al. [48] in EA. hy926 cells.
They prepared two different types of carbon dots (Table 9) and then loaded the carbon
dots with curcumin. Their observations showed very low cytotoxicity for both Curc-
GCDs and GCDs at EA. hy926 cells, even at the highest concentration (Table 9) after 24 h
of incubation [48].

Most of the GCDs mentioned in the list had shown excellent biocompatibility in
the normal cells. Therefore, all the green sources used in Table 9 has great potential
toward GCDs preparation. However, most of the studies used low concentrations for the
cytotoxicity evaluation. Thus, future studies should focus on toxicity evaluation using a
wide range of concentrations.

Most of the prepared GCDs mentioned in Table 10 showed low toxicity and excellent
biocompatibility in all the cancerous cells. Chatzimitakos et al. [49] prepared GCDs from
two different green sources (Table 10) and studied the cytotoxicity of prepared GCDs in
various cancerous cells (Table 10). Results showed that after 48 h of incubation, cell viability
for citrus sinensis CD and citrus limon CD is more than 90% and 95%, respectively [49].
GCDs prepared from green sources (water chestnut and onion) were used by Hu and
his team to evaluate the cytotoxicity in the cancerous cell (Table 10) and observed low
cytotoxicity in all the concentrations (Table 10) [50].

Among all the discussed literature in Table 10, only limited GCDs showed cytotoxicity
toward some selected cancer cells and are therefore useful for cancer therapy. Yao et al.
prepared carbon dots from natural sources (Ginsenoside Re, citric acid and EDA) to evalu-
ate their toxicity in cancer cell lines, i.e., HepG2, MCF-7 and A375 cells and normal cells
(Table 9). After 24 h of incubation with various concentrations (Table 10) of prepared carbon
dots, they observed that with increasing concentrations, cell viability decreased to 50%, 40%
and 30% for HepG2, MCF-7 and A375 cells, respectively. A375 cells showed the highest
inhibition than other cells. Further LDH-release assay and ROS generation was checked in
A375 cells. From the LDH-release assay, they observed a concentration-dependent LDH
release in the medium. When compared to the normal cell, ROS generation was compara-
tively high in cancer cells, thereby causing oxidative damage and apoptosis in the cancer
cells. Therefore, these carbon dots can be considered as potential anticancer agents [23].
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Table 10. Toxicity assay of GCDs for cancerous cells.

S1 Source of Average Toxicity Assay in
Material Green Carbon . N Concentration Remark Reference
No. . Size (nm) Cell Line
Dot Synthesis
Lumi Citrus sinensis 6.5 HeLa, A549,
1 uminescent - - MDA-MB-231 and 400 pg/mL Extremely low cytotoxicity [49]
carbon dots Citrus limon peels 4.5 HEK-293 cells
Sand N Low cytotoxicity
2 co-doped Water chestnut 35 Human bladder 0-300 p1g/mL (after 24 h of incubation, cell [50]
Carbonpdots and onion i cancer T24 cells HE viability remained at more than
80% for all the concentrations)
Nitrogen-
3 and;:;fgg-co— Ginkgo leaves juice 2.2 HeLa cells N/A Low cytotoxicity [51]
carbon dots
NIR light Negligible toxicity (after 24 h of
.S . co-incubation, cell viability
4 . :E;S;ﬁ:ts Fresh spinach 3-11 A549 cells 0-200 pg/mL showed above 94.2% at all [52]
the concentrations)
Multicolor Negligible toxicity
5 luminescent ATP 3.8 HelLa cells 0-500 pg/mL (very kifs chang; 4v\;1as ogserved [53]
carbon dots etwe:’en an
48 h incubation)
Negligible cytotoxicity (cell
N-doped viability was more than 98.5%
6 b P dot: Sucrose and urea 1.6 HelLa cells 0-1.0 mg/mL after 24 h of incubation, even at a [54]
carbon dots high concentration,
ie.,, 1.0 mg/mL)
Negligible cytotoxicity (cell
Hydrophilic viability was more than 98% after -
7 carbon dots Glucose powder 26 Hela cells 0-1.0mg/mL 24 h of incubation, even at a high (53]
concentration, i.e., 1.0 mg/mL)
Low cytotoxicity
8 Carbon dots Date kernels 2.5 Human MG-63 cells 200.0 pg/mL (after 48 h of incubation, cell [56]
viability remains more than 85%)
9 Carbon dots lellj}fyflgf?;l;ésvyddeorma 49 HT-29 cells 5-1000 pg/mL Low toxicity [57]
High cytotoxicity
. . - * While carbon dots were prepared
10 Ref)—bas;dt Gmsepgmdg g]ej,:trlc 4.6 l\flcpgé A3H75 0-1.0 mg/mL separately from Ginsenoside; citric [23]
carbon dots acidan €phas cells acid and EDA, cytotoxicity was
relatively low.
Cinnamon 3.4 0.1-2.0 mg/mL
Red chili 3.1 Human glioblastoma 0.1-2.0 mg/mL
1 Flug)res(cient : cells (LN-229 cancer 8 High toxicity [19]
carbon dots Turmeric 43 cell line) 0.1-2.0 mg/mL
Black pepper 3.5 0.1-4.0 mg/mL
Kiwi 44 - Low toxicity
hungﬁ t?(il:rlic tal (below 1.5 mg/mL concentration,
12 Carbon dots Avocado 44 adenocarcinoma cells 0.25-5.0 mg/mL cell viability was more than 80%, [11]
(Caco-2) but cell death can induce in
Pear 41 higher concentrations)
Low toxicity
Fluorescent Prunus cerasifera . . (after 24 h of
13 bon dot fruits jui 3-5 HepG2 cells 0-500 pg/mL incubation below 500 pg/mL [58]
carbon dots s juce concentration, cell viability was
more than 90%)
Low toxicity
(cell viability was more than 85%
14 Carbon dots Celery leaves 2.1 HepG2 cells 0.01-0.022 g/mL for all the concentration after 24 h [59]
of incubation)
Low cytotoxicity
A375 (Skin (after 48 h of incubation, cell
15 Carbon dots Lychee waste 3.1 0.0-1.2 mg/mL viability was more than 89% for [60]

melanoma) cells

the highest concentration,
ie, 1.2mg/mL)
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Table 10. Cont.

Sl

Material

Source of
Green Carbon
Dot Synthesis

Average
Size (nm)

Toxicity Assay in
Cell Line

Concentration

Remark

Reference

16

Fluorescent-N-
doped
carbon dots

Lemon juice and

ethylenediamine 3.0

Human breast
adenocarcinoma
(MCF?7?) cells

0.312-2.0 mg/mL

Low cytotoxicity
(after 24 h of incubation cell
viability for 2.0 mg/mL, the
highest concentration was more
than 88%)

[61]

17

Fluorescent
carbon dots

At200°C =
At300°C =
At 350 °C =

Fresh lamb

2.8

1.9 HepG2 cells
1.7

2.0 mg/mL

Low cytotoxicity
(after 4 h of incubation cell,
viability was more than 90% at
this particular concentration)

[62]

18

Carbon dots

Osmanthus

fragrans flowers 22

A549 cells

25-1000 pg/mL

Negligible toxicity (after 24 h of
incubation, cell viability showed
above 90% at all concentrations)

[63]

19

Carbon dots

Dried wheat straw 2.1

HelLa cells

0-0.8 mg/mL

Negligible cytotoxicity (cell
viability remains more than 90%
at all concentrations)

[64]

20

Carbon dots

Gelatin and papain 3.8

A549 cells

0-300 pg/mL

Negligible cytotoxicity (very less
difference between 12 h and 24 h
incubation for all concentrations,
after 24 h incubation, cell
viability remained above 91%)

[65]

21

Carbon dots

Glucose 3.0

HeLa, HepG2 and
HEK-293 cells

0-300 mg/L

Negligible cytotoxicity (no
change in cell viability for HeLa
and HepG2 cells, but in the case
of HEK-293 cell with increasing

concentration, cell viability

also increases)

[66]

22

N, B co-doped
bright
fluorescent
carbon dots

Solanum
betaceum (S. betaceum) 5.0
fruit extract

HelLa cells

10-50 pg/mL

Low cytotoxicity
(at minimum and maximum
concentration, i.e., 10 ug/mL
and 50 pg/mL, cell viability
were 100% and 70%, respectively)

