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Progress of Luminescent Carbon Dots in Biomedicine 
Engineering

Abstract
                         

Carbon nanodots (C-dots), as a new emerging star, have attracted great attention in recent years. Its 
unique properties have been developed and applied to energy conversion/storage, bioimaging, drug 
delivery, sensor and other biological related aspects. In this review, we introduce various synthetic 
methods, basic photoluminscene properties, PL mechanism and then focus on the most recent progress 
in targeted drug and gene delivery guided by multimode bioimaging technologies in cancer therapy. 
We also speculate on an outlook towards future developments for their use in bioimaging, drug 
delivery, sensors, diagnostics and composites.
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Introduction

As a new family of carbonaceous nanomaterials, 
carbon dots (C-dots) have drawn increasing attention 
since they were first obtained in 2004 [1]. Compared 
with organic dyes and semiconductor quantum dots 
(QD), C-dots have their unique properties such as 

excellent water dispersibility, chemical stability and 
photostability, ease of functionalization, excitation-
dependent multicolor emission, good cell permeability, 
and so on. Most importantly, due to their nontoxic and 
biocompatible properties, C-dots are considered to be 
a potential alternative to semiconductor quantum dots 
in biological medicine [2, 3]. Moreover, researchers 
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recently found that C-dots exhibit strong luminescence 
upon two-photon excitation in the near infrared (NIR) 
region, which further expands their applications in 
bioimaging [4]. In this review, we summarize the 
synthetic methods, basic photoluminscene (PL) 
properties, PL mechanism of C-dots and then focus 
on the most recent progress in targeted drug and 
gene delivery guided by multimode bioimaging 
technologies. Meanwhile, we also speculate on an 
outlook towards future development of biological 
medicine base on our research experience about C-dots 
for ten years.

Synthetic Methods of C-Dots

Many synthetic routes of C-dots have already been 
reported since discovered and subsequently dented as 
carbon nanodots. All in all, the preparation methods 
can be classified into two main groups: top-down and 
bottom-up methods (Scheme 1). Top-down methods 
consist of arc discharge [1, 5], laser ablation [6-9], 
and electrochemical oxidation [10-13], where the 
C-dots are formed or “broken off” from a larger carbon 
structure (such as graphite, carbon rods, graphene 
Oxides and carbon nanotubes). Bottom-up strategies 
consist, for example, of combustion/hydrothermal/

acidic oxidation/ultrasonic [14-16], supported synthetic 
[17, 18], or microwave methods [19-22] during which 
the C-dots are formed from molecular precursors. 
Meanwhile, the nuance of reaction parameters during 
synthesis can tremendously affect on the properties 
of the C-dots, various carbon precursor and synthetic 
methods. In particular, functional groups such as 
carboxyl, amino, carbonyl, hydroxyl, and other groups 
on C-dots facilitate further modifications, which 
expand the range and heighten the sensitivity and 
selectivity of the applications.

Sun and co-workers were one of the earliest groups 
reported researches on C-dots [23, 24]. In 2006, they 
have first purpose fully produced C-dots by laser 
ablation. The quasi-spherical C-dots particles with 
3 to 10 nm in size were obtained through a series 
of complicated procedures including hot-pressing a 
mixture of graphite powder and cement into graphite 
target, laser  ablating graphite target in a flow of argon 
gas at 900 °C and 75 kPa, hydrothermal heating by 
concentrate HNO3, surface passivation by diamine-
terminated poly(ethylene glycol) (PEG1500N) [23] and 
then purifying by dialysis. The obtained C-dots  can 
emit green light on the UV light but the quantum yield 
(QY) was very lower, only ~10% after passivated by 
PEG1500N. Afterwards, Hu’s research group of Tianjing 

Scheme 1 Methodologies for synthesizing C-dots. Reprinted from Ref. 4 with permission. 
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University have developed a single-step procedure that 
integrated synthesis and passivation to get C-dots by 
laser irradiation of carbon powders in organic solvent 
[9]. And the tunable light emission of C-dots could 
be generated by selecting different organic solvents 
and modifying regents in Fig. 1. The QY of C-dots 
synthesized in diethanolamine is higher, reach to 
11.62%. Moreover, the molecular weight of solvent 
shrew a distinct effect on the PL peak, which shifts to 
a longer wavelength with the increase in the molecular 
weight of PEG. So they concluded that the origin of 
the luminescence was attributed to carboxylate ligands 
on the surface of the CNPs.

Electrochemical synthesis of C-dots was first 
demonstrated by Zheng’s group of the University of 
Western Ontario, London [10]. They used multiwalled 
carbon nanotubes (MCNTs) coated on carbon paper 
as the working electrode to prepare C-dots by Cyclic 
Voltammetry. The C-dots produced were spherical, 
ranged from 0.5 nm to 2.8 nm in size, had lattice 
spacings consistent with nanocrystalline graphite, and 
exhibited lex-dependent PL. Subsequently, Zhou’s 
group of Wuhan University, China produced C-dots 
by electro-oxidation of graphite in 0.1 M NaH2PO4 
aqueous solution [11]. The two-size C-dots were 
obtained using centrifugal filter devices. And the PL 
of these C-dots was size-dependent, with emission 
maxima of 445 nm and 510 nm for the 1.9 and 3.2 nm 
dots, respectively. At the same time, we also confirmed 
that the C-dots prepared was low cytotoxicity, which 
are promising in biological labeling, imaging and 
disease diagnosis.

Compared with “top-down” approaches, “bottom-
up” approaches were more convenient and easy to 
realize large-scale to create C-dots. So many routes 
can be used to prepare C-dots. Among them, the 
most widely used are the hydrothermal method and 
microwave-assisted pyrolysis method, which can 
be realized by the one-step method for preparing 
fluorescent C-dots. Liu and co-workers first  
presenting this intriguing approach, collected candle 
soot as carbon precursor, oxidize in 5 M HNO3 and 
centrifugation or dialysis to collect C-dots [25]. They 
found that no external surface passivation agent, as 
required for other approaches, was needed for PL to 
occur by using this approach. Afterwards, Tian 
and co-workers purified C-dots from the combustion 
soot of natural gas using near same method [26]. The 
results of HRTEM measurements 13C NMR and FTIR 
revealed the C-dots were most likely to consist of a 
nanocrystalline core featuring graphitic sp2 carbon 
atoms and a surface functionalized with carboxylic/
carbonyl moieties. However, in contrast to C-dots 
made from candle combustion, no N was found to be 
present in these C-dots.

A facile microwave pyrolysis approach to synthesize 
C-dots was carried out by combining PEG200 and a 
saccharine (for example, glucose, fructose) in water 
to form a transparent solution, followed by heating 
in a 500 W microwave oven for 2–10 min [19]. The 
solution changed from colorless to tan to dark brown 
over the time course of the reaction. The recovered 
C-dots exhibited sizes and PL properties related 
to the duration of the microwave heating. Longer 

Fig. 1 (a) Aqueous solution of C-dots passivated with PEG1500N, excited at 400 nm, and photographed through band-pass filters of 
different wavelengths as indicated; (b) Aqueous solution of C-dots passivated with PEG1500N, excited at the indicated wavelengths, 
and photographed directly; (c) Absorbance and luminescence spectra of PPEI-EI C-dots in aqueous solution formed from laser 
ablation methods. Reprinted from Ref. [23, 24] with permission.
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heating times result in the C-dots enlarging slightly 
and emitting at longer wavelengths. For example, the 
average C-dot diameters were (2.75~ 0.45) nm and 
(3.65 ~ 0.6) nm for heating times of 5and 10 minutes, 
respectively. When PEG was omitted, a similar color 
change was observed during microwave heating, 
but it is noteworthy that the non-passivated particles 
expressed weak and irregular PL [19].

In our group, Liu, et al. reported to synthesize 
fluorescent carbon dots (C-dots) with high quantum 
yields by using Ribonuclease A (RNaseA) as a 
stabilizer under microwave irradiation [21]. The 
preparation process and size, chemical and physical 
properties of C-dots have been shown in Fig. 2. The 
synthesized C-dots exhibited quantum yields of 
24.20%. The fluorescent color of the RNase A@C-dots 
can easily be adjusted by varying the microwave 
reaction time and microwave power. Moreover, the 
emission wavelength and intensity of RNase A@
C-dots displayed a marked excitation wavelength-
dependent character. Notably, the PL intensity is 
gradually decreasing as the pH increases, almost 
linearly dependent, and the as-prepared RNase A@
C-dots are suitable for simultaneous therapy and in 
vivo fluorescence imaging of nude mice loaded with 
gastric cancer or other tumors [21].

Basic Chemical and Physical 
Properties of C-Dots
Chemical composites 

C, H, and O are three fundamental elements 

of C-dots, but the ratios of the three elements are 
variable in C-dots prepared by different methods. The 
introduction of heteroatoms has been studied to tune 
the conduction/valence band position of C-dots, which 
confers additional functions [27-29]. For example, the 
quantum yield (QY) of C-dots could be significantly 
improved by incorporating the N element while 
C-dots with a wide band gap could be synthesized by 
incorporating the S element [30-34]. Furthermore, 
P-doped C-dots showed green fluorescence (FL), 
which could be utilized as an imaging signal with low 
background [35–37]. Moreover, other heteroatoms 
such as Cl and B could also be doped into C-dots by 
changing the synthetic methods or raw materials [38, 
39].

Optical properties

The representative spectra of C-dots typically show 
a strong optical absorption in the UV region, with 
extending into the visible range. For example, C-dots 
produced from graphite by a one-step laser ablation 
have an excitation edge at 280 nm (4.4 eV) [9]. C-dots 
(2.8 ~ 0.5 nm) derived from MWCNTs by the electro-
oxidation method show an absorption band at 270 nm, 
with a narrow full width at half maximum (FWHM) 
of 50 nm [11]. This is similar to microwave assistant 
produced C-dots (3 nm) which had an absorption band 
at 280 nm, also with a FWHM of 50 nm. After surface 
passivation with organic regents (such as PEG200, 
TTDDA), C-dots absorbance was sometimes found to 
increase in the 350 to 550 nm range [19]. 

Fig. 2 (Left) Scheme of Microwave approach to C-dot Synthesis. (Right) TEM and HR-TEM images, XRD pattern, and size 
distribution of RNase A@C-dots. (a) TEM image of the as-prepared RNase A@C-dots inside the dialysis membrane after dialyzing 
against pure water. One typical RNase A@C-dot cluster is labeled with a black circle; (b) High-resolution TEM (HR-TEM) image 
of one focused area within the black circle; (c) TEM image of the C-dots outside the dialysis membrane; (d) HR-TEM image of one 
single C-dot; (e) XRD pattern of RNase A@C-dots; (f) Size distribution of C-dots. Reprinted from Ref. [21] with permission.
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Photoluminescence (PL) of C-dots show excitation 
dependent emissions with few exceptions [2]. In 
addition, the C-dots size, pH, and surface functional 
groups have significant influence on the PL of C-dots. 
Compared with conventional QDs, carbon-based 
fluorescent materials are superior in chemical stability, 
biocompatibility, high photostability in many studies. 
A recent laser scanning confocal microscopy study 
showed that neither blinking nor meaningful reduction 
in the PL intensity were observed during several hours 
of continuous exposure to excitation. luminescence 
decays further confirmed C-dots can be used in vitro 
and in vivo living cell or animal imaging [30].

Two-photon excitation

C-dots exhibited strong PL upon two-photon 
excitation in the NIR region, with an estimated two-
photon absorption cross-sections comparable to those 
of available high performance semiconductor QDs [2, 
3, 37]. The two-photon experiments were conducted 
on C-dots deposited on glass substrates. A quadratic 
relationship between the excitation laser power and the 
C-dot PL intensity was found by using a femtosecond 
pulsed Ti : sapphire laser at 800 nm at different 
powers, thus confirming the two-photon excitation of 
the C-dots. The two-photon absorption cross-section 
was determined to be (39000~5000) GM (Goeppert-
Mayer unit; 1 GM=10-50 cm4 sphoton-1) at 800 nm 
excitation. This value falls between that reported for 
CdSