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In recent years, nano carbon quantum dots (CQDs) have received increasing attention due to their
properties such as small size, ﬂuorescence emission, chemical stability, water solubility, easy synthesis,
and the possibility of functionalization. CQDs are ﬂuorescent 0D carbon nanostructures with sizes below
10 nm. The ﬂuorescence in CQDs originates from two sources, the ﬂuorescence emission from bandgap
transitions of conjugated p-domains and ﬂuorescence from surface defects. The CQDs can emit
ﬂuorescence in the near-infrared (NIR) spectral region which makes them appropriate for biomedical
applications. The ﬂuorescence in these structures can be tuned with respect to the excitation
wavelength. The CQDs have found applications in diﬀerent areas such as biomedicine, photocatalysis,
photosensors, solar energy conversion, light emitting diodes (LEDs), etc. The biomedical applications of
CQDs include bioimaging, drug delivery, gene delivery, and cancer therapy. The ﬂuorescent CQDs have
low toxicity and other exceptional physicochemical properties in comparison to heavy metals
Received 29th September 2018
Accepted 14th February 2019

semiconductor quantum dots (QDs) which make them superior candidates for biomedical applications.
In this review, the synthesis routes and optical properties of the CQDs are clariﬁed and recent advances
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in CQDs biomedical applications in bioimaging (in vivo and in vitro), drug delivery, cancer therapy, their
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potential to pass blood–brain barrier (BBB), and gene delivery are discussed.

1. Introduction
Carbon quantum dots (CQDs) have received global attention as
uorophores due to easy methods of synthesis and properties
such as small size, good photostability, excellent
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biocompatibility, up-conversion, tunable photoluminescence
(PL), and chemical stability.1,2
The CQDs are small nanoparticles made of carbon which
include diﬀerent surface passivation by functionalization or
modication.3 The CQDs can be crystalline or amorphous. The
carbon hybridization in CQDs is sp2 while in some cases, sp3
hybridization has also been reported.1 The CQDs are categorized into 0D nanostructures and their sizes are mostly below
10 nm. The crystal lattice parameter for CQD is about 0.34 nm,
corresponding to (002) graphite interlayer spacing.4
The CQDs could be functionalized with a variety of surface
groups. Oxygen-containing functional groups (hydroxyl and
carboxyl) are mostly present on the CQDs surface that result in
their water solubility.4 The functional groups on the CQDs also
result in solubility, forming stable colloids in aqueous or polar
organic solvents which is advantageous over graphene quantum
dots (GQDs) that have a low solubility in common solvents.5 The
surface groups might impart uorescence properties of the CQDs.4
The carbon nanostructures that have uorescence properties
are versatile and include GQDs,6–8 carbon nanotube quantum
dots (CNT QDs),9 graphene oxide (GO),10,11 nanodiamonds
(NDs)12,13 and CQDs.14
Carbon dots (CDs) refers to the structures with at least one
dimension below 10 nm that have PL properties. The CDs have
oxygen/nitrogen-containing functional groups or polymeric
aggregations. Mainly, the CDs include GQDs, polymer dots
(PDs) and CQDs.15
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GQDs are tiny fragments of graphene sheet in them, the
electronic transport is conned in all 3D dimensions. Graphene
is a semiconductor with zero bandgap that its exciton Bohr
diameter is innite. Therefore, any fragment of graphene
experiences connement. However, the GQDs refers to graphene fragments that have a size below 20 nm. The GQDs can
be fabricated via cutting of the graphene sheet.16 The quantum
connement and edge eﬀects of the GQDs induce PL.17 The
GQDs have a non-zero bandgap and therefore, can show PL if
are excited. The GQDs bandgap can be tuned with controlling
the size and surface chemistry.16 The PDs consist of p-conjugated polymers that in small particle sizes show brightness. The
PDs have versatile applications including uorescence
imaging.18 Table 1 summarizes diﬀerent uorescent carbon
nanostructures, their structure, and uorescence mechanisms.
Here in this paper, we exclude GQDs and PDs from CDs and
the discussions are mainly on the CQDs. The synthesis and
optical properties of CQDs and the uorescence mechanisms
are expressed and recent advances in their biomedical applications are discussed.

2.

Synthesis

Sun et al. rst reported the production of uorescent CQDs
through laser ablation. The laser ablation was conducted on
a carbon target while argon was used as carrier gas. The
synthesized CQDs were passivated with PEG1500N species.14
There are several synthesize methods for production of CQDs
that are categorized in top-down and bottom-up routes. The topdown route means breaking apart of a larger bulk material/
nanomaterial down to the particle sizes below 10 nm. The
methods such as laser ablation,23–25 electrochemical26,27 and
high energy ball milling28 are categorized under the top-down
methods for synthesis of CQDs. The bottom-up methods for
Table 1

synthesizing of CQDs which means synthesis from small
molecules or carbonization, include hydrothermal,29–31 solvothermal,32,33 combustion,34 pyrolysis,35 microwave-assisted
synthesis,36–41 ultrasonic,42–44 reverse micelles,45,46 chemical
vapor deposition (CVD),47 and etc. Table 2 summarizes diﬀerent
synthesis methods of CQDs from versatile precursors, their
optical properties, and their applications.
Fig. 1 and 2 show some of the synthesis methods of CQDs
from diﬀerent precursors.
Fig. 1a shows the synthesis method of CQDs that were
hydrothermally achieved from slices of carrots aer heating in
an autoclave at 170  C for 12 h.78 Fig. 1b shows that CQDs can be
obtained from pyrolytic residue (WP) chemical oxidation with
a mixture of HNO3 and H2SO4 in presence of ultrasonic waves
followed by heat treatment in an autoclave at 120  C for 12 h.79
Fig. 1c shows the synthesis of nitrogen-rich CQDs by adding
oleylamine to polyacrylamide (PAA) solution (50 wt% in water)
and nitric acid. The mixture was stirred at 50  C under argon
atmosphere to form a milky emulsion. The opaque state of the
solution indicates that the water droplet sizes in the solution
are in the micrometer range. Then the solution was heated to
250  C under the same atmosphere. The heat evaporates the
water, and water droplet sizes reach to the nanometer range.
Water evaporation makes the emulsion to supersaturate and
results in carbonization of polyacrylamide chains while oleylamine plays as both oil phase solvent and capping agent. The
solution was precipitated with methanol.80 Fig. 2a shows
a schematic of the CVD synthesis method of the CQDs using
C2H2 as the carbon source. A mixture of the C2H2 and Ar gas are
introduced in a quartz tube at 1000  C. The deposited product
was dissolved in N,N-dimethylformamide and was ltered to
remove undesirable particles.47 Fig. 2b is an illustration of the
hydrothermal synthesis method of the N-doped CQDs using
alanine and ethylenediamine as the carbon source and surface

Diﬀerent ﬂuorescent carbon nanostructures, their structure and ﬂuorescence mechanisms

