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Abstract: Non-small cell lung cancer (NSCLC) is an important sub-type of lung cancer associated
with poor diagnosis and therapy. Innovative multi-functional systems are urgently needed to
overcome the invasiveness of NSCLC. Carbon quantum dots (CQDs) derived from natural sources
have received interest for their potential in medical bio-imaging due to their unique properties, which
are characterized by their water solubility, biocompatibility, simple synthesis, and low cytotoxicity. In
the current study, ethylene-diamine doped CQDs enhanced their cytotoxicity (98 ± 0.4%, 97 ± 0.38%,
95.8 ± 0.15%, 86 ± 0.15%, 12.5 ± 0.14%) compared to CQDs alone (99 ± 0.2%, 98 ± 1.7%, 96 ± 0.8%,
93 ± 0.38%, 91 ± 1.3%) at serial concentrations (0.1, 1, 10, 100, 1000 µg/mL). In order to increase
their location in a specific tumor site, folic acid was used to raise their functional folate recognition.
The apoptotic feature of A549 lung cells exposed to N-CQDs and FA-NCQDs was characterized by a
light orange-red color under fluorescence microscopy. Additionally, much nuclear fragmentation and
condensation were seen. Flow cytometry results showed that the percentage of cells in late apoptosis
and necrosis increased significantly in treated cells to (19.7 ± 0.03%), (27.6 ± 0.06%) compared to
untreated cells (4.6 ± 0.02%), (3.5 ± 0.02%), respectively. Additionally, cell cycle arrest showed a
strong reduction in cell numbers in the S phase (14 ± 0.9%) compared to untreated cells (29 ± 0.5%).
Caspase-3 levels were increased significantly in A549 exposed to N-CQDs (2.67± 0.2 ng/mL) and FA-
NCQDs (3.43 ± 0.05 ng/mL) compared to untreated cells (0.34 ± 0.04 ng/mL). The functionalization
of CQDs derived from natural sources has proven their potential application to fight off non-small
lung cancer.

Keywords: carbon quantum dots; cytotoxicity; medical bio-image; nuclear condensation

1. Introduction

Lung cancer is the second most famous form of cancer in both men and women
because it is responsible for a significant number of cancer-related deaths around the world.
It reported that 85% of lung cancer-related deaths are attributed to non-small cell lung
cancer (NSCLC) [1]. This type of cancer has the ability to metastasize into the brain, bones,
and liver. This behavior highlights the high unmet medical need for the treatment of
advanced lung cancer [2]. Cisplatin is a popular chemotherapeutic agent used to treat
lung cancer. However, it causes adverse effects, including hepatotoxicity, nephrotoxicity,
and cardiotoxicity, and is associated with disorders in the antioxidant defense system,
cardiomyopathy, arrhythmias, and myocarditis [3]. Chemotherapies, such as paclitaxel,
carboplatin, and doxorubicin, are important strategies in cancer treatment. However, they
have a number of disadvantages, including poor selectivity, poor adsorption, strong drug
resistance, and negative side effects [4]. Additionally, creating chemotherapeutic drugs
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capable of fighting specific cancer cells without causing any damage to normal cells is still a
difficult task in cancer treatment [5]. Additionally, health care for cancer patients is affected
by the cost-effectiveness of chemotherapies.

Today, nanoparticles made from natural sources are used to develop effective and
affordable strategies for the early detection, diagnosis, and treatment of cancers [6]. Early
diagnosis enables timelier treatment, significantly improves patient outcomes, and is essen-
tial for successful therapy [7]. Carbon-based quantum dots (CDs) are mainly divided into
two subgroups, carbon quantum dots (CQDs) and graphene quantum dots (GQDs), and
have gained extensive attention in scientific areas in recent years. CQDs were first reported
in 2004 by purification of single-walled carbon nanotubes [8]. Meanwhile, CQDs derived
from natural sources have recently received much attention for a variety of applications
because of their biocompatible and long-lasting fluorophores [9–11].

In modern nanotechnology, CQDs have been used to fabricate drug delivery, cellular
bioimage, bio-sensing, and other biomedical applications [12,13].

CQD nanostructures are synthesized using various techniques, including microwave
irradiation, electrochemical oxidation, hydrothermal method, laser ablation, reflux method,
ultrasonication, pyrolysis of glycerol, strong acidic and electrochemical oxidation, thermal
carbonization of molecules, thermal annealing of barbecue meat (BBQ) char, as well as
atmospheric plasma-based synthesis [14,15]. However, this type of synthesis needs many
chemical reactions, such as oxidation, pyrolysis, and carbonization. Therefore, green
synthesis of CQDs has several advantages, such as renewable resources, the use of low-cost
and non-toxic raw materials, simple operations, and being environmentally-friendly [16].

According to the previous literature, many natural materials have been used as green
sources and precursors to produce CQDs, such as jackfruit, apple, orange, cabbage, banana,
pear, jujubes, oolong tea, betel leaf, bamboo leaf, and guava leaf. These materials exhibited
outstanding properties, including high renewable capability, low cost, high yield, high
availability, and high biocompatibility [17]. A report was published in 2020 using chicken
blood as a low-cost material. In this report, CQDs were prepared from chicken blood
using a hydrothermal method that used a biosensor for catalyzing the oxidation of 3, 3′, 5,
5′-tetramethylbenzidine (TMB) in the presence of H2O2 to generate blue oxidized TMB
(ox-TMB) with a strong absorption peak at 652 nm [18].

In the current study, CQDs were synthesized in a facile and economic synthetic ap-
proach from a biological source (Chicken Blood; CB) due to its low cost and availability
containing a multi-element mixture, followed by doping CB-CQDs with a nitrogen source
using ethylene-diamine (EDA) to enhance the chemical–physical properties of CQDs with
a hydrothermal carbonization method [19]. This functionalization was termed nitrogen-
doped CQDs (N-CQDs). Additionally, their surface can be further modified to improve the
functionality of nanoparticles for specific targeting therapies in biomedical and pharma-
ceutical applications. For example, folic acid (FA), a biological micro-molecule that plays
an important role in various biological functions, has been extensively used to modify
nanoparticles, in particular, for cancer-targeting therapies [20]. Folic acid-functionalized
NCQDs (FA-NCQDs) can be internalized and accumulated in the prenuclear region of
cytoplasm as a result of the defensive function of endosomes or lysosomes [21].

In our previous work, FA-conjugated NPs derived the encapsulated cargo molecules
into specific cancer locations, allowing them to increase their cellular uptake. This folic
acid–folate receptors conjugation was used as a mechanism to facilitate cancer delivery and
was studied extensively in breast cancer, lung cancer, and hepatocellular carcinoma [22].

In the current study, non-small lung cancer exposed to FA-NCQDs exhibited activation
of the proapoptotic pathway. This result suggests that these functionalized nano-delivery
systems might be promising materials for further applications in in vitro bio-imaging and
can be used for targeted cancer therapy because of their low cost compared to standard
chemotherapies and their availability, easy fabrication, and functionalization.
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2. Results
2.1. Characterization

In the current study, the amount of CQDs obtained from 10 gm of chicken blood after
purification and lyophilization was 500 mg, while the amount of N-CQDs obtained from
2gm chicken blood and 2ml ethylene diamine was 1300 mg.

N-doped CQDs (N-CQDs) exhibited absorption peaks in the UV region at 270 nm,
which was aroused from π-π* transition of the C=C bonds, and another distant peak at
around 331 nm, which was aroused from n-π* transition of the C=N bonds [23–25]. In
the recent study, the N-CQDs conjugated FA through interaction between carboxyl and
amino groups. The alkaline solution is used to deprotonate carboxyl groups of FA and then
facilitates their further interaction. The characteristic peak of FA-NCQDs measured at 288
nm was assigned to π-π* transition of C=C bonds. Meanwhile, another visible transition of
C=O appeared at 365 nm representing FA was clearly observed in the UV–vis absorption
of N-CQDs. This confirms the successful conjugation of FA onto the surface of N-CQDs
(Figure 1) [26–29].
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Figure 1. (A) UV-Vis. Absorption spectra of N-CQDS, FA-NCQDs, and FA only. (B) Zeta potential
for CB-CQDs, N-CQDs, FA only, and FA-NCQDs.

In the recent work, N-CQDs showed a low negative zeta potential value (−17 mv)
compared to CB-CQDs(−24 mV) due to the presence of amino groups of EDA [30–33].
Meanwhile, the zeta potential of pure FA obtained −27 mV. While the zeta potential for FA
functionalized, N-CQDs changed into −10 mV [34].

N-CQDs appeared as spherical shapes in the TEM image and were individually
distributed without any aggregation. Their size ranged from 3.7 to 6.7 nm, with an average
diameter of about 4.9 nm (Figure 2) [23,24].
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Folic acid has a natural crystallinity structure showing multiple peaks at angles of
(2θ = 10◦, 12◦, 16◦, 21◦, 25◦, 29◦, 37◦, 43◦, 64◦, 77◦). The XRD spectrum of FA-NCQDs
shows one peak at (2θ = 23.4◦) that is attributed to the peak of CB-CQDs and N-CQDs.
Additionally, the other peaks of folic acid were shifted to angles of (2θ = 14◦, 27◦, 28◦, 31◦,
32◦, 35◦, 38◦, 45◦, 65◦, and 74◦) (Figure 3A) [29].
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N-CQDs, FA, and FA-NCQDs, respectively.

The FTIR spectrum of FA shows a broad N−H/ O-H stretching peak at 3325 cm−1

along with C−H vibrations at 2819 cm−1, C=O stretching vibration at 1712 cm−1, C=C
unsaturated bonds at 1610 cm−1 and C−NH stretching vibration at 1520 cm−1. In the
FA-NCQDs, the OH /N−H stretching shifted to 3264 cm−1, while the stretching vibrations
of C=O and C−NH shifted to 1639 and 1560 cm−1, respectively. Moreover, the appearance
of the aromatic or aliphatic C−H vibrations of FA at 2810 cm−1 confirms that N-CQDs
were being functionalized by the presence of FA (Figure 3B) [29].

2.2. Cellular Experiments (In Vitro Analysis)
2.2.1. Cytotoxicity Assay

Cytotoxicity assays are extensively used in pharmaceutical research, drug discovery,
and other fundamental research to evaluate the toxicity of molecules. In the current study,
Sulforhodamine B (SRB), a very small aminoxanthene molecule that can penetrate cell
plasma membrane into the cytoplasm and reacts with a basic amino acid of protein in the
presence of acetic condition forming aggregated SRB-protein complex, was used. Here,
the SRB reagent was used to measure spectrophotometry of the proliferation of the A549
cell line of non-small lung cancer after their incubation to serial concentrations (0.1, 1, 10,
100, 1000 µg/mL) of CB-CQDs, EDA, N-CQDs, and FA-NCQDs. The growth of non-small
lung cancer (A549) cell lines showed significant reduction after their exposure to EDA
(99 ± 0.03%, 97 ± 0.8%, 94 ± 1.5%, 48 ± 0.8%, 1.5 ± 0.2%), respectively, and N-CQDs (98,
± 0.4%, 97 ± 0.38%, 95.8 ± 0.15%, 86 ± 0.15%, 12.5 ± 0.14%), respectively, FA-NCQDs
(96 ± 0.3%, 94 ± 0.5%, 93 ± 1.5%, 83 ± 1.2%, 10 ± 0.8%), respectively, compared to CB-
CQDs (99 ± 0.2%, 98 ± 1.7%, 96 ± 0.8%, 93 ± 0.38%, 91 ± 1.3%), respectively (Figure 4).
Additionally, the potential inhibitory effect was seen after their incubation to concentration
(1000 µg) exhibiting cytotoxic activity (1.5 ± 0.2%) in case EDA and (12.5 ± 0.14%) and
(10 ± 0.8%) in case N-CQDs and FA-NCQDs, respectively. This confirms that the toxicity
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of N-CQDs and FA-NCQDs is due to the presence of EDA, which was used as a source
of nitrogen. To confirm the potential therapeutic effect of N-CQDs and to use them later
on an animal cancer model, the half-maximal inhibitory concentration (IC50) values for
both CB-CQDs, EDA, N-CQDs, and FA-CQDs were detected by using serial concentrations
(0.1, 1, 10, 100, 1000 µg/mL) (Figure 4). The result showed that the cytotoxic activity of
CB-CQDs EDA, N-CQDs, and FA-NCQDs was detected at (IC50 > 1000 µg/mL, IC50:
95 µg/mL, IC50:304 µg/mL, IC50: 210 µg/mL), respectively [35,36] (Figure 5).
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Normal Human Skin Fibroblast cell lines (NHSF) were exposed to serial concen-
trations (0.1, 1, 10, 100, 1000 µg/mL) of CB-CQDs, N-CQDs, and FA-NCQDs. The
result was measured through spectrophotometry using SRB reagent after 72 h. The
growth of NHSF cells showed significant reduction after their exposure to N-CQDs
(101 ± 1.7%, 96 ± 0.6%, 95 ± 1.3%, 83 ± 1.4%, 38 ± 0.7%), respectively, compared to CB-
CQDs (97 ± 0.7%, 95 ± 1.7%, 94 ± 1.5%, 94 ± 0.9%, 93 ± 2.4%), while, the result of FA-
NCQDs showed (101 ± 1.2%, 98 ± 0.6%, 95 ± 0.7%, 92 ± 0.3%, 90 ± 0.9%), respectively
(Figure 6).
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The potential inhibitory effect of concentration (1000 µg) exhibited (38 ± 0.7%) in the
case N-CQDs, while less reduction was obtained (90 ± 0.9%) and (93 ± 2.4%) in the case
FA-NCQDs and CB-CQDs, respectively. Thereby, IC50 of CB-CQDs, N-CQDs, and FA-
NCQDs were detected at (IC50 > 1000 µg/mL, IC50: 612.15 µg/mL, IC50 > 1000 µg/mL),
respectively (Figure 7). The result confirms that FA-functionalized N-CQDs can improve
their delivery for cancer cells and reduce their toxicity on normal cells.
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2.2.2. Fluorescence Imaging of A549 Tumor Cells

The unique properties of CQDs, including tunable fluorescence and size below 10 nm,
strongly recommend their use in biomedical imaging. The cellular uptake of CB-CQDs,
N-CQDs, and FA-NCQDs was detected after their incubation for 24 h. A549 cells exposed
to these materials exhibited fluorescence emission at blue, red, and yellow channels. Ad-
ditionally, A549 cells exposed to folic acid conjugated N-CQDs showed good emission
because folic acid might increase their cellular adsorption and facilitate their accumulation
inside cytoplasm due to its functional attachment with folate receptors (Figure 8) [37].
Fluorescence intensity was measured using the Image J program, and the corrected total
cell fluorescence (CTCF) was detected. The fluorescence emission has good intensity in
cells exposed to FA-NCQDs. This is mainly attributed to accumulated nanoparticles in the
perinuclear region of cancer cells. This accumulation is due to the presence of FA, which
facilitates their cellular uptake (Figure 8A–C).
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2.3. Cellular Morphological Alterations

The morphological alterations of non-small lung cancer (A549 cell line) exposed to CB-
CQDs, N-CQDs, and FA-NCQDs were studied using Acridine orange/Ethidium bromide
(AO/EtBr), DAPI, Crystal violet, and Propidium iodide stains [38].

2.3.1. AO/EtBr

A549 cells (untreated cells) appeared in a well-organized structure showing green color
under fluorescence microscopy, while early apoptotic cells were seen as light orange, and
late apoptotic cells were shown as red fluorescence in the treated A549 cells. Additionally,
many cells had undergone necrosis and cell degradation. For this reason, the number of
cells in the section was reduced, particularly in the case of N-CQDs and FA-CQDs. These
findings revealed that N-CQDs and FA-NCQDs have the ability to cause apoptosis and cell
death in A549 cells (Figure 9) [39–42].
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2.3.2. DAPI Staining

The condensed and fragmented chromatins were investigated by using DAPI stain.
The exposure of A549 cells to CB-CQDs, N-CQDs, and FA-NCQDs resulted in an increase
in chromatin condensation and fragmentation compared to untreated cells (control). These
results revealed that N-CQDs and FA-NCQDs caused high damage to the chromatin struc-
ture compared to CB-CQDs, which have low toxicity. Additionally, the quantification
analysis showed an increase in the number of cells associated with nuclear fragmen-
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tation, nuclear condensation, nuclear degradation, and rupture of the cell membrane
(Figures 10 and 11) [43].
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2.3.3. Crystal Violet Stain

A549 cells exposed to CB-CQDs, N-CQDs, and FA-NCQDs (300 µL, or 800 µL per
well/1mg/mL) for 24, 48, and 72 h exhibited a significant increase in the number of
dead cells, while there were no dead cells detected in untreated cells (control). This
result confirmed the potential cytotoxic activity of N-CQDs and FA-NCQDs against A549
compared to CB-CQDs that obtained less cytotoxicity (Figures 12 and 13) [44].

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 13 of 27 
 

 

 

Figure 12. A549 cancer cell line stained with crystal violet after their treatment with CB-CQDs, N-

CQDs, and FA-NCQDs for 24 h (a–f), 48 h (g–l), and 72 h (m–r), respectively. 

 

Figure 13. Crystal violet staining histogram of CB-QDs, N-CQDs, and FA-NCQDs of A549 cells 

showing (number of cell death). (A) A549 cells exposed to 300µg. (B) A549 cells exposed to 800 µg. 
The data are shown as the means ± SE (n = 3). * p < 0.05 and *** p < 0.001. 

2.3.4. Propidium Iodide Staining 

Propidium Iodide (PI) is a versatile dye. It can be used as an indicator for detecting 

dead cells among many non-damaged cells by the mechanism of its interaction with DNA 

and emitting orange-red fluorescence. PI cannot penetrate the cytoplasm of non-damaged 

cells. This mechanism was used to distinguish apoptotic cells among many non-damaged 

cells. In the current study, untreated cells (control) showed green fluorescence emission, 

while A594 cells exposed to N–CQDs and FA-NCQDs for 48 h exhibited red fluorescence. 

Indeed, the integral membrane structure of A594 cells can be damaged by the reaction of 

Figure 12. A549 cancer cell line stained with crystal violet after their treatment with CB-CQDs,
N-CQDs, and FA-NCQDs for 24 h (a–f), 48 h (g–l), and 72 h (m–r), respectively.

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 13 of 27 
 

 

 

Figure 12. A549 cancer cell line stained with crystal violet after their treatment with CB-CQDs, N-

CQDs, and FA-NCQDs for 24 h (a–f), 48 h (g–l), and 72 h (m–r), respectively. 

 

Figure 13. Crystal violet staining histogram of CB-QDs, N-CQDs, and FA-NCQDs of A549 cells 

showing (number of cell death). (A) A549 cells exposed to 300µg. (B) A549 cells exposed to 800 µg. 
The data are shown as the means ± SE (n = 3). * p < 0.05 and *** p < 0.001. 

2.3.4. Propidium Iodide Staining 

Propidium Iodide (PI) is a versatile dye. It can be used as an indicator for detecting 

dead cells among many non-damaged cells by the mechanism of its interaction with DNA 

and emitting orange-red fluorescence. PI cannot penetrate the cytoplasm of non-damaged 

cells. This mechanism was used to distinguish apoptotic cells among many non-damaged 

cells. In the current study, untreated cells (control) showed green fluorescence emission, 

while A594 cells exposed to N–CQDs and FA-NCQDs for 48 h exhibited red fluorescence. 

Indeed, the integral membrane structure of A594 cells can be damaged by the reaction of 

Figure 13. Crystal violet staining histogram of CB-QDs, N-CQDs, and FA-NCQDs of A549 cells
showing (number of cell death). (A) A549 cells exposed to 300µg. (B) A549 cells exposed to 800 µg.
The data are shown as the means ± SE (n = 3). * p < 0.05 and *** p < 0.001.

2.3.4. Propidium Iodide Staining

Propidium Iodide (PI) is a versatile dye. It can be used as an indicator for detecting
dead cells among many non-damaged cells by the mechanism of its interaction with DNA
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and emitting orange-red fluorescence. PI cannot penetrate the cytoplasm of non-damaged
cells. This mechanism was used to distinguish apoptotic cells among many non-damaged
cells. In the current study, untreated cells (control) showed green fluorescence emission,
while A594 cells exposed to N–CQDs and FA-NCQDs for 48 h exhibited red fluorescence.
Indeed, the integral membrane structure of A594 cells can be damaged by the reaction
of CB-CQDs, N-CQDs, and FA-NCQDs, leading to forming of a permeable membrane.
Thereby, PI can be diffused through the membrane and react with DNA. After its binding
to DNA, the quantum yield of PI was duplicated, and the emission shifted from green to
orange-red. For this reason, PI was used extensively in flow cytometry to evaluate cell
viability and cell cycle arrest and also used in fluorescence microscopy to differentiate
apoptotic cells. (Figure 14) [45–48].
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Figure 14. The fluorescence microscopic images of A549 cells show the dead cells with cell debris,
nuclear degradation, and fragmentation with red fluorescence after treatment with N-CQDs and
FA-NCQDs, respectively. (A) Control, (B) CB-CQDs, (C) 300 µg N-CQDs, (D) 800 µg N-CQDs,
(E) 300 µgFA-NCQDs and (F) 800 µg FA-NCQDs.

2.4. Flow Cytometry Results

Flow cytometry or fluorescence-activated cell sorting (FACS) is a standard technique
used to measure cell apoptosis with high sensitivity and cell cycle analysis. The non-small
lung cancer cells (A549 cell line) were exposed to 300 µL of 1 mg/1 mL N-CQDs and
then used to investigate the percentage of apoptotic, necrotic cells and cell cycle arrest
(Figures 15 and 16) [49].
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A549 cells, (C) Cell cycle histograms were compared to control cells, (D) Cell cycle S phase was plotted
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2.4.1. Annexin V-FITC Apoptosis Detection Assay

The result of flow cytometry suggests a distinct increase in necrosis and late apoptotic
stages after their incubation with N-CQDs compared to control cells, as shown in Figure 14.
The percentage of cells in the late apoptosis was increased significantly in treated cells
to (19.7 ± 0.03%, p < 0.05), compared to untreated cells (4.6 ± 0.02%). Similarly, necrosis
was also increased in treated cells to (27.6 ± 0.06%, p < 0.05) compared to untreated cells
(3.5 ± 0.02%). Total cell death was increased significantly in A549 cells after their treatment
by N-CQDs to (48.2 ± 0.06%, p < 0.05) compared to untreated cells (control) that were
obtained (11.3 ± 0.04%) [50].

2.4.2. Cell Cycle Arrest

The cell cycle arrest of both untreated (control) and treated A549 cells were analyzed
and classified into sub-G1, G1, S, and G2/M phases. In the control group (untreated A549
cells), the distribution of cells in the G1, S, and G2 phases of the cell cycle were estimated
as 60 ± 0.8%, 29 ± 0.5%, and 10 ± 0.3%, respectively. In contrast, A549 cells exposed to
N-CQDs for 48 h resulted in an increase in the number of cells in the G1 phase (70 ± 0.5%)
with a strong reduction of cell numbers in the S phase (14 ± 0.9%, p < 0.001) compared to
control (Figure 14) [51].
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Figure 14C represents the percentage of cells in different cell cycle stages (G1, S, and
G2) compared to control. In this diagram, the percentage of increased or decreased levels
for each stage can be identified qualitatively and quantitatively compared to the same
stage in control. For this reason, three stages (G1, S, and G2) were presented. Figure 15D
represents the significant reduction in the percentage of cells for just the S phase compared
to the same stage in control.

2.4.3. ELISA Caspase Detection

Caspase-3 is a cysteine–aspartic acid protease that cleaves cellular targets and executes
cell death. The role of caspase-3 in apoptosis is to cleave and activate caspases −6, −7,
and −9 in order to break down the apoptotic cells before removal. The overexpression
of caspase-3 enhances the chemo-sensitivity against the acquired drug resistance. In the
current study, the caspase-3 level was increased significantly in A549 exposed to N-CQDs
(2.67 ± 0.2 ng/mL, p < 0.01) and FA-NCQDs (3.43 ± 0.05 ng/mL, p < 0.001) compared
to untreated cells (0.34 ± 0.04 ng/mL). Thereafter, the activated cytoplasmic caspase can
contribute to the execution of apoptosis (Figure 17) [52].
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3. Discussion

For the first time, the current study investigated the potential therapeutic effect of
CQDs derived from chicken blood because of their content from a natural source of carbon
and nitrogen. As an advantage, CQDs can be used in the future as alternative materials
instead of chemotherapies because of their unique properties, including good solubility,
high stability, biocompatibility, easy preparation, low cost, and low cytotoxicity. The next
advantage is that their surface can be functionalized by EDA (as a source of nitrogen)
and FA (for being used as targeted therapies) [53,54]. It was previously reported that
FA-conjugated QDs results in oxidation of their surface. This could change the optical
chemistry of QDs [55]. In a recent study, CQD functionalized by ethylene diamine was
first obtained, and then FA dissolved by 1N sodium hydroxide was added. The alkaline
solution was used here to deprotonate the carboxyl group, and then the (COO−) was
activated and attached amino group of ethylene diamine. Similarly, in previous work, FA
was first conjugated to chitosan, and the conjugation was used to encapsulate QDs. This
modification improved the optical chemistry of QDs [56].
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Here, two peaks of CQDs and N-CQDs were measured at 270 nm and 331 nm, respec-
tively, owing to π–π* transition related to C=C and C=N bonds [23–25], while characteristic
peaks of FA appeared at 288 nm and 365 nm in spectrum of FA-NCQDs (Figure 1), confirm-
ing their successful passivation and functionalization methods.

FTIR was used to identify the chemical band distribution of CQDs, N-CQDs, and
FA-NCQDs. FTIR spectra showed that the characteristic peaks at 3420 cm−1, 3410 cm−1,
and 3325 cm−1, respectively, can be attributed to the O–H/N–H stretching vibration of
hydroxyl and/ or amino groups, while band C=O was located at 1667 cm−1, 1650 cm−1,
and 1639 cm−1, in the spectra of CQDs, N-CQDs, and FA-NCQDs, respectively. The
result confirmed the presence of characteristic peaks of CQDs. Meanwhile, their shape
and diameter were detected using TEM. They appeared as spherical spots distributed
at uniform dispersion without any aggregation. (Figure 2) and exhibited a size range of
3.7–6.7 nm with an average diameter of about 4.9 nm. This narrow diameter is mostly
related to the hydrothermal method used for fabrication [18].

To explore the crystallite formation in CQD moieties, the lattice parameters of the
CQDs, N-CQDs, and FA-NCQDs materials were observed with the X-ray diffraction (XRD)
pattern. The result confirms that the structure of crystals in CB-CQDs and N-CQDs was
poor because of broadening in the interlayer spacing (d) of the CB-CQDs, which was
calculated to be 0.38 nm as compared to graphite interlayer spacing (d = 0.33 nm), while
FA-functionalized NCQDs improved their crystallinity due to the chemical structure of FA
(Figure 3). Meaning that FA was used to facilitate their delivery into a closer region for
cancer location. Additionally, it can also support the crystallinity of CQDs.

Sulforhodamine B (SRB) is an aminoxanthene molecule that can penetrate cellular
components because of its simple dissolution in a water-forming protein complex in the
presence of acetic media. Here, SRB was used to investigate the anti-cancer activity of
CB-CQDs, N-CQDs, and FA-NCQDs incubated with A549 cells. The cell viability of CQDs
showed low toxicity at a concentration of (1000 µg/mL) (91 ± 1.3%), while cell viability
was significantly reduced after their exposure to N-CQDs and FA-NCQDs (12.5 ± 0.14%
and 10 ± 0.8% p < 0.001), respectively, for 72 h (Figures 4 and 5).

Similarly, cell viability was inhibited significantly after treatment with ethylene di-
amine alone (1.5 ± 0.2%., p < 0.001). This confirms that the toxicity of NCQDs and FA-
NCQDs was mainly caused by the presence of ethylene-diamine functionalized CQDs. For
this reason, N-CQDs were chosen to be functionalized by FA as a targeted molecule to
concentrate the toxicity in the location of the cancer region. FA-conjugated NCQDs let them
be taken up by FA-receptor-positive cancer cells, which makes them a new biocompati-
ble probe to distinguish FA-receptor-positive cancer cells from normal cells in biological
imaging and cancer diagnosis [57].

In order to explore the morphological alterations associated with apoptotic, necrotic,
nuclear fragmentation, and cell membrane damage, A549 cells were exposed separately
to 300 µL and 800 µL of (CB-CQDs, N-CQDs, and FA-NCQDs) for different incubating
times (24, 48, and 72 h). Cells were mostly observed to be yellow in color in the early
apoptotic stage, while in the late stage, apoptotic cells were marked by an orange-red
fluorescence stain. (Figure 9). This differentiation was obtained by the ability of acridine
orange to penetrate normal and damaged cells, while ethidium bromide can penetrate
only damaged cells and then react to their DNA, showing an orange-red color under
fluorescence microscopy.

Therefore, the morphology of the nuclear structure of A549 cells was studied by using
DAPI stain as a specific nuclear stain. The result showed that cells exposed to N-CQDs
or FA-NCQDs showed nuclear condensation and nuclear fragmentation compared to CB-
CQDs or untreated cells (control) (Figures 10 and 11). The result indicates that N-CQDs
and FA-NCQDs have the ability to cause nuclear damage to cancer cells.

In addition to that, propidium iodide was used to provide a clear understanding of
cell and nuclear damage. Propidium iodide, as a selective molecule, cannot cross the intact
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plasma membrane of non-damaged cells and, therefore, will only be present in the DNA of
cells where the plasma membrane has been permeabilized.

In the current study, A549 cells exhibited red fluorescence color after their exposure to
N-CQDs and FA-NCQDs compared to CB-CQDs treated cells or untreated cells (control)
(Figure 14). These results confirm the cytotoxicity of N-CQDs and FA-CQDs against
A549 cells.

To identify the percentage of cells in early apoptosis, late apoptosis, and necrosis,
annexin V-FITC was used in the population of flow cytometry gates. The percentage of
late apoptotic cells exposed to N-CQDs for 48 h increased significantly to (19.7 ± 0.03%,
p < 0.05) compared to untreated cells (4.6 ± 0.02%). Meanwhile, necrosis also increased in
treated cells to (27.6 ± 0.06%, p < 0.05) compared with untreated cells (83.5 ± 0.02%). We,
therefore, evaluated the cell cycle in A549 cells after their exposure to N-CQDs for 48 h. The
population of cells in the S phase significantly decreased from 29 ± 0.5%, to (14 ± 0.9%,
p < 0.001) % upon NCQDs (300 µL) exposure for 48 h (Figure 16). A cell cycle study reveals
that N-CQDs cause apoptosis.

The current study revealed that induction of apoptosis by N-CQDs and FA-NCQDs
was accompanied by an increase in the activation of caspase-3. The level of caspase-3
was evaluated by Elisa kit, and the result showed a significant increase in its level by
(2.67 ± 0.2 ng/mL) and (3.43 ± 0.05 ng/mL) in N-CQDs and FA-NCQDs, respectively,
compared to untreated cells (0.34 ± 0.04 ng/mL). By the activation of caspase-3, many
proteins will be cleaved proteolytically to initiate and progress the programmed cell death.

4. Material and Methods
4.1. Chemicals

Chicken blood was collected, dried in an oven at 60 ◦C for 10 h, and then crushed using
a mortar. Ethylene-diamine (EDA), Folic acid (FA), Acridine orange, Ethidium bromide
(AO/EtBr) stain, 4,6-Diamidino-2-phenylindole dihydrochloride (DAPI) stain, Tween 20,
Crystal violet stain, Propidium iodide (PI) stain, and Paraformaldehyde were purchased
from Sigma-Aldrich, St. Louis, MO, USA and used as received without further purification.
Aqueous solutions were prepared with double distilled water (DDW).

4.2. Fabrication and Functionalization of CB-CQDs with Nitrogen Dopant
(Nitrogen-Doped CQDs)

The N-CQDs were synthesized using chicken blood as a carbon source and ethylene
diamine as a nitrogen source through a hydrothermal process. First, chicken blood (2 g)
and ethylene diamine (2 mL) were dissolved in 40 mL of deionized water and placed in a
50 mL glass beaker under vigorous stirring for 15 min. Then, the mixture was transferred
into a 75 mL Teflon-lined stainless-steel autoclave at 180 ◦C for 6 h. After the reaction
finished, the suspension was cooled down to room temperature, and a dark brown solution
was obtained. The resultant suspension was centrifuged using a cooling centrifuge at
10,000 rpm for 30 min under 10 ◦C then the solution was purified in a dialysis bag for 48 h
(retained molecular weight: (10,000–14,000 Da)). The distilled water was changed every
24 h for the removal of impurities [58].

Afterward, 5 mg folic acid was dissolved in 1mL aqueous solution of sodium hydrox-
ide (1N) and then was dropped into 20 mL phosphate buffer suspension (pH 7.4) with
20 mg of N-CQDs under vigorous oscillation for 30 min (Scheme 1). The collected products
were centrifuged at 16,000 rpm for 20 min and purified in a dialysis bag for 48 h (retained
molecular weight: (10,000–14,000 Da)). The distilled water was changed every 24 h for the
removal of impurities. After that, they were lyophilized [59].
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4.3. Characterization

The characterization of CB-CQDs, N-CQDs, and FA- NCQDs was assessed by UV–vis
spectroscopy (Shimadzu UV-2450 double-beam absorbance Spectrophotometer, Tokyo,
Japan), Fluorescence spectroscopy, Fourier Transform Infrared Spectroscopy (JASCO FT/IR-
6300, JASCO, Tokyo, Japan, model no. AUP1200343), Transmission Electron Microscopy
(TEM 200 kV, JEOL-JEM-2100, Tokyo, Japan), X-ray diffraction Shimadzu (XRD 6100, Tokyo,
Japan), and Zeta Potential (Brookhaven Instruments, New York, NY, USA).

4.3.1. UV–Vis Spectroscopy

The absorbance of CB-CQDs, N-CQDs, Folic acid, and FA-NCQDs was measured
using a Shimadzu UV-2450 double-beam absorbance Spectrophotometer. A total of 500 µL
of fabricated nanoparticles was diluted into 4 mL using distilled water and then measured
at a range of 200–800 nm.

4.3.2. Fluorescence Spectroscopy

The Photoluminescence emission spectra of CB-CQDs and N-CQDs were measured
at room temperature using a spectro-fluorometer Shimadzu RF5301PC. The same sample
used in the absorbance measurement was measured with the same conditions, as 500 µL of
fabricated nanoparticles was diluted into 4 mL by using distilled water, then measured at
the range 200–800 nm. The time-resolved fluorescence measurements were recorded with a
picosecond time-correlated single-photon count (Pico Quant, Fluo-Time 200 spectrometer).

4.3.3. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR experiments were carried out using a JASCO Fourier Transform Infrared Spectrom-
eter (FT/IR-6300) to detect the surface molecular structures in the range of 500–4000 cm−1

using the KBR pellet method. For all of the tests, at least three scans were recorded on
different regions of the samples, and representative spectra were analyzed.

4.3.4. Transmission Electron Microscopy (TEM)

A total of 10 µL of nanoparticles suspension was deposited on the copper grid and air-
dried before measurement. Copper grids sputtered with carbon films were used to support
the sample. High-resolution TEM images of nanoparticles were analyzed by (JEOL JEM
2100) operating at a voltage of 200 kV, coupled with a GATAN camera ORIUS SC600 with a
resolution of 7 megapixels. The GATAN camera was controlled by Digital Micrograph.
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4.3.5. X-ray Diffraction

Each sample was dropped separately onto a clean substrate of X-ray. The measure-
ments were performed by Cu-Kα radiation (λ = 1.5405◦ A) by Powder X-ray diffraction
patterns using a Shimadzu (XRD 6100) diffractometer to measure the crystallite pattern
and phase structure.

4.3.6. Zeta Potential

The electrophoretic mobility of samples was determined by photon correlation spec-
troscopy using a Zeta Nano Sizer (Brookhaven Instruments). All measurements were
performed at 25 ◦C. Five following measurements were taken for analysis.

4.3.7. Energy-Dispersive X-ray Spectroscopy (EDX)

Elemental analysis was performed using the silicon-drift EDX detector (energy res-
olution about 129 eV or better) with the analysis condition of WD 10 mm and voltage
20 KV.

4.4. Cellular Experiments (In Vitro Analysis)
4.4.1. Cell Culture

Non-small lung cancer A-549 cell lines were maintained in DMEM (Dulbecco’s Modi-
fied Eagle Medium) containing (100 µg/mL) of streptomycin, (100 µg/mL) of penicillin,
and (10%) of heat-inactivated fetal bovine serum, with 5% CO2 atmosphere at 37 ◦C [60].

4.4.2. Cell Cytotoxicity Assay

Sulphorhordamine (SRB) assay was assessed to investigate in vitro cytotoxicity of the
prepared CB-CQDs, Ethylene-Diamine (EDA), and N-doped CQDs. A-549 (5 × 103 cells)
were cultured in 96 multi-well plates and incubated in complete media for 24 h (37 ◦C,
5% CO2). Then, cells were treated with 100 µL media containing CB-CQDs or N-CQDs at
different concentrations (0.1, 1, 10, 100, 1000 µg/mL). After 72 h of exposure, cells were
fixed using 150 µL of 10% Trichloroacetic acid (TCA) and were incubated at 4 ◦C for 1 h.
The TCA solution was removed, and the cells were washed 5 times with distilled water.
Then, 70 µL SRB solution (0.4% w/v) was added and incubated in a dark place at room
temperature for 10 min. Plates were washed 3 times with 1% glacial acetic acid and then
were allowed to air-dry overnight. After that, 150 µL of Tris-EDTA (10 mM) was added
to dissolve the protein-bound SRB stain; the absorbance was then measured at 540 nm
using a BMG LABTECH®-FLUOstar Omega microplate reader (Ortenberg, Germany).
The cell viability (%) was calculated from the following equation: (Absorbance of treated
group/Absorbance of the control group) × 100% [61,62].

4.4.3. Cellular Uptake

Non-small lung cancer A-549 cell lines (5 × 103 cells) were cultured in 24 multi-
wells and incubated overnight; a new culture medium containing 300 µL of the prepared
CB-CQDs, N-CQDs and FA-NCQDs was added per well and incubated for 24 h. Then,
cells were washed three times with PBS pH 7.2. Cells were further fixed by using 0.4%
paraformaldehyde. Cellular uptake was visualized by red (TRITC), green (FITC), and
blue (DAPI) channels of inverted fluorescence microscopy (LEICA). Finally, images were
captured using a digital camera [63,64].

4.5. Cellular Morphological Alterations
4.5.1. Acridine Orange/Ethidium Bromide Dual Staining Assay

Dual AO/EB staining was used to detect morphological evidence of apoptosis. A549
cells were cultured in a 24-multi-well plate and were treated with (300 µL or 800 µL) of
1 mg/mL CB-CQDs, N-CQDs, and FA-NCQDs separately for 24 h, 48 h, and 72 h. Cells
were washed with PBS (pH 7.2), then fixed using 0.4% paraformaldehyde. Cells were
finally stained by mixing a concentration of AO/EB (2 mg/mL) for each one in PBS (PH
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7.2). After that, cells were examined under a fluorescence microscope (LEICA) at 20×
magnification [65].

4.5.2. DAPI Staining

A549 cells were cultured in a 24-multi-well plate and treated using (300 µL or 800 µL)
of 1 mg/mL CB-CQDs, N-CQDs, and FA-NCQDs separately for 24 h and 48 h. Cells
were then washed with PBS (pH 7.2) and fixed using 0.4% paraformaldehyde. Cells were
further permeabilized using 0.1% Triton-X 100 in PBS. Cells were finally stained using
50 µL of 4′,6-diamidino-2-phenylindole (DAPI). Excess dye was removed by washing with
PBS, and images of cells were captured under a fluorescence microscope (LEICA) at 20×
magnification [66,67].

4.5.3. Crystal Violet Staining

A549 cells were cultured in a 24-multi-well plate and then treated using (300 µL or
800 µL) of 1 mg/mL CB-CQDs, N-CQDs, and FA-NCQDs separately for 24 h, 48 h, and
72 h. Cells were washed with PBS (pH 7.2) and fixed with 0.4% paraformaldehyde; these
cells were further washed again with PBS (pH 7.2) and finally stained with crystal violet in
PBS (PH = 7.2). After that, cells were visualized under a fluorescence microscope (LEICA)
at 20×magnification [68].

4.5.4. Propidium Iodide (PI) Staining

A549 cells were cultured in a 24-well plate and treated using (300 µL or 800 µL) of
1 mg/mL CB-CQDs, N-CQDs, and FA-NCQDs separately for 24 h and 48 h. Cells were
washed with PBS (pH 7.2) and fixed with 0.4% paraformaldehyde; these cells were washed
again with PBS (pH 7.2) and finally stained with PI diluted with PBS (PH = 7.2). After that,
cells were visualized under a fluorescence microscope (LEICA) at 20×magnification [69].

4.6. Flow Cytometry Analysis
4.6.1. Annexin V-FITC Apoptosis Detection Assay

The necrotic and apoptotic cells were determined using an Annexin V-FITC apop-
tosis detection kit (Abcam Inc., Cambridge Science Park, Cambridge, UK) coupled with
2 fluorescent channels flow cytometry. After incubation of A549 cells with 300 µg/mL of
N-CQDs for 48 h, cells were collected by trypsinization and washed twice with ice-cold PBS
(pH 7.4). Cells were further incubated in a dark place with 0.5 mL of Annexin V-FITC/PI
solution for 30 min at room temperature according to manufacturer protocol. After staining,
cells were injected via ACEA Novocyte™ flow cytometer (ACEA Biosciences Inc., San
Diego, CA, USA) and analyzed for FITC and PI fluorescent signals using FL1 and FL2
signal detector, respectively (λex/em 488/530 nm for FITC and λex/em 535/617 nm for
PI). For each sample, 12,000 events were acquired, and positive FITC and/or PI cells were
quantified by quadrant analysis and calculated using ACEA NovoExpress™ software
(ACEA Biosciences Inc., San Diego, CA, USA) [70].

4.6.2. Cell Cycle Analysis by Flow Cytometry

After incubation of A549 cells for 48 h at 37 ◦C (5% of CO2), Cultured DMEM was
changed to a fresh one and was treated with 300 µL of N-CQDs. The untreated and treated
A549 cells were collected by trypsinization and then washed twice with PBS (pH 7.2). Cells
were further fixed using 60% ice-cold ethanol and stored at 4 ◦C for 1 h. Fixed cells were
washed again with PBS (PH 7.2) and re-suspended in 1ml of PBS containing 50 µg/mL
RNase A and 10 µg/mL of propidium iodide (PI) and incubated in a dark place at 37 ◦C
for 20 min. Cells were analyzed for DNA contents by flow cytometry analysis using
FL2 (λex/em 535/617 nm) signal detector (ACEA Novo cyte™ flow cytometer, ACEA
Biosciences Inc., San Diego, CA, USA). For each sample, 12,000 events were acquired. Cell
cycle distribution was calculated using ACEA Novo Express™ software (ACEA Biosciences
Inc., San Diego, CA, USA) [71–73].
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4.7. ELISA Caspase Detection

Enzyme-linked immunosorbent assay was used to detect caspase level using a Caspase-
3 Activity Kit (C1115; Beyotime Institute of Biotechnology, Haimen, China). A549 cells
were exposed to (300 uL) N-CQDs and FA-NCQDs (1mg/mL) for 48 h. Then, cells were
lysed and incubated with 2 mM Ac-DEVD-pNA at 37 ◦C for 4 h. Samples were then
measured by spectrophotometry at 450 nm. The analysis procedure was detailed in the
manufacturer’s protocol.

4.8. Biostatistics Analysis

The results were expressed as mean ± standard error of mean (SEM). Data were
analyzed by Sigma Plot Software 12.1 using one-way analysis of variance (ANOVA),
followed by Duncan’s test for comparison between different treatment groups. The data
are shown as * p < 0.05 ** p < 0.01 and *** p < 0.001. The data are representative of at least
three independent experiments.

5. Conclusions

In the current work, CB-CQDs emitting blue fluorescence were prepared from chicken
blood, which exhibited excellent optical properties and could be used as fluorescent probes
for bio-imaging. The physicochemical and photochemical properties of CB-CQDs can be
enhanced by chemical doping with heteroatoms (nitrogen). N-CQDs have been successfully
synthesized by facile hydrothermal treatment of chicken blood and ethylene diamine. The
synthesized N-CQDs exhibited excellent water solubility, stability against an ionic envi-
ronment, and optical properties. XRD confirmed the amorphous nature of CB-CQDs and
N-CQDs. Nitrogen doping was confirmed by EDS elemental composition analysis. HRTEM
images showed quasi-spherical morphology without agglomeration. Functionalization of
N-CQDs with folic acid was prepared after N-CQDs synthesis. CB-CQDs, N-CQDs, and
FA-CQDs were used as fluorescent probes for tumor cell imaging, and cytotoxic analysis
was performed to observe the effect of CB-CQDs and N-CQDs in vitro using A549 lung
cell lines. It has been observed that CB-CQDs have lower toxicity compared with N-CQDs
at high concentrations (1 mg/mL) due to the toxicity of ethylene-diamine added during
N-CQDs synthesis. FA has been functionalized on the surface of N-CQDs for targeting
therapy, as FA has receptors on the surface of tumor cells, increasing their absorption by
these cells and also increasing their effect for therapy. As a result, we can use CB-CQDs
for cellular bio-imaging due to their lower toxicity, while N-CQDs and FA-NCQDs can be
used for cancer therapy in addition to cellular bio-imaging. The toxic effect of N-CQDs was
confirmed by staining (AO/EtBr, DAPI, Crystal violet, and PI), flow cytometry (apoptosis
and cell cycle arrest), and ELISA for detecting caspase-3 protein activation.

Author Contributions: H.M.E.M.E.-b.: Methodology, data curation, investigation, writing original
draft preparation. N.A.N.H. Methodology, data curation, investigation, format analysis, review and
editing, supervision. M.A.E.-K.: Supervision, review and editing. All authors have read and agreed
to the published version of the manuscript.

Funding: This work was fully supported by self-funding from Nemany A.N. Hanafy and Hanaa
El-brolsy, Institute of Nanoscience and Nanotechnology, Kafrelsheikh University, Egypt.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data available in a publicly accessible repository.

Acknowledgments: Hanaa would like to thank Maged A. El Kemary for his kind supervision,
support, and his encouragement, and Nemany A.N. Hanafy for his great supervision and his ability
to facilitate all my practical work and did not save any effort or time to support me in accomplishing
this work.



Int. J. Mol. Sci. 2022, 23, 13283 21 of 23

Conflicts of Interest: All the authors contributed to different parts of the work (idea, experiments,
data collection, discussion, and manuscript preparation). The authors declare that there are no
competing interests or personal relationships that could have appeared to influence the work reported
in this paper.

References
1. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of

incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2018, 68, 394–424. [CrossRef] [PubMed]
2. Chow, E.K.H.; Ho, D. Cancer nanomedicine: From drug delivery to imaging. Sci. Transl. Med. 2013, 5, 216. [CrossRef] [PubMed]
3. Dasari, S.; Tchounwou, P.B. Cisplatin in cancer therapy: Molecular mechanisms of action. Eur. J. Pharmacol. 2014, 740, 364–378.

[CrossRef] [PubMed]
4. Mansoori, B.; Mohammadi, A.; Davudian, S.; Shirjang, S.; Baradaran, B. The Different Mechanisms of Cancer Drug Resistance: A

Brief Review. Adv. Pharm. Bull. 2017, 7, 339–348. [CrossRef]
5. Qin, S.Y.; Zhang, A.Q.; Cheng, S.X.; Rong, L.; Zhang, X.Z. Drug self-delivery systems for cancer therapy. Biomaterials 2017, 112,

234–247. [CrossRef]
6. Duan, Q.; Che, M.; Hu, S.; Zhao, H.; Li, Y.; Ma, X.; Zhang, W.; Zhang, Y.; Sang, S. Rapid cancer diagnosis by highly fluorescent

carbon nanodots-based imaging. Anal. Bioanal. Chem. 2019, 411, 967–972. [CrossRef]
7. Huang, Q.; Wang, Y.; Chen, X.; Wang, Y.; Li, Z.; Du, S.; Wang, L.; Chen, S. Nanotechnology-Based Strategies for Early Cancer

Diagnosis Using Circulating Tumor Cells as a Liquid Biopsy. Nanotheranostics. 2018, 2, 21–41. [CrossRef]
8. Alaghmandfard, A.; Sedighi, O.; Tabatabaei Rezaei, N.; Abedini, A.A.; Malek Khachatourian, A.; Toprak, M.S.; Seifalian, A.

Recent advances in the modification of carbon-based quantum dots for biomedical applications. Mater. Sci. Eng. C Mater. Biol.
Appl. 2021, 120, 111756. [CrossRef]

9. Mishra, V.; Patil, A.; Thakur, S.; Kesharwani, P. Carbon dots: Emerging theranostic nanoarchitectures. Drug Discov. Today 2018, 23,
1219–1232. [CrossRef]

10. Liu, W.; Li, C.; Ren, Y.; Sun, X.; Pan, W.; Li, Y.; Wang, J.; Wang, W. Carbon dots: Surface engineering and applications. J. Mater.
Chem. B 2016, 4, 5772–5788. [CrossRef]

11. Zhang, L.; Wang, D.; Huang, H.; Liu, L.; Zhou, Y.; Xia, X.; Deng, K.; Liu, X. Preparation of gold–carbon dots and ratiometric
fluorescence cellular imaging. ACS Appl. Mater. Interfaces 2016, 8, 6646–6655. [CrossRef] [PubMed]

12. Park, Y.; Kim, Y.; Chang, H.; Won, S.; Kim, H.; Kwon, W. Correction: Biocompatible nitrogen-doped carbon dots: Synthesis,
characterization, and application. J. Mater. Chem. B 2020, 8, 9812. [CrossRef] [PubMed]

13. Zhang, S.; Pei, X.; Xue, Y.; Xiong, J.; Wang, J. Bio-safety assessment of carbon quantum dots, N-doped and folic acid modified
carbon quantum dots: A systemic comparison. Chin. Chem. Lett. 2020, 31, 1654–1659. [CrossRef]

14. Zhang, J.; Yu, S.H. Carbon dots: Large-scale synthesis, sensing and bio- imaging. Mater. Today 2016, 19, 382–393. [CrossRef]
15. Humaera, N.A.; Fahri, A.N.; Armynah, B.; Tahir, D. Natural source of carbon dots from part of a plant and its applications:

A review. Luminescence 2021, 36, 1354–1364. [CrossRef] [PubMed]
16. Nair, A.; Haponiuk, J.T.; Thomas, S.; Gopi, S. Natural carbon-based quantum dots and their applications in drug delivery:

A review. Biomed. Pharmacother. 2020, 132, 110834. [CrossRef] [PubMed]
17. Manikandan, V.; Lee, N.Y. Green synthesis of carbon quantum dots and their environmental applications. Environ. Res. 2022, 212

Pt B, 113283. [CrossRef]
18. Yuan, C.; Qin, X.; Xu, Y.; Li, X.; Chen, Y.; Shi, R.; Wang, Y. Carbon quantum dots originated from chicken blood as peroxidase

mimics for colorimetric detection of biothiols. J. Photochem. Photobiol. A Chem. 2020, 396, 112529. [CrossRef]
19. Ghosal, K.; Ghosh, A. Carbon dots: The next generation platform for biomedical applications. Mater. Sci. Eng. C 2019, 96, 887–903.

[CrossRef]
20. Travlou, N.A.; Giannakoudakis, D.A.; Algarra, M.; Labella, A.M.; Castellón, E.R.; Bandosz, T.J. S-and N-doped carbon quantum

dots: Surface chemistry dependent antibacterial activity. Carbon 2018, 135, 104–111. [CrossRef]
21. Sun, Y.P.; Zhou, B.; Lin, Y.; Wang, W.; Fernando, K.A.S.; Pathak, P.; Meziani, M.J.; Harruff, B.A.; Wang, X.; Wang, H.; et al.

Quantum-sized carbon dots for bright and colorful photoluminescence. J. Am. Chem. Soc. 2006, 128, 7756–7757. [CrossRef]
[PubMed]

22. Essa, M.L.; Elashkar, A.A.; Hanafy, N.A.N.; Saied, E.M.; El-Kemary, M. Dual targeting nanoparticles based on hyaluronic and
folic acids as a promising delivery system of the encapsulated 4-Methylumbelliferone (4-MU) against invasiveness of lung cancer
in vivo and in vitro. Int. J. Biol. Macromol. 2022, 206, 467–480. [CrossRef] [PubMed]

23. Jiang, X.; Qin, D.; Mo, G.; Feng, J.; Yu, C.; Mo, W.; Deng, B. Ginkgo leaf-based synthesis of nitrogen-doped carbon quantum dots
for highly sensitive detection of salazosulfapyridine in mouse plasma. J. Pharm. Biomed. Anal. 2019, 5, 514–519. [CrossRef]

24. Zhou, C.; He, X.; Ya, D.; Zhong, J.; Deng, B. One step hydrothermal synthesis of nitrogen-doped graphitic quantum dots as a
fluorescent sensing strategy for highly sensitive detection of metacycline in mice plasma. Sens. Actuators B Chem. 2017, 249,
256–264. [CrossRef]

25. Hai, X.; Wang, Y.; Hao, X.; Chen, X.; Wang, J. Folic acid encapsulated graphene quantum dots for ratiometric pH sensing and
specific multicolor imaging in living cells. Sens. Actuators B Chem. 2018, 268, 61–69. [CrossRef]

http://doi.org/10.3322/caac.21492
http://www.ncbi.nlm.nih.gov/pubmed/30207593
http://doi.org/10.1126/scitranslmed.3005872
http://www.ncbi.nlm.nih.gov/pubmed/24353161
http://doi.org/10.1016/j.ejphar.2014.07.025
http://www.ncbi.nlm.nih.gov/pubmed/25058905
http://doi.org/10.15171/apb.2017.041
http://doi.org/10.1016/j.biomaterials.2016.10.016
http://doi.org/10.1007/s00216-018-1500-1
http://doi.org/10.7150/ntno.22091
http://doi.org/10.1016/j.msec.2020.111756
http://doi.org/10.1016/j.drudis.2018.01.006
http://doi.org/10.1039/C6TB00976J
http://doi.org/10.1021/acsami.5b12084
http://www.ncbi.nlm.nih.gov/pubmed/26905318
http://doi.org/10.1039/D0TB90176H
http://www.ncbi.nlm.nih.gov/pubmed/33089269
http://doi.org/10.1016/j.cclet.2019.09.018
http://doi.org/10.1016/j.mattod.2015.11.008
http://doi.org/10.1002/bio.4084
http://www.ncbi.nlm.nih.gov/pubmed/33982393
http://doi.org/10.1016/j.biopha.2020.110834
http://www.ncbi.nlm.nih.gov/pubmed/33035830
http://doi.org/10.1016/j.envres.2022.113283
http://doi.org/10.1016/j.jphotochem.2020.112529
http://doi.org/10.1016/j.msec.2018.11.060
http://doi.org/10.1016/j.carbon.2018.04.018
http://doi.org/10.1021/ja062677d
http://www.ncbi.nlm.nih.gov/pubmed/16771487
http://doi.org/10.1016/j.ijbiomac.2022.02.095
http://www.ncbi.nlm.nih.gov/pubmed/35202638
http://doi.org/10.1016/j.jpba.2018.11.025
http://doi.org/10.1016/j.snb.2017.04.092
http://doi.org/10.1016/j.snb.2018.04.090


Int. J. Mol. Sci. 2022, 23, 13283 22 of 23

26. Song, Y.; Shi, W.; Chen, W.; Li, X.; Ma, H. Fluorescent carbon nanodots conjugated with folic acid for distinguishing folate-
receptor-positive cancer cells from normal cells. J. Mater. Chem. 2012, 22, 12568–12573. [CrossRef]

27. Zhang, J.; Zhao, X.; Xian, M.; Dong, C.; Shuang, S. Folic acid-conjugated green luminescent carbon dots as a nanoprobe for
identifying folate receptor-positive cancer cells. Talanta 2018, 183, 39–47. [CrossRef]

28. Arumugam, N.; Kim, J. Synthesis of carbon quantum dots from Broccoli and their ability to detect silver ions. Mater. Lett. 2018,
219, 37–40. [CrossRef]

29. Hanafy, N.A.N.; Leporatti, S.; El-Kemary, M. Mucoadhesive curcumin crosslinked carboxy methyl cellulose might increase
inhibitory efficiency for liver cancer treatment. Mater. Sci. Eng. C 2020, 116, 111119. [CrossRef]

30. Liang, Z.; Zeng, L.; Cao, X.; Wang, Q.; Wang, X.; Sun, R. Sustainable carbon quantum dots from forestry and agricultural biomass
with amplified photoluminescence by simple NH4OH passivation. J. Mater. Chem. C 2014, 2, 9760–9766. [CrossRef]

31. Dastidar, D.G.; Mukherjee, P.; Ghosh, D.; Banerjee, D. Carbon quantum dots prepared from onion extract as fluorescence turn-on
probes for selective estimation of Zn2+ in blood plasma. Colloids Surf. A Physicochem. Eng. Asp. 2021, 611, 125781. [CrossRef]

32. Abou El-Naga, H.M.H.; El-Hashash, S.A.; Yasen, E.M.; Leporatti, S.; Hanafy, N.A.N. Starch-Based Hydrogel Nanoparticles
Loaded with Polyphenolic Compounds of Moringa Oleifera Leaf Extract Have Hepatoprotective Activity in Bisphenol A-Induced
Animal Models. Polymers 2022, 14, 2846. [CrossRef] [PubMed]

33. Samimi, S.; Ardestani, M.S.; Dorkoosh, F.A. Preparation of carbon quantum dots-quinic acid for drug delivery of gemcitabine to
breast cancer cells. J. Drug Deliv. Sci. Technol. 2021, 61, 102287. [CrossRef]

34. Wang, Z.; Fu, B.; Zou, S.; Duan, B.; Chang, C.; Yang, B.; Zhou, X.; Zhang, L. Facile construction of carbon dots via acid catalytic
hydrothermal method and their application for target imaging of cancer cells. Nano Res. 2016, 9, 214–223. [CrossRef]

35. Saljoughi, H.; Khakbaz, F.; Mahani, M. Synthesis of folic acid conjugated photoluminescent carbon quantum dots with ultrahigh
quantum yield for targeted cancer cell fluorescence imaging. Photodiagnosis Photodyn. Ther. 2020, 30, 101687. [CrossRef]

36. Shivaji, K.; Mani, S.; Ponmurugan, P.; De Castro, C.S.; Davies, M.L.; Balasubramanian, M.G.; Pitchaimuthu, S. Green-synthesis-
derived CdS quantum dots using tea leaf extract: Antimicrobial, bioimaging, and therapeutic applications in lung cancer cells.
ACS Appl. Nano Mater. 2018, 1, 1683–1693. [CrossRef]

37. Mabrouk Zayed, M.M.; Sahyon, H.A.; Hanafy, N.A.N.; El-Kemary, M.A. The Effect of Encapsulated Apigenin Nanoparticles on
HePG-2 Cells through Regulation of P53. Pharmaceutics. 2022, 14, 1160. [CrossRef]

38. Chen, D.; Li, B.; Lei, T.; Na, D.; Nie, M.; Yang, Y.; Xie, C.; He, Z.; Wang, J. Selective mediation of ovarian cancer SKOV3 cells
death by pristine carbon quantum dots/Cu2O composite through targeting matrix metalloproteinases, angiogeniccytokines and
cytoskeleton. J. Nanobiotechnol. 2021, 19, 68. [CrossRef]

39. Singh, V.; Kashyap, S.; Yadav, U.; Srivastava, A.; Singh, A.V.; Singh, R.K.; Saxena, P.S. Nitrogen doped carbon quantum dots
demonstrate no toxicity under in vitro conditions in a cervical cell line and in vivo in Swiss albino mice. Toxicol. Res. 2019, 8,
395–406. [CrossRef]

40. Chen, F.; Zhang, H.; Jiang, L.; Wei, W.; Liu, C.; Cang, S. Enhancing the cytotoxic efficacy of combined effect of doxorubicin and
Cyclosporin encapsulated photoluminescent graphene dotted mesoporous nanoparticles against lung cancer cell-specific drug
targeting for the nursing care of cancer patients. J. Photochem. Photobiol. B Biol. 2019, 198, 111578. [CrossRef]

41. Joseph, M.M.; Aravind, S.R.; George, S.K.; Pillai, R.K.; Mini, S.; Sreelekha, T.T. Co-encapsulation of doxorubicin with galac-
toxyloglucan nanoparticles for intracellular tumor-targeted delivery in murine ascites and solid tumors. Transl. Oncol. 2014, 7,
525–536. [CrossRef]

42. Mollick, M.M.R.; Bhowmick, B.; Mondal, D.; Maity, D.; Rana, D.; Dash, S.K.; Chattopadhyay, S.; Roy, S.; Sarkar, J.; Acharya, K.; et al.
Anticancer (in vitro) and antimicrobial effect of gold nanoparticles synthesized using Abelmoschus esculentus (L.) pulp extract via
a green route. RSC Adv. 2014, 4, 37838–37848. [CrossRef]

43. Ma, C.; Song, M.; Zhang, Y.; Yan, M.; Zhang, M.; Bi, H. Nickel nanowires induce cell cycle arrest and apoptosis by generation of
reactive oxygen species in HeLa cells. Toxicol. Rep. 2014, 1, 114–121. [CrossRef] [PubMed]

44. Adil Ban, H.; Ahmed, M.A.S.; Hamid, H.M. Cold Atmospheric Plasma generated by FE-DBD Scheme cytotoxicity against Breast
Cancer cells. AIP Conf. Proc. Res. J. Biotech. 2019, 14, 020033.

45. Stiefel, P.; Schmidt-Emrich, S.; Maniura-Weber, K.; Ren, Q. Critical aspects of using bacterial cell viability assays with the
fluorophores SYTO9 and propidium iodide. BMC Microbiol. 2015, 15, 1–9. [CrossRef]

46. Crowley, L.C.; Scott, A.P.; Marfell, B.J.; Boughaba, J.A.; Chojnowski, G.; Waterhouse, N.J. Measuring cell death by propidium
iodide uptake and flow cytometry. Cold Spring Harb. Protoc. 2016, 2016, 7. [CrossRef]

47. Krämer, C.E.M.; Wiechert, W.; Kohlheyer, D. Time-resolved, single-cell analysis of induced and programmed cell death via
non-invasive propidium iodide and counterstain perfusion. Sci. Rep. 2016, 6, 32104. [CrossRef]

48. Ruan, J.; Song, H.; Qian, Q.; Li, C.; Wang, K.; Bao, C.; Cui, D. HER2 monoclonal antibody conjugated RNase-A-associated CdTe
quantum dots for targeted imaging and therapy of gastric cancer. Biomaterials 2012, 33, 7093–7102. [CrossRef]

49. Hanafy, N.A.N.; Leporatti, S.; El-Kemary, M.A. Extraction of chlorophyll and carotenoids loaded into chitosan as potential
targeted therapy and bio imaging agents for breast carcinoma. Int. J. Biol. Macromol. 2021, 182, 1150–1160. [CrossRef]

50. Hanafy, N.A.N. Starch based hydrogel NPs loaded by anthocyanins might treat glycogen storage at cardiomyopathy in animal
fibrotic model. Int J Biol Macromol. 2021, 183, 171–181. [CrossRef]

51. Ma, Z.; Zhang, W.; Wu, Y.; Zhang, M.; Wang, L.; Wang, Y.; Liu, W. Cyclophilin A inhibits A549 cell oxidative stress and apoptosis
by modulating the PI3K/Akt/mTOR signaling pathway. Biosci. Rep. 2021, 41, BSR20203219. [CrossRef] [PubMed]

http://doi.org/10.1039/c2jm31582c
http://doi.org/10.1016/j.talanta.2018.02.009
http://doi.org/10.1016/j.matlet.2018.02.043
http://doi.org/10.1016/j.msec.2020.111119
http://doi.org/10.1039/C4TC01714E
http://doi.org/10.1016/j.colsurfa.2020.125781
http://doi.org/10.3390/polym14142846
http://www.ncbi.nlm.nih.gov/pubmed/35890622
http://doi.org/10.1016/j.jddst.2020.102287
http://doi.org/10.1007/s12274-016-0992-2
http://doi.org/10.1016/j.pdpdt.2020.101687
http://doi.org/10.1021/acsanm.8b00147
http://doi.org/10.3390/pharmaceutics14061160
http://doi.org/10.1186/s12951-021-00813-8
http://doi.org/10.1039/C8TX00260F
http://doi.org/10.1016/j.jphotobiol.2019.111578
http://doi.org/10.1016/j.tranon.2014.07.003
http://doi.org/10.1039/C4RA07285E
http://doi.org/10.1016/j.toxrep.2014.04.008
http://www.ncbi.nlm.nih.gov/pubmed/28962232
http://doi.org/10.1186/s12866-015-0376-x
http://doi.org/10.1101/pdb.prot087163
http://doi.org/10.1038/srep32104
http://doi.org/10.1016/j.biomaterials.2012.06.053
http://doi.org/10.1016/j.ijbiomac.2021.03.189
http://doi.org/10.1016/j.ijbiomac.2021.04.131
http://doi.org/10.1042/BSR20203219
http://www.ncbi.nlm.nih.gov/pubmed/33393627


Int. J. Mol. Sci. 2022, 23, 13283 23 of 23

52. Xu, X.; Zhang, K.; Zhao, L.; Li, C.; Bu, W.; Shen, Y.; Gu, Z.; Chang, B.; Zheng, C.; Lin, C.; et al. Aspirin-based carbon dots, a good
biocompatibility of material applied for bio-imaging and anti-inflammation. ACS Appl. Mater. Interfaces 2016, 8, 32706–32716.
[CrossRef] [PubMed]

53. Zhang, J.; Zhang, X.; Dong, S.; Zhou, X.; Dong, S. N-doped carbon quantum dots/TiO2 hybrid composites with enhanced visible
light driven photocatalytic activity toward dye wastewater degradation and mechanism insight. J. Photochem. Photobiol. A Chem.
2016, 325, 104–110. [CrossRef]

54. Wu, X.; Wu, L.; Cao, X.; Li, Y.; Liu, A.; Liu, S. Nitrogen-doped carbon quantum dots for fluorescence detection of Cu 2+ and
electrochemical monitoring of bisphenol A. RSC Adv. 2018, 8, 20000–20006. [CrossRef]

55. Song, H.; Su, C.; Cui, W.; Zhu, B.; Liu, L.; Chen, Z.; Zhao, L. Folic acid-chitosan conjugated nanoparticles for improving
tumor-targeted drug delivery. BioMed Res. Int. 2013, 2013, 723158. [CrossRef]

56. Garcia-Bennett, A.; Nees, M.; Fadeel, B. In search of the holy grail: Folate-targeted nanoparticles for cancer therapy. Biochem.
Pharmacol. 2011, 81, 976–984. [CrossRef]

57. Bwatanglang, I.B.; Mohammad, F.; Yusof, N.A.; Abdullah, J.; Hussein, M.Z.; Alitheen, N.B.; Abu, N. Folic acid targeted Mn:ZnS
quantum dots for theranostic applications of cancer cell imaging and therapy. Int. J. Nanomed. 2016, 11, 413–428. [CrossRef]

58. Yang, X.; Yang, X.; Li, Z.; Li, S.; Han, Y.; Chen, Y.; Bu, X.; Su, C.; Xu, H.; Jiang, Y.; et al. Photoluminescent carbon dots synthesized
by microwave treatment for selective image of cancer cells. J. Colloid Interface Sci. 2015, 456, 1–6. [CrossRef]

59. Li, N.; Lei, F.; Xu, D.; Li, Y.; Liu, J.; Shi, Y. One-step synthesis of N, P Co-doped orange carbon quantum dots with novel optical
properties for bio-imaging. Opt. Mater. 2021, 111, 110618. [CrossRef]

60. Li, Y.; Shi, Y.; Song, X.; Zhao, Z.; Zhang, N.; Hao, C. Pitch-derived carbon quantum dots as fluorescent probe for selective and
sensitive detection of ferric ions and bioimaging. J. Photochem. Photobiol. A Chem. 2021, 412, 113253. [CrossRef]

61. Emami, E.; Mousazadeh, M.H. Green synthesis of carbon dots for ultrasensitive detection of Cu2+ and oxalate with turn on-off-on
pattern in aqueous medium and its application in cellular imaging. J. Photochem. Photobiol. A Chem. 2021, 418, 113443. [CrossRef]

62. Hanafy, N.A. Encapsulation of cancer signalling pathway inhibitors as a protective way for healthy cells. Comment. Med. Res.
Innov. 2018, 2, 1. [CrossRef]

63. Hanafy, N.A.N.; Fabregat, I.; Leporatti, S.; El Kemary, M. Encapsulating TGF-β1 inhibitory peptides P17 and P144 as a promising
strategy to facilitate their dissolution and to improve their functionalization. Pharmaceutics 2020, 12, 421. [CrossRef] [PubMed]

64. Ramalingam, V.; Revathidevi, S.; Shanmuganayagam, T.S.; Muthulakshmi, L.; Rajaram, R. Gold nanoparticle induces
mitochondria-mediated apoptosis and cell cycle arrest in nonsmall cell lung cancer cells. Gold Bull. 2017, 50, 177–189. [CrossRef]

65. Karakoçak, B.B.; Laradji, A.; Primeau, T.; Berezin, M.Y.; Li, S.; Ravi, N. Hyaluronan-conjugated carbon quantum dots for
bioimaging use. ACS Appl. Mater. Interfaces 2020, 13, 277–286. [CrossRef]

66. Ramalingam, V.; Revathidevi, S.; Shanmuganayagam, T.; Muthulakshmi, L.; Rajaram, R. Biogenic gold nanoparticles induce
cell cycle arrest through oxidative stress and sensitize mitochondrial membranes in A549 lung cancer cells. RSC Adv. 2016, 6,
20598–20608. [CrossRef]

67. Sulaiman, G.M.; Jabir, M.S.; Hameed, A.H. Nanoscale modification of chrysin for improved of therapeutic efficiency and
cytotoxicity. Artif. Cells Nanomed. Biotechnol. 2018, 46, 708–720. [CrossRef]

68. Daniyal, M.; Liu, Y.; Yang, Y.; Xiao, F.; Fan, J.; Yu, H.; Qui, Y.; Liu, B.; Wang, W.; Yuhui, Q. Anti-gastric cancer activity and
mechanism of natural compound “Heilaohulignan C” isolated from Kadsura coccinea. Phytother. Res. 2021, 35, 3977–3987.
[CrossRef]

69. He, B.; Jin, H.Y.; Wang, Y.W.; Fan, C.M.; Wang, Y.F.; Zhang, X.C.; Liu, J.X.; Li, R.; Liu, J.W. Carbon quantum dots/Bi 4 O 5 Br 2
photocatalyst with enhanced photodynamic therapy: Killing of lung cancer (A549) cells in vitro. Rare Met. 2022, 41, 132–143.
[CrossRef]

70. Hanafy, N.A.N. Optimally designed theranostic system based folic acids and chitosan as a promising mucoadhesive delivery
system for encapsulating curcumin LbL nano-template against invasiveness of breast cancer. Int. J. Biol. Macromol. 2021, 182,
1981–1993. [CrossRef]

71. Hanafy, N.A.N.; El-Kemary, M.A. Silymarin/curcumin loaded albumin nanoparticles coated by chitosan as muco-inhalable
delivery system observing anti-inflammatory and anti-COVID-19 characterizations in oleic acid triggered lung injury and in vitro
COVID-19 experiment. Int J Biol Macromol. 2021, 198, 101–110. [CrossRef] [PubMed]

72. Arkan, E.; Barati, A.; Rahmanpanah, M.; Hosseinzadeh, L.; Moradi, S.; Hajialyani, M. Green Synthesis of Carbon Dots Derived
from Walnut Oil and an Investigation of Their Cytotoxic and Apoptogenic Activities toward Cancer Cells. Adv. Pharm. Bull. 2018,
8, 149–155. [CrossRef] [PubMed]

73. Brunetti, J.; Falciani, C.; Roscia, G.; Pollini, S.; Bindi, S.; Scali, S.; Arrieta, U.C.; Vallejo, V.G.; Quercini, L.; Ibba, E.; et al. In vitro
and in vivo efficacy, toxicity, bio-distribution and resistance selection of a novel antibacterial drug candidate. Sci. Rep. 2016, 6,
26077. [CrossRef] [PubMed]

http://doi.org/10.1021/acsami.6b12252
http://www.ncbi.nlm.nih.gov/pubmed/27934165
http://doi.org/10.1016/j.jphotochem.2016.04.012
http://doi.org/10.1039/C8RA03180K
http://doi.org/10.1155/2013/723158
http://doi.org/10.1016/j.bcp.2011.01.023
http://doi.org/10.2147/IJN.S90198
http://doi.org/10.1016/j.jcis.2015.06.002
http://doi.org/10.1016/j.optmat.2020.110618
http://doi.org/10.1016/j.jphotochem.2021.113253
http://doi.org/10.1016/j.jphotochem.2021.113443
http://doi.org/10.15761/MRI.1000140
http://doi.org/10.3390/pharmaceutics12050421
http://www.ncbi.nlm.nih.gov/pubmed/32370293
http://doi.org/10.1007/s13404-017-0208-x
http://doi.org/10.1021/acsami.0c20088
http://doi.org/10.1039/C5RA26781A
http://doi.org/10.1080/21691401.2018.1434661
http://doi.org/10.1002/ptr.7114
http://doi.org/10.1007/s12598-021-01762-9
http://doi.org/10.1016/j.ijbiomac.2021.05.149
http://doi.org/10.1016/j.ijbiomac.2021.12.073
http://www.ncbi.nlm.nih.gov/pubmed/34968533
http://doi.org/10.15171/apb.2018.018
http://www.ncbi.nlm.nih.gov/pubmed/29670850
http://doi.org/10.1038/srep26077
http://www.ncbi.nlm.nih.gov/pubmed/27169671

	Introduction 
	Results 
	Characterization 
	Cellular Experiments (In Vitro Analysis) 
	Cytotoxicity Assay 
	Fluorescence Imaging of A549 Tumor Cells 

	Cellular Morphological Alterations 
	AO/EtBr 
	DAPI Staining 
	Crystal Violet Stain 
	Propidium Iodide Staining 

	Flow Cytometry Results 
	Annexin V-FITC Apoptosis Detection Assay 
	Cell Cycle Arrest 
	ELISA Caspase Detection 


	Discussion 
	Material and Methods 
	Chemicals 
	Fabrication and Functionalization of CB-CQDs with Nitrogen Dopant (Nitrogen-Doped CQDs) 
	Characterization 
	UV–Vis Spectroscopy 
	Fluorescence Spectroscopy 
	Fourier Transform Infrared Spectroscopy (FTIR) 
	Transmission Electron Microscopy (TEM) 
	X-ray Diffraction 
	Zeta Potential 
	Energy-Dispersive X-ray Spectroscopy (EDX) 

	Cellular Experiments (In Vitro Analysis) 
	Cell Culture 
	Cell Cytotoxicity Assay 
	Cellular Uptake 

	Cellular Morphological Alterations 
	Acridine Orange/Ethidium Bromide Dual Staining Assay 
	DAPI Staining 
	Crystal Violet Staining 
	Propidium Iodide (PI) Staining 

	Flow Cytometry Analysis 
	Annexin V-FITC Apoptosis Detection Assay 
	Cell Cycle Analysis by Flow Cytometry 

	ELISA Caspase Detection 
	Biostatistics Analysis 

	Conclusions 
	References