[67]

23

Carbon dots

Gelatin 5.0

MCEF-7 cell line

20-120 ug/mL

Low cytotoxicity
(cell viability was more than 80%
even for the highest
concentration after 24 h
of incubation)

[68]

24

Zwitterionic
carbon dots

Citric acid and

L-histidine 85

A549 cells

0.01-1.5 mg/mL

Low cytotoxicity
(after 24 h of incubation, cell
viability was more than 90% even
at a high concentration)

[69]

25

Carbon dots

Corn stalk shell 1.2-32

A549 cells

0-100 mg/L

Low cytotoxicity
(after incubation for 24 h, cell
viability remained more than 90%
for all concentrations. Again,
after 48 h of incubation, cell
viability remained more than 75%
for 100 mg/L concentration)

[70]

26

Carbon dots

Fusobacterium

nucleatum cells 41

HelLa cells

12.5-200 pg/mL

Low cytotoxicity
(more than 80% cell
viability remains)

[46]

27

Nitrogen-
doped
carbon dots

Jackfruit peel (JFP) 6.4

Tamarind peel (TP) 53

Dalton’s lymphoma
ascites
cells (DLA)

50-200 pg/mL

Low cytotoxicity only in low
concentrations, i.e., below
50 ug/mL

(at 200 pg/mL concentration for
JEP-carbon dots 100%, cell death
was observed, but in the case of

TP-carbon dots, only 60% cell

death happened)

[71]

28

Carbon dots

Arginine, chitosan,

citric acid 611

AGS cells

30:1-70:1
(carrier/DNA)

Negligible toxicity
(at highest weight,
cell viability decreased to 90%)

[72]

29

Folic acid-
functionalized
carbon dots

Red Korean ginseng 70

MCEF-7 cells

10-50 pg/mL

High toxicity after 48 h
of incubation

[73]
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Table 10. Cont.

Source of

51 Material Green Carbon Average Toxicity A.S say in Concentration Remark Reference
No. . Size (nm) Cell Line
Dot Synthesis
Low cytotoxicity
30 Carbon dots Tea leaves 200 HepG2 cells 0-160 pg/mL (more 90% §e11 v1ab111ty after 24 h [74]
of incubation at
all concentrations)
. Human breast cancer High toxicity with =
31 Carbon dots Simarouba glauca leaf 2.6 cell line (MCF-7) 0-100 pg/mL increasing concentration [35]
; PC3, MCF-7, and . High cytotoxicity after 24 h =
32 Carbon dots Walnut oil 123 HT-29 cells 0-10 pg/mL of incubation [75]
Citric
E-CDs acid 10.0
and
Carbon EDA HepG2 and High cellular toxicity with )
33 dots (CDs) Urea A549 cells 0.1-32mg/mL increasing concentration (48]
U-CDs and 5.0
citric
acid

Four types of natural carbon dots were prepared by Vasimalai and his team using
four different spices (Table 10). Toxicity assay was performed after 24 h of incubation in
human glioblastoma cells (LN-229 cancer cell line) with various concentrations (Table 10).
A significant decrease was observed in cell viability for all the concentrations of carbon
dots (Figure 3). At 2.0 mg/mL concentration, 35%, 50% and 75% reduction in cell viability
was observed for cinnamon, red chili and turmeric, and black pepper-derived carbon dots,
respectively. In the case of black pepper-derived carbon dots, cell viability reduced to 100%
at the highest concentration (Table 10) [19]. Tejwan et al. studied the anticancer property
of rutin drug loaded with folic acid-functionalized carbon dots (FA-CDs-RUT) extracted
from ginseng root in MCEF-7 cells. After 48 h of incubation in different concentrations
(Table 10) of FA-CDs-RUT, CDs and RUT were compared with each other for anticancer
property. Moreover, results showed that in the presence of rutin drug in the carbon dots
(FA-CDs-RUT), anticancer property was found to be more in MCF-7 cells than in CDs
and RUT drug alone. Furthermore, they observed that intracellular ROS generation was
increased with subsequent cellular apoptosis when the cells were treated with FA-CDs-
RUT nanohybrid [73].

Mathew et al. [35] studied the anticancer activity of carbon dots prepared from natu-
rally occurring Simarouba glauca (S. glauca) leaf. Cell viability of prepared GCDs was tested
with different concentrations (Table 10), and cellular morphologies were also checked in
human breast cancer cell line (MCF-7). They observed that cell viability decreased with an
increasing concentration of the GCDs. After 24 h of incubation at the highest concentration
(Table 10), complete cell death was observed. Arkan et al. [75] studied the anticancer
property of prepared GCDs (Table 10) in three different cancerous cells (PC3, MCF-7 and
HT-29). After 24 h of incubation in various concentrations (Table 6), 50% of cell death
was observed for PC3 and MCF-7 at 1.25 pg/mL and 5 ug/mL concentration, respectively,
indicating that walnut oil-based carbon dots have anticancer property. However, there was
no cell death observed in the case of HT-29 cell lines. At the highest concentration, cell
viability was also observed to be more than 70% for HT-29 cell lines.

Arvapalli et al. [48] prepared two different types of GCDs (E-CDs and U-CDs) loaded
with curcumin and then compared the GCDs with curcumin-loaded carbon dots (Curc-
GCDs) to test the cell viability in HepG2 and A549 cells. Incubation was performed for
24 h in different concentrations (Table 10) of GCDs and Curc-GCDs. They found that,
compared to synthesized GCDs, Curc-GCDs showed more toxicity to the cells. In HepG2
cells, cell viability was decreased to 40% and 30% at the highest concentration (Table 10)
when the cells were treated with Curc-E-GCDs and Curc-U-GCDs, respectively. In A549
cell, cell viability was decreased even more than HepG2 at the same concentration to 38%
and 18% when treated with Curc-E-GCDs and Curc-U-GCDs, respectively. In both cases,
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Curc-U-GCDs showed higher toxicity to the cells. Furthermore, when the cell viability test
was extended up to 48 h and 72 h for A549 cells at the same concentration, they observed
that, in the presence of Curc-E-GCDs, cell viability decreased to 30% and 25%, and in the
presence of Curc-U-GCDs, cell viability decreased to 5% and 2%, respectively [48].

From the above discussion, we can propose that GCDs are mostly biocompatible
toward most of the cancer cell lines and display only negligible cytotoxicity. Besides, the
size-dependent toxicity measurement was also not reported so far for both cancerous and
non-cancerous cells. However, when the GCDs are conjugated with several anticancer drug
molecules, they could increase the drug stability in biological media and its concentration
in the target organ, thereby increasing the pharmacological action of the drug. Therefore,
more research should be conducted to establish GCDs as an efficient drug delivery vehicle.

5. Conclusions

Carbon dots are one of the fascinating nanomaterials with a broad range of applica-
tions. Taking environmental importance into account, GCDs are considered as promising
nanomaterials since the past decade and are very crucial for a sustainable future. As
we discussed in this review, due to their unique biological and physico-chemical proper-
ties, carbon dots can be used in several applications, including electro-chemical sensors,
bioimaging, nanomedicine, in drug delivery and in cancer therapy. In this review, we
specifically focused on GCDs and their applications. Although several reports on GCDs
are already documented, the research with GQDs is still in the initial phase. However,
the following points need to be addressed to further explore the sensing and anticancer
applications of GCDs:

1.  Inorder to bring GCDs into commercial applications, more study should be conducted
on the search for high-quality natural precursors for their synthesis.

2. Invivo toxicity studies are limited, hence, more in vivo studies involving GCDs should
be considered for the implementation of GCDs in biological/clinical applications.

3. Inaddition, toxicity of GCDs prepared from different natural sources under differ-
ent synthesis conditions should be investigated to obtain comprehensive details on
GCDs toxicity.

4. Future studies should focus on evaluating the anticancer activity of GCDs using
in vivo models.

5. More research should be conducted to explore the possibility of using GCDs in
photodynamic and photothermal therapy.

6.  GCDs-based sensors should also be used for the sensitive and selective detection of
cancer biomarkers, such as miRNA and antigens, to explore the application of GCDs
in clinical cancer diagnosis.

7. Itis also important to check the effect of GCDs’ size and surface modifications on
anticancer as well as electrochemical sensing abilities.
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