Fluorescent carbon nanostructures

Structure

Optical properties

CNT dots

Short CNTs with sp2 hybridization

Graphene materials, GQDs

As-synthesized GO thin lms, mechanically
exfoliated, oxygen plasma-treated, single-layer
graphene, reduced GO (rGO), chemically
modied GO or rGO, fragments of graphene
sheets20
Nanosized diamond powders

The PL mechanisms are bandgap uorescence
and PL due to the defects19
PL from defects and from bandgap transitions
correlated to the conjugated p-domains are the
main suggested PL mechanisms19

Nanodiamonds

PDs

Fullerenes

CQDs

PDs are p-conjugated polymers and aggregated
or cross-linked polymers which are synthesized
from monomers or linear polymers, as well as
self-assembled polymer chains on carbon core15
Buckyball shape carbon allotropes such as C60
and C70

Amorphous or crystalline carbon dots typically
less than 10 nm in size

This journal is © The Royal Society of Chemistry 2019

Optically transparent and capable of uorescent
emission from nitrogen-vacancy center defects
with negative charge12
The PL mechanism of PDs is crosslinkenhanced emission (CEE) eﬀect15

Unlike nonuorescent C60, the C70 could
generate normal and delayed uorescence. The
uorescence quenches by oxygen and is
inuenced by temperature21
The uorescence mechanisms are PL correlated
to surface defects and the PL correlated to
conjugated p-domains22
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Diﬀerent synthesis routes of CQDs from diﬀerent precursors, their optical properties and applications

Precursors

Synthesis route

Quantum yield (QY)

Application

Citric acid, ethylenediamine
Ammonium citrate, ethylenediamine
Sodium citrate, ethylenediamine
Folic acid, ethylene glycol
CCl4, 1,2-ethylenediamine

Hydrothermal
Hydrothermal
Hydrothermal
Hydrothermal
Solvothermal

15.7%
36.3%

Pyrolysis

11.6%

Photocatalysis
H2O2 sensor
Hg2+ sensor
pH, Ag+, Fe3+, H2O2 sensor,
bioimaging
Bioimaging, electrocatalysts

N-Methyl-2-pyrrolidone,
dimethyl-imidazolidinone
Petroleum coke
Graphite rods
Citric acid monohydrate, L-cysteine
Carbon target
Diammonium hydrogen citrate, urea

Chemical oxidation with acid
Electrochemical
Hydrothermal
Laser ablation
Solid state reaction

15.8%
12%
73%
>10%
46.4%

Hydrothermal

37.4%

Catalyst
Bioimaging
Sensor, bioimaging,
uorescent ink

Reference
48
49
50
51
32
52
53
54
55
14
56

Citric acid, linear-structured
polyethyleneimine
Citric acid, diethylenetriamine,
gadolinium chloride
Citric acid, branched polyethylenimine
Coal
Hair
Gelatin

Hydrothermal

69.86%

Bioimaging

58

Pyrolysis
Chemical oxidation with acid
Carbonization-microwave
Hydrothermal

42.5%
18.6%
86.06%
31.6%

59
60
61
62

Citric acid, cysteamine
Activated carbon
Citric acid, dicyandiamide
Alanine, ethylenediamine
Anthracite, dimethyl formamide
Citric acid, diethylenetriamine
Activated carbon
Citric acid, ethylenediamine

Hydrothermal
Chemical oxidation with acid
Solid state reaction
Hydrothermal
Solvothermal
Hydrothermal
Chemical oxidation
Hydrothermal

81%
26%
73.2%
46.2%
47.0%
98%
>10%
80%

Sensor
Composites
Bioimaging
Bioimaging, uorescent
ink
Composites, bioimaging
Sensor
Sensor
Biosensing, bioimaging
Composite

Bergamot (a plant)
L-Glutamic acid
Citric acid, branched polyethyleneimine
Anhydrous citric acid, NaBH4, ammonia
Citric acid, urea, H2SO4, H3PO4

Hydrothermal
Pyrolysis
Microwave pyrolysis
Hydrothermal
Microwave

50.78%
28%
12–13%
36%

Tetraphenylporphyrin or its metal complex,
nitric acid, ethanediamine
Activated carbon, KOH
Amino acids

Hydrothermal

10.1–17.8%

Electrochemiluminescence
Biosensor, uorescent ink,
composites
Sensor
Biological detection
In vivo gene delivery
Sensor
Screening of oxygen-states
in CQDs
Sensor, bioimaging

High-energy ball milling
Electrochemical/electroanalytical

7.6%
7–46.2%

Electrochemiluminescence
Bioimaging, sensor

passivation agent, respectively.66 Fig. 2c is another schematic
illustration that shows microwave-assisted pyrolysis synthesis
of magnetouorescent CQDs from crab shell as the carbon
source and as a chelating ligand to result in complexes with
Gd3+, Mn2+, and Eu3+. By application of transition-metal ions,
CQDs with excellent magnetic resonance response were
synthesized.81

3.

Optical properties

The uorescence in CQDs can originate from two sources: (i)
uorescence emission from bandgap transitions of conjugated
p-domains and (ii) uorescence form surface defects.2,19 In
a graphene sheet, a bandgap can be created if the innite pnetwork convert to nite. Isolation of conjugated p-domains
can be through the formation of sp2 islands in a graphene sheet

6462 | RSC Adv., 2019, 9, 6460–6481

57

63
64
65
66
67
68
69
70
71
72
73
74
75
76
28
77

or it can be through the cutting of the graphene sheet into small
pieces or other similar ways. Reduction of exfoliated GO can
form isolated sp2 domains on the graphene sheet. Through this
way, the isolated sp2 islands can be surrounded by an sp3 matrix
of oxygen and carbon, like immersing large aromatic molecules
in non-conjugated polymers. The electron–hole pairs can be
localized in the conjugated p-domains. The bandgap of the
domains depends on their sizes.19
The uorescence can be originated from surface defects as
well. The surface defects are sites that miss having a perfect sp2
domain. These non-perfect sp2 domains act as surface energy
traps. The functionalized surface defects and hybridized (sp2
and sp3) carbons can cause this type of uorescence. The
surface defects can be considered as aromatic molecules in
a solid matrix. Since oen there are multiple surface defects
that each has its own excitation and emission wavelengths, the
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Fig. 1 (a) Synthesis route of CQDs from carbon source of carrots through hydrothermal method, reprinted with permission from ref. 78,
copyright 2018 Elsevier Ltd., (b) synthesis of CQDs from the pyrolytic residue by chemical oxidation, when the Cu2+ ions are present in the
solution, the ﬂuorescence quenches, reprinted with permission from ref. 79, copyright 2018 Elsevier Ltd., (c) synthesis of CQDs from carbonization of polyacrylamide chains by formation a microemulsion. Reprinted with permission from ref. 80, copyright 2013 American Chemical
Society.

total emission can be multi-color. Recombination of electron–
hole pairs in the localized p and p* levels of sp2 domains leads
to uorescence emission.22

4. Biomedical applications
The CQDs possess special physicochemical and catalytic properties that can make them as candidates for some biomedical
applications. Two characteristics of CQDs i.e. their small size, as
well as biocompatibility, can give them great opportunity to be
used as drug delivery vehicles while can be monitored in the
body due to their PL characteristics.1 The CQDs with minor

This journal is © The Royal Society of Chemistry 2019

toxicity, high hydrophilicity and water solubility, excitationwavelength-dependent PL emission, and chemical stability
have versatile potential applications in the biomedical elds.
Hereaer, we focus on the main bio-applications of the CQDs
and recent advances in each area will be discussed.

4.1. Optical imaging
Nanoparticles can be conjugated with peptides, antibodies or
small molecules and can be used for detection of cancer cells
and molecular biomarkers. Among them, there are iron oxides
for MRI and drug delivery, nanoparticles for drug delivery, and
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Fig. 2 (a) Synthesis of CQDs through CVD method using C2H2 as the carbon source, reprinted with permission from ref. 47, copyright 2016
Elsevier Ltd., (b) synthesis of the CQDs through the hydrothermal method using alanine and ethylenediamine, reprinted with permission from ref.
66, copyright 2015 Elsevier Ltd., (c) microwave-assisted pyrolysis synthesis of magnetoﬂuorescent CQDs from crab shell, reprinted with
permission from ref. 81, copyright 2017 American Chemical Society.

QDs for bioimaging and molecular diagnosis.82 Moreover,
single particle tracking (SPT) is a technique for monitoring of
dynamic processes in biological systems. SPT can track single
molecule behavior and hence, statistical characterization of the
system can be done.83
The QDs with optical properties such as broad absorption
and narrow emission spectra and high quantum yield (QY) have
been extensively studied for application as uorophores in
bioimaging eld. The quantum connement eﬀect in QDs leads
to tunable luminescence with respect to their sizes. Briey, the
electron–hole pair in the bulk semiconductor has

6464 | RSC Adv., 2019, 9, 6460–6481

a characteristic distance that is called exciton Bohr radius.84 The
quantum connement puts a limitation on the number of the
possible energy states of an electron.85 By decreasing the size
and reaching to sizes below exciton Bohr radius, the electron
energy levels become discrete and the bandgap increases.
Therefore, the QDs with a constant chemical composition can
display uorescence emissions with diﬀerent wavelengths, if
their sizes are diﬀerent.84
The semiconductor QDs can be used for bioimaging, biodiagnostics, and they can be used as imaging probes for in vitro/
in vivo studies. Furthermore, multiplexed conjugates of QD-

This journal is © The Royal Society of Chemistry 2019
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antibody can be used for molecular and cellular mapping of the
human cancer specimens.82 The QDs can also be used for SPT at
the level of the cell membrane, intracellular and on the brain
slices.83 The QDs such as CdS,86–89 CdSe,90,91 CdTe,92,93 PbS,94 and
MoS2 (ref. 95–99) have been used for optical bioimaging. In QDs
made of semiconductor materials, the inorganic core size is in
the range of 4–10 nm. However, for biocompatibility, functionalizing, and stabilization of the QDs, in most cases, it is
necessary that QDs be covered with additional shells or coatings
that increase their sizes to 10–30 nm. Increased size with regard
to biocompatibility, and controlling the number of the sites for
binding on the shell is challenging. Therefore, reducing the
nal size of the QDs and bio-conjugation strategies is still the
matter of many types of research in this eld.83 Furthermore, at
the single-molecule level, there is a uctuation in the emission
of the uorophores which is called blinking. This limits the
biological applications of uorophores at the single molecule
level. The semiconductor QDs also have the drawback of
blinking.100
The CQDs with the advantages of biocompatibility, nontoxicity, physicochemical stability, water solubility, and nonblinking characteristics can be considered as superior candidates for cell and tissue imaging. More explore on unconventional approaches might lead to the synthesis of the CQDs with
uorescence in the red and NIR regions of the light spectrum
that are important in tissue penetration and decreased interference with the background uorescence.3
4.1.1. In vitro imaging. Several researchers have successfully used the CQDs for in vitro bioimaging.52,101–113 In several
applications, the QDs are preferred to organic dyes and uorescent proteins due to the enhanced brightness, photostability,
imaging sensitivity, and good resistance to metabolic degradation.114 Semiconductor QDs such as CdSe with their core–shell
structure (e.g. CdSe/ZnS) have been used for in vivo/in vitro
bioimaging.115–121 However, the cadmium-containing QDs
toxicity is the main concern due to their accumulation in tissues
and organs. The CQDs that were synthesized through nitric acid
treatment of carbon soot and subsequent high-temperature
treatment with PEG1500N to be passivated with oligomeric
PEG, were compared with classical semiconductor QDs (CdSe/
ZnS) for cytotoxicity and bioimaging. It was found that the
CQDs are biocompatible and are competitive in bioimaging in
comparison with CdSe/ZnS QDs. Fig. 3 shows the uorescence
images of CQDs and CdSe/ZnS commercial QDs in the innite
dilution conditions. It can be seen that compared to commercial QDs, the CQDs are strongly uorescent (QY of 20% by an
excitation wavelength of 440 nm) and non-blinking. The CQDs
samples have a lower level of homogeneity which in turn makes
it possible to individual brighter dots be isolated for enhanced
optical properties. The CQDs have the advantage of smaller
sizes compared to the CdSe/ZnS commercial QDs. The CQDs
sizes are below 10 nm while the commercial QDs are larger than
20 nm. The smaller sizes of CQDs provide the possibility of
probing small biological structures and a minimal volume of in
vivo injections.114
Cao et al. synthesized CQDs with strong luminescence with
two-photon excitation in the NIR region and used

This journal is © The Royal Society of Chemistry 2019
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poly(propionyl ethylenimine-co-ethylenimine) for their surface
passivation. They claimed that the two-photon absorption
cross-sections of the synthesized and passivated CQDs were
comparable with those of semiconductor QDs. The CQDs were
water soluble with the sizes below 5 nm. The luminescence
intensities in the CQDs was dependent on the power of the
excitation laser (pulsed infrared laser) that is evidence of the
two-photon excitation. By incubation of human breast cancer
cells (MCF-7) with the CQDs and excitation with 800 nm laser
pulses, the cells were illuminated under the uorescence
microscope. The CQDs labeled cells membrane and cytoplasm
while missed reaching to the nucleus. The CQDs accumulation
in the cell would be enhanced if the CQDs be coupled with TAT
(a human immunodeciency virus-derived protein). By
coupling with TAT, it would be possible for CQDs to reach the
cell nucleus.23
The surface passivation of CQDs for bioimaging can alter
their optical properties. The CQDs were produced by the
microwave treatment of maltose and passivated with diluted
NaOH solution. The NaOH solution treatment causes attachment of –OH groups on the sp2 hybridized carbons that results
in increasing of the CQDs QY. It was observed that the CQDs
entered the cells and emitted green emission of uorescence
while cell viability was unaﬀected even aer 24 h incubation
with CQDs.36 In other experiments122 it was observed that
surface passivation alters both uorescence intensity and
emission wavelength.
Functionalization is not a necessary step in the synthesis of
CQDs if they are used as a labeling agent in bioimaging. However,
the existence of –OH groups can make hydrophilic CQDs that is
an advantage for bioimaging applications. For example, the
CQDs with the particle size in the range of 2–6 nm and QY of 3%
were synthesized by soot reux with nitric acid. The oxidation of
the soot with nitric acid forms –OH and CO2H groups on the
CQDs that makes them negatively charged and hydrophilic. The
in vitro experiments showed that the CQDs with no further
functionalization can enter into the cells and emit uorescence.
By UV excitation the cells emitted blue-green, and by blue excitation emitted yellow color emission, while the sample without
CQDs was colorless under the aforementioned excitations.123
The synthesized CQDs in most of the cases are ltered and
collected from larger particles by dialysis tube or other ltration
techniques. The dialysis tube pore size or its molecular weight
cut-oﬀ (MWCO) has a signicant inuence on the emission
properties of the resultant solution. It has been reported124 that
the excitation wavelength for the oxidized CQDs that were
separated by dialysis membranes with MWCO of 3500 to
14 000 Da, varies from 360 to 460 nm. The CQDs that were
collected by the aid of the membranes with MWCO > 3500 Da
(up to 7000 Da) had similar emission intensities, while them
that were collected by the membranes with MWCO of 7000–
14 000 Da, had decreased emission intensity. The CQDs that
were collected using a membrane with MWCO of less than
3500 Da had low QY, since the particles came through the
dialysis tube, had salts residues with them. The CQDs obtained
from dialysis of MWCO of 3500–7000 had better optical
properties.124

RSC Adv., 2019, 9, 6460–6481 | 6465

View Article Online

Open Access Article. Published on 25 February 2019. Downloaded on 1/8/2023 12:59:04 PM.
This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

RSC Advances

Review

Fluorescence images of CQDs (top) and CdSe/ZnS commercial QDs (bottom) in the inﬁnite dilution conditions derived from numerous
QDs in several images and their relative ﬂuorescence intensity with excitation at 458 nm (middle left); the two-photon ﬂuorescence intensity
image by excitation at 880 nm (middle right), reprinted with permission from ref. 114, copyright 2009 American Chemical Society.
Fig. 3

The oxidation has an intense eﬀect on the PL characteristics
of the CQDs. For example, in chemically derived GO thin lms
that formation of isolated sp2 clusters in the sp3 matrix of
carbon–oxygen atoms results in localization of electron–hole
pairs and subsequent radiative recombination, it was found
that the PL intensity is inuenced by reduction treatment. The
reduction treatment alters the small sp2 clusters and hence,
changes the PL intensity. Therefore, the PL in graphene can be
tuned through the engineering of the sp2 domains by controlled
oxidation.125 Similar results were observed by Hu et al.126 that
reported
the
introduction
of
oxidized
branchedpolyethyleneimine result in a hard band gap by shaping the
oxygen–carbon matrix of the CQDs. The CQDs that were
synthesized through oxidation and hydrothermal treatment of
BPEI, with the diameter of 3–4 nm could reach a QY of 54.3%. In
the in vitro experiments of incubation of CQDs with MCF-7 cells,
by excitation at 405 nm, the luminescence was observed from
inner the cells. The CQDs distributed uniformly in the

6466 | RSC Adv., 2019, 9, 6460–6481

cytoplasm. The PL from the CQDs in the cells did not decrease
during 30 min excitation that is evidence of low photobleaching
and superior photostability of the synthesized CQDs.126
Fluorescence emission of carbon nanoparticles and application for bioimaging is not conned to the nanoparticles with
the sizes below 10 nm. Larger carbon nanoparticles can also
emit uorescence. It has been reported127 that the carbon
nanospheres with a mean particle size of 70 nm emit uorescence and can be used for bioimaging. The uorescent carbon
nanospheres were synthesized via hydrothermal treatment of
cocoon silk. The hydrothermal treatment causes the silk bers
to cut into shorter ones that by continues heating under
hydrothermal conditions (200  C) convert to irregular polymeric
fragments and nally to larger and denser carbon nanoparticles. On the other hand, a bottom-up and top-down route,
together are responsible for the formation of the carbon
nanoparticles. Aer incubation of human cervical cancer
(HeLa) cells with carbon nanoparticles, intracellular

This journal is © The Royal Society of Chemistry 2019
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uorescence was observed. The confocal laser scanning
microscopy images showed that the uorescence can be seen
from perinuclear regions of the cytosol that is evidence of
excellent cell permeability of the carbon nanoparticles into the
cells. The carbon nanoparticles have been used for tissue
imaging of human tumor tissues (MCF-7). The uniform distribution of uorescence intensity in the tissue conrms the tissue
permeability for carbon nanoparticles. The carbon nanoparticles have photostability with low bleaching and no blinking.127 Another example of the larger uorescent nanoparticles
that have been used for bioimaging is hollow carbon nanoparticles. The cross-linked hollow carbon nanoparticles with
a shell thickness of <5 nm and overall size of 105 nm were used
for bioimaging. The carbon nanoparticles were synthesized by
mixing of acetic acid (AC), diphosphorus pentoxide and water
under self-generated heat. The bioimaging investigations with
laser scanning confocal microscopy showed that the hollow
carbon nanoparticles have excellent photostability and the
intensity of the uorescence did not change considerably
during periods of time. In comparison with the organic dye
(uorescein isothiocyanate (FITC), Hoechst) and CdTe QDs, the
cells labeled with hollow carbon nanoparticles were detectable
even aer 25 min which was not the case for the two other
studied uorescent agents.128
The CQDs have photostability that is benecial in bioimaging applications. It has been reported that the PL intensity of
the CQDs in the COS-7 cells aer incubation for 24 h and
subsequent penetration and labeling the cell membrane and
the cytoplasm, had no obvious reduction upon continues excitation for 10 min. This was attributed to the minor photobleaching and high photostability of the synthesized CQDs.129
The CQDs have low cytotoxicity even if are synthesized from
toxic ingredients. For example, the CQDs that were synthesized
from halophenols (a group of industrial pollutants) residual
were used as uorescent labeling agents. The CQDs were
incubated with HeLa cells and the cells were excited with
a 405 nm laser. The cell membrane and cell cytoplasm around
the nucleus emitted uorescence. The uorescence intensity
inside the cell nucleus was weak. Incubation of the CQDs with
cells resulted in no morphological damage to the cells that show
the CQDs have low cytotoxicity.130
Plants, fruits and food products such as orange juice,131
apple juice,132,133 cabbage,134 Carica papaya juice,135 banana
juice,136 sucrose,37 unripe peach,137 waste frying oil,138 gelatin,62
milk,139 soy milk,140 honey,141 egg142, our,40 coﬀee grounds,143
sugarcane bagasse pulp144 and etc. have been also used as the
carbon source in the synthesis of CQDs. Using natural sources
and food products may result in lower toxicity of the synthesized
CQDs for biomedical applications. Mehta et al.145 used Saccharum oﬃcinarum juice as the carbon source for production of
CQDs. The synthesized CQDs were used for cell imaging in E.
coli (bacteria) and S. cerevisiae (yeast). The laser confocal uorescence microscopic studies showed that diﬀerent colors of
red, green and blue can be obtained from the labeled bacteria
and yeast cells by using 40 mg mL1 of the CQDs probes and
applying diﬀerent excitations wavelengths. The E. coli confocal
images showed that the CQDs are well dispersed in the
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membrane and cytoplasm. The CQDs were taken by the cells via
endocytosis mechanism. The CQDs were located in the yeast
nucleus keeping alive >90% of the yeast cells.145 Orange juice
was also used in synthesizing CQDs for bioimaging applications. The CQDs with a QY of 26% were synthesized through
a hydrothermal route. The CQDs were used for imaging in
human osteosarcoma (MG-63) cells. The CQDs were agglomerated in the cells while missed reaching to the nuclei. The PL of
the CQDs shows excitation-dependent emission. The PL intensity for the synthesized CQDs in bioimaging does not show
reduction via prolonged excitation time.146
The N-doping of CQDs has been used as a tool for enhancing
the PL properties. N-doping has broadened the CQDs applications. The higher PL eﬃciency results in the images with
improved resolution. The CQDs that were N-doped through
diﬀerent nitrogen precursors of diamines showed increased QY
and were used as labeling agents for bioimaging. The N-doping
resulted in a QY as high as 36.3%. Fluorescence images (with an
excitation wavelength of 355 nm) of human HeLa cells showed
the CQDs that were incubated with the cells could label the
cytoplasm whereas the area that was labeled with N-doped
CQDs was brighter compared to the CQDs without N-doping.
On the other hand, labeling with N-doped CQDs can be done
at lower doses. Furthermore, prolonged UV exposure caused the
uorescence of CQDs to be bleached aer 15 min while the
uorescence of the N-doped CQDs was still bright at the same
time. It implies that the N-doped CQDs have better resistance to
photobleaching.147
Doped nitrogen and low oxidation level can improve the
uorescence properties in the CQDs. It has been shown that the
emission intensity is aﬀected by the doped nitrogen content.
The N-doped CQDs were prepared through carbonization of
some precursors such as 3-(3,4-dihydroxyphenyl)-L-alanine (LDOPA), L-histidine, and L-arginine. The CQDs consisted of
a carbon core and oxygen-containing groups of the amorphous
shell. It was observed that the nitrogen–carbon bonding resulted in PL improvement. The emission wavelength was dependent on the CQDs size while the emission intensity was
dependent on the nitrogen content. The CQDs were used for
imaging of HeLa and HepG2 cells. The cells that were incubated
with N-doped CQDs showed images with better resolution in
confocal uorescence imaging compared to other CQDs. The Ndoped CQDs were accumulated mostly in the cytoplasm.124 In
another experiment, the N-doped carbon nanospheres synthesized from hydrothermal treatment of cocoon silk in water were
used for the imaging of HeLa cells that were incubated with Ndoped CQDs. The applied CQDs in bioimaging have photostability with low bleaching and have no blinking.127
The uorescence of the CQDs can be applicable in the NIR
region (wavelength of 700–900 nm) imaging. The NIR region
imaging has the benet of an ideal tissue transparency window
for bioimaging in vivo. In spite of the fact that uorescence
emission of CQDs at longer wavelengths is weaker, the signalto-noise ratio would be improved due to the decrease in the
tissue autouorescence by excitation at red and NIR region of
the spectrum. Better photon tissue penetration in bioimaging at
longer wavelengths is also another reason for preference of
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imaging at this range.148 The CQDs that were prepared from the
precursor of polythiophene phenylpropionic acid (PPA) exhibited red emission with absorption in the range of 400–800 nm
(visible-NIR). Using laser irradiation, the synthesized CQDs also
have the photo-thermal eﬃciency of 38.5%. The synthesized
CQDs show uorescence emission via visible light excitation
(350–600 nm).149 Furthermore, the CQDs synthesized from the
oxidation of diﬀerent carbon sources (graphite and carbon
nanotubes) with mixed acids showed uorescence by excitation
in the range of visible to NIR.
Down-conversion uorescence occurs in some uorescence materials such as semiconductor QDs and organic
dyes. These materials absorb a higher energy photon and
then emit a lower energy uorescence photon. Absorption of
higher energy photon has the drawbacks of auto-uorescence
of biological samples, low penetration depth and in some
cases intensive damage to the organisms by high energy
photons.150
The photon upconversion occurs when two or more lowenergy photons are sequentially absorbed to emit high-energy
luminescence. The upconversion is optically nonlinear. The
upconversion applications range from 3D at panel displays
and solid-state lasers to bioimaging and bio-labeling.
Lanthanide-doped upconversion nanoparticles (UCNPs) have
several advantages over conventional biological labels such as
large anti-Stokes shis, high signal-to-noise ratio, narrow
emission bandwidths, resistance to photo-bleaching, and
excellent tissue penetration.151 CQDs show photon upconversion that facilitates their application in bioimaging in the NIR
region of the spectrum. The upconverted NIR multiphoton
bioimaging has the advantage of preventing autouorescence
from tissues. The electrochemically synthesized CQDs with
a mean diameter of 6 nm that were excited with the wavelengths
in the range of 600–800 nm, showed emission in the range of
405 to 565 nm that this phenomenon is due to multi-photon
absorption.150 The CQDs obtained from heating of the ascorbic acid aqueous solution also showed upconversion optical
properties. The excitation of the synthesized CQDs at the NIR
region showed a xed emission (at 540 nm) that in contrast to
other reports, did not change considerably by changing the
excitation wavelength (Fig. 4). The nearly constant emission
spectra for each excitation wavelength is due to the emission
from the lowest single state.152 The excitation of N-doped CQDs
with wavelengths in the range of 700–800 nm resulted in the
emission prole with bandwidths and peak wavelengths almost
similar to normal PL (excitation at 380 nm) but with a twofold
excitation wavelength.124
GQDs can also exhibit upconversion. The GQDs that were
excited at 980 nm, had upconverted PL emission at 525 nm.
When the electrons of the p orbital are excited by a bunch of low
energy photons, the p electrons would experience a transition to
higher energy level such as lowest unoccupied molecular orbital
(LUMO) and then, the electrons will return back to lower energy
state. Therefore, by transition back of the electrons to the s
orbital, upconverted PL would emit. The s orbital electrons can
also be transitioned. However, the s orbital electrons can only
emit normal PL.153

6468 | RSC Adv., 2019, 9, 6460–6481

Review

Fig. 4 Excitation and emission spectra of the CQDs that were
synthesized via heating of the ascorbic acid aqueous solution; (a)
emission spectra at excitations ranging from 290 nm to 500 nm, (b)
upconversion seen in the emission spectra of the CQDs, the PL
emission spectra for excitations from 805 nm to 1035 nm, reprinted
with permission from ref. 152, copyright 2012 Royal Society of
Chemistry.

4.1.2. Multicolor photoluminescence. The available CQDs
are mostly uorescent in the green or shorter wavelengths
regions of the light spectrum that might be less suitable for
bioimaging applications.3 However, some CQDs similar to the
semiconductor QDs, molecular nanomaterials, rare-earth based
nanoparticles, PDs, and organic uorescent dyes can emit red,
green, and blue (RGB, the main primary colors) PL. For
example, the CQDs that are prepared by heating of three
isomers of phenylenediamine, i.e. o-phenylenediamine (oPD),
m-phenylenediamine (mPD), and p-phenylenediamine (pPD) in
ethanol solution in an autoclave at 180  C that can be dispersed
within diﬀerent common solvents showed multi-color uorescence emission. For example, if dispersed in ethanol, they form
colorless, yellow and pink solutions by using the CQDs derived
from mPD, oPD, and pPD, respectively. Interestingly, each
solution shows an emission for one of the primary colors
(Fig. 5). The prepared composite lms of PVA and the
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(a) Synthesis method of CQDs from phenylenediamine isomers,
oPD, mPD and pPD that results in o-CQDs, m-CQDs, and p-CQDs,
respectively. (b) Photographs of the ethanol solutions of o-CQDs, mCQDs, and p-CQDs in daylight (left) and under UV excitation with the
wavelength of l ¼ 365 nm (right), (c) the m-CQDs, o-CQDs, p-CQDs
mixtures in PVA ﬁlms under excitation with a wavelength of l ¼
365 nm: (I) m-CQDs; (II) o-CQDs; (III) p-CQDs; (IV) o-CQDs/mCQDs/p-CQDs ¼ 2 : 4 : 1 (w/w/w); (i–iv) o-CQDs/m-CQDs ¼ 1 : 8,
1 : 4, 1 : 2, and 1 : 1; (v–viii) o-CQDs/p-CQDs ¼ 4 : 1, 2 : 1, 1 : 1, and
1 : 2; (ix–xii) m-CQDs/p-CQDs ¼ 1 : 4, 1 : 2, 1 : 1, and 4 : 1 (all ratios are
w/w), (d) the normalized PL spectra of the PVA ﬁlms with m-CQDs, oCQDs, and p-CQDs (UV excitation of l ¼ 365 nm), (e) confocal ﬂuorescence microscopy of m-CQDs, o-CQDs and p-CQDs of MCF-7
cells at a constant laser excitation wavelength of 405 nm, reprinted
with permission from ref. 154, copyright 2015 John Wiley and Sons.
Fig. 5

synthesized CQDs with various ratios of m-CQDs, o-CQDs, and
p-CQDs derived from the mPD, oPD, and pPD, respectively,
result in making full-color PVA lms. The lms show full-color
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emission while they are excited at a single wavelength of l ¼
365 nm (Fig. 5c). It was observed that the signicant interaction
between diﬀerent CQDs in the mixture of the PVA lms cannot
occur and hence, using Glassman color mixing law, full-color
emissions can be made by using CQDs with three primary
colors. The CQDs were incubated with MCF-7 cells for 4 hours
and under excitation of a 405 nm laser of a confocal microscope,
diﬀerent colors were emitted from diﬀerent CQDs. The emissions are mostly from cytoplasmic regions. Therefore, the three
diﬀerent CQDs can pass the cells membranes (Fig. 5e).154
There have been some eﬀorts to manipulate the CQDs in
order to emit at longer wavelengths like red and NIR.3 The CQDs
with blue, green, yellow and red emissions were synthesized
through diﬀerent controlled carbohydrate carbonization
methods. The synthesized CQDs were applied in functionalized
nanoprobes through bioconjugation chemistries. The synthesized CQDs can emit diﬀerent color lights similar to classical
semiconductor QDs, while they are much less toxic (Fig. 6).155
The CQDs that have been functionalized with polyethyleneimine (PEI) showed multicolor emission under
diﬀerent excitation wavelengths. By changing the excitation
wavelength from 340 nm to 500 nm, the functionalized CQDs
emission shied from 450 nm (blue color) to 550 nm (green)
while the PL intensity decreased. The dependence of the CQDs
PL emission on the excitation wavelength has been attributed to
the distribution of diﬀerent emissive energy traps on the
surface of the CQDs.156
4.1.3. In vivo imaging. The CQDs have been used for in vivo
imaging as well.61,157–161 Due to minor toxicity, the CQDs are
superior candidates for in vivo imaging instead of other heavy
metal containing QDs. The CQDs that are derived from diﬀerent
carbon sources and are functionalized with appropriate functional groups have the potential to emit under excitation in UV
or NIR regions of the light spectrum.
For in vivo optical imaging it is preferred to use longer
wavelengths since the photon-tissue penetration increases and
the background autouorescence decreases. The CQDs uorescence emission might be weaker at longer wavelengths but
the imaging at these wavelengths can have the benet of
reduced tissue autouorescence background which in turn,
results in improved signal-to-noise ratio. For example, the CQDs
that were produced through oxidization of carbon nanotubes
with the size of 3–4 nm were used for in vivo experiments on the
mouse. The CQDs were used to administer a nude mouse at
three diﬀerent locations. Through excitation with blue, green,
yellow, orange, red, deep red and NIR light and diﬀerentiating
the green background autouorescence, the red spots were seen
in the uorescence images (Fig. 7). The images show that
compared to those taken under blue and green excitations, the
images that are obtained by excitation at 595 nm and beyond,
have improved signal-to-background separation.148
The CQDs have some advantages in comparison to other
commercially available QDs for bioimaging due to their
absorptivity. The higher absorptivity of CQDs can compensate
for their lower uorescence yield compared to the heavy metal
containing QDs. The PEG surface passivated CQDs were
compared for optical imaging in reference to CdSe/ZnS QDs.
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Diﬀerent CQDs synthesized through diﬀerent controlled carbohydrate carbonization methods, the solution containing CQDs and
regarding absorption (solid line), excitation (dashed line) and emission (colored line) spectra; the emission spectra are recorded by excitation at
370 nm for blue CQDs, at 400 nm for green CQDs, at 425 nm for yellow CQDs, and at 385 nm for red CQDs, reprinted with permission from ref.
155, copyright 2013 Springer Nature.

Fig. 6

The PEG passivated CQDs are an appropriate candidate for in
vivo optical imaging since are nontoxic and biocompatible. The
surface passivated CQDs have better absorptivity and potential
isolating of the dots for improved bioimaging. The smaller size
of the CQDs makes them appropriate for tracing small molecules and proteins and capable of tracing ne biological structures.114 Surface passivation has an obvious eﬀect on the
uorescence properties of the CQDs used in vitro and in vivo
imaging. For example, it is reported that NIR emission of the
CQDs that were passivated with a hyperbranched polymer
increased compared to the CQDs that were coated with a linear
polymer (PEG). The in vivo experiments on a mouse model

6470 | RSC Adv., 2019, 9, 6460–6481

resulted in contrast enhancement of the uorescence emission
in auxiliary lymph node.162
The CQDs without any functionalization can also cross the
blood–brain barrier (BBB) and enter the brain. In an attempt of
bioimaging using CQDs, the uorescence emission showed that
the CQDs enter diﬀerent organs such as lung, liver, spleen,
heart, and kidney. The excitation can be at longer wavelengths
to result in a bright blue emission (Fig. 8A). Compared to other
organs, the spleen had enhanced uorescence emission with
high intensity. However, some of the CQDs were observed in the
brain. Fig. 8B conrms the CQDs presence inside and around
a single neuron under CLSM.163
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Fig. 7 (a) The in vivo ﬂuorescence images of CQDs that are injected into a nude mouse; the excitation wavelengths are indicated above each
image. The ﬂuorescence signal and tissue autoﬂuorescence can be seen in red and green emissions, respectively. (b) Signal-to-background
separation of the image taken under 704 nm excitation, reprinted with permission from ref. 148, copyright 2011 John Wiley and Sons.

The CQDs may be selectively uptake by macrophages in the
spleen. The selective uptake of CQDs in spleen (and not in the liver
and kidney) might be due to blood ltration by the spleen. The
CQDs size is very small and they might phagocytize by the splenic
reticuloendothelial cells and therefore, minor amounts of these
small particles would remain for other organs such as liver tissue.164
The CQDs could be doped with inorganic salts (e.g. ZnS) to
improve the uorescence properties for in vivo bioimaging.
Injection of a solution of the CQDs that were doped with ZnS
(C–ZnS) into the mice, compared to the un-doped CQDs showed
that during the uorescence imaging, the former can result in
a brighter emission (Fig. 9). The C–ZnS with a green uorescence upon intradermal injection into the front extremity
migrates along the arm. The migration of the C–ZnS is slow in
comparison to conventional semiconductor QDs. The reason is
smaller sizes of the C–ZnS and/or the PEG functionalization
that results in reducing the dots interaction with lymph cells.165
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4.1.4. Photoacoustic imaging. The CQDs can act as a NIR
light-triggered photoacoustic (PA) imaging in vivo. The PA
imaging uses the integration of optical excitation with ultrasonic detection that leads to imaging beyond optical imaging
diﬀusion limits. Therefore, integration of uorescence and PA
imaging within a single probe can result in a deeper tissue
penetration with a high imaging sensitivity.149 The optical
scattering can be overcome ultrasonically and centimeters
penetration depth with an improved spatial resolution can be
obtained.166 On the other hand, the PA can result in highresolution structural images of the tumor and uorescence
imaging can have the benet of tumor accurate detection with
molecular probing. For example, the CQDs that were injected
intravenously into the tumor-bearing nude mice were accumulated in the tumor through enhanced permeability and retention (EPR) eﬀect. The uorescence that was observed in the
tumor area was pronounced over other normal tissues
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(A) The in vivo images of the diﬀerent organs of Kunming mice which are injected with CQDs at diﬀerent post-injection periods
(absorption wavelength of 405 nm and an emission wavelength of 500 nm), (B) the CQDs inside and around single neuron under CLSM; the
arrow shows nucleus, reprinted with permission from ref. 163, copyright 2012 Springer Nature.

Fig. 8

(Fig. 10a). The major organs of mice and the tumors were
excised and imaged at 24 h post-injection. While the uorescence emission from the spleen and heart were weak, the
excised tumor tissue showed the high intensity of uorescence.
The CQDs were accumulated in the liver, lung, and kidney
tissues (Fig. 10b). The uorescence intensity of the CQDs in the
tumor area increased rapidly within 5 h post-injection (Fig. 10c).
The in vivo PA imaging showed that the CQDs accumulate in the
tumors with constant PA signals during long circulation time
(Fig. 10d). The signal intensity increases with time until 8 h aer

injection. Therefore, 8 h aer injection would be the optimum
time for photothermal ablation of the tumor (Fig. 10e).149

4.2. Drug delivery
Drug delivery systems (DDSs) require designing systems which
are capable of transporting the drug to a specic target in the
body and proper interaction of the drug with the target. Nanostructured materials in conjugate with the drug(s) can improve
the DDSs with respect to the drugs absorption, distribution and

Fig. 9 Comparison of CQDs (top) and C–ZnS dots (bottom) after subcutaneous injection (a) bright ﬁeld, (b and d) as-detected ﬂuorescence, (c
and e) color-coded images (the excitation/emission wavelength are indicated on the images), reprinted with permission from ref. 165, copyright
2009 American Chemical Society.
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Fig. 10 The in vivo ﬂuorescence imaging and PA imaging of the mice injected with CQDs, (a) the real-time red ﬂuorescence images of the mice
after i.v. injection of CQDs at diﬀerent post-injection times, (b) the ﬂuorescence intensities of diﬀerent areas 24 h after the CQDs injection, (c) the
variation of average ﬂuorescence intensity emitted from tumor during time, (d) the PA imaging of the tumor (in mice) after 0, 2, 4, 6, 8 and 24 h
post-injection, (e) mean intensity of the tumor as a region of interest (ROI) up to 24 h post-injection, reprinted with permission from ref. 149,
copyright 2015 John Wiley and Sons.

elimination.167 Application of nanotechnology in DDSs may
result in drug targeting to a specic cell or tissue, enhanced
delivery of drugs with low water solubility, delivery of two or
more drugs or therapeutic modality for diﬀerent therapy
simultaneously, transferring of large macromolecule drugs, and
monitoring of the drug site using imaging agents on the drug
carrier.168
Recently, CQDs have received increasing attention for drug
delivery due to their superior properties such as uorescence
emission, small size and resultant cell membrane permeability,
low toxicity, chemical inertness, water solubility, easy synthesis,
potential functionalization, and drug loading. Several
researchers have applied CQDs in DDSs.169–172 For example,
Karthik et al.173 could bond 7-(3-bromopropoxy)-2quinolylmethyl chlorambucil (Qucbl) covalently to the
nitrogen-containing CQDs. The FTIR spectroscopy conrmed
that the drug has been loaded on the CQD surface. The in vitro
experiments showed aggregation of the drug-loaded CQDs in
the cytoplasm and nucleus. The drug-loaded CQDs had
a controlled drug release to kill cancer cells by means of irradiation. In another set of experiments, dopamine hydrochloride
(DA) was anchored to the CQDs to investigate the release prole
of the drug-anchored CQDs in vitro. As compared to the control
DA alone, the DA release in CQD–DA conjugate extended to 60 h
while it was biocompatible for Neuro 2A cells.167
In drug delivery applications, hollow nanostructures have
received attention for their eﬃcacy in drug loading.174–176 Hollow
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CQDs with uorescence emission properties have also been
used for drug loading. In a set of experiments, doxorubicin
(DOX) was loaded on the hollow CQDs. The in vitro experiments
showed that the CQDs-DOX are rapidly taken up by the cells and
show pH-controlled release. The uorescence microscopy
conrmed that the CQDs-DOX were internalized into the A549
cells and localized mainly in the cytoplasm. However, the DOX
was detected in the cell nucleus as well. In fact, the CQDs were
able to release DOX into the nucleus.177
The CQDs used in DDSs can become magnetic to be used for
magnetic resonance imaging (MRI) while having the benet of
drug delivery and uorescence imaging. The MRI combined
with uorescence imaging would have the benet of superior
tissue penetration and spatial resolution of MRI and easy
microscopic tissue examination of the uorescent imaging. For
example, magnetouorescent CQDs have been synthesized
through incorporating Eu3+, Mn2+, and Gd3+ ions into the dots.
The transition metals dopants have unpaired electrons which
result in a magnetic eld under an applied magnetic eld. The
magnetouorescent CQDs have been loaded with DOX in order
to be used for drug delivery to the HeLa cells.81
The CQDs have also been used for drug delivery in other
researches, including passivated CQDs with polyaminecontaining organosilane molecules for delivery of DOX,105
organophilic CQDs for anticancer drug curcumin delivery with
high loading eﬃciency and rapid penetration into the HeLa
cells,178 CQDs synthesized through hydrothermal treatment of
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pasteurized milk for delivery of lisinopril (Lis) to HeLa cells,179
CQDs/calcium alginate hydrogel lm for delivery of glycopeptides antibiotic vancomycin in the gastrointestinal tract,180
CQDs/mesoporous silica nanocarriers for delivery of DOX,181
functionalized and surface passivated CQDs for delivery of DOX
to the MCF-7 cells,182 and CQDs/hydroxyapatite hybrid nanorods for delivery of DOX to the HeLa cells and human prostatic
cancer (PC-3) cells.183
The CQDs have been used in multifunctional platforms for
drug delivery and magnetic delivery and/or MRI agents and/or
simultaneous co-delivery of two or more drugs, including
multi-functional DDS of CQDs and DOX and heparin as an
auxiliary medicine for delivery to the A549 cells,184 Fe3O4@CQDs
coated single-walled carbon nanotubes loaded with DOX and
conjugated with an sgc8c aptamer as a platform for combining
cancer photothermal therapy, chemotherapy, and photodynamic
therapy,185 and magnetic gadolinium oxide–iron oxide core,
mesoporous silica shell gated with boronic acid functionalized
CQDs for drug delivery of anticancer drug 5-uorouracil to
HePG2 cancer cells which the platform acts as MRI agent and
optical imaging agent as well as stimuli-responsive DDS.186
4.3. Crossing blood–brain barrier
An important and major parameter for using any kind of
nanostructures in the living biomedical applications is the size
of the nanoparticles. The smallest human capillaries are less
than 4 mm. Therefore, it is essential to keep the size of the
nanoparticles below this size for use in a living body. Smaller
sizes of the nanoparticles would prevent blood vessels blockage
and their elimination by the reticuloendothelial system.111
Delivering of imaging probes to the brain tumors is a complex
technique because of the Blood–Brain Barrier (BBB). Crossing
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the BBB depends on the size of the probes and their surface
properties.18 Furthermore, delivering the drugs to the brain is
diﬃcult because of the BBB properties which prevent drugs
such as foreign proteins, chemicals, and peptides to cross.167
Nanoparticles and QDs can be used for drug delivery through
crossing BBB.187–190 The CQDs may also be used for drug delivery
across BBB as well. Li et al. reported that synthesized CQDs have
been observed in all organs including the brain aer 6 h postinjection. In fact, the CQDs without functional decorating
could pass across the BBB.163 Polymer-coated nitrogen-doped
CQDs (with the sizes in the range of 5–15 nm) which were
synthesized by a solvothermal reaction, could enter glioma cells
in vitro and be used for in vivo glioma uorescence imaging
(Fig. 11). The physiological pore size upper limit for the blood–
tumor barrier (BTB) of malignant glioma microvasculature is
around 12 nm which this implies that the synthesized CQDs can
cross the barrier. Furthermore, the hydrophilic polymer coating
on the CQDs prolongs blood circulation time and improves the
probability of proper targeting at the tumor site.191
4.4. Gene delivery
Gene therapy which has received considerable attention in
biotechnological and medical elds is based on the correction of
the origin of diseases through delivery and expression of exogenous DNA encoding for the missing or defective gene product.
Therefore, a key factor for gene therapy is the application of proper
gene vectors.192 Diﬀerent kinds of nanoparticles193–200 and QDs201–205
have been used for gene delivery. The CQDs could also be used as
a platform for gene delivery due to their biocompatibility, low
toxicity, strong uorescence emission, broad excitation spectra,
and stable PL. It is shown that the CQDs have a superior capacity to
condense plasmid DNA with excellent transfection eﬃciency. The

Fig. 11 In vivo and ex vivo imaging of glioma-bearing mice administered with polymer-coated nitrogen-doped CQDs (5–15 nm) intravenously,
(A–E) imaging after diﬀerent post-injection periods, (F) ex vivo imaging of brain, heart, liver, spleen, lung, and kidney 90 m after CQDs
administration, (G) brain coronal imaging 90 min after CQDs administration, reprinted with permission from ref. 191, copyright 2015 John Wiley
and Sons.
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cellular uptake of the CQDs/pDNA complexes can be done through
both caveolae- and clathrin-mediated endocytosis pathways.206 The
CQDs with positive surface charge could form a complex with
negatively charged siRNAs. It is reported that the folate-conjugated
reducible polyethyleneimine passivated CQDs could form a siRNA
carrier that releases siRNA in reducing environment.207 The CQDs
have been used as a gene vector for chondrogenesis from broblasts. By application of CQDs, the plasmid SOX9 could be
condensed to form nanoparticles in the range of 10–30 nm. The
formed nanoparticles have excellent properties such as high
solubility, low cytotoxicity and uorescence emission.192

5.

Challenges and prospective

In this review, CQDs were introduced and their optical properties were explained. Diﬀerent biomedical applications of CQDs
such as bioimaging (in vivo and in vitro), drug delivery, cancer
therapy, their potential to cross the blood–brain barrier, and
gene delivery were discussed.
The heavy metals semiconductor QDs suﬀer from toxicity and
therefore, their biomedical applications should be considered
with concerns. However, the CQDs have low toxicity in the
human body while having tunable optical properties and uorescence emission in the NIR region of the light spectrum.
Furthermore, the easy synthesis and possibility of functionalizing
the CQDs are advantageous over semiconductor QDs. CQDs can
be used in versatile biomedical applications such as in vivo and in
vitro bioimaging, drug delivery, gene delivery, and cancer
therapy. However, more research is needed to evaluate their
blood circulation, toxicity, and conjugating them in multifunctional platforms for simultaneous bioimaging and drug/gene
delivery. Surface coating and functionalizing, N-doping and
route of synthesis will aﬀect optical properties of the CQDs.
Therefore, the eﬀect of synthesis parameters and doping should
be more investigated in order to reach the desired high QY with
biocompatibility. Generally, the CQDs are promising candidates
for biomedical applications, instead of semiconductor QDs.
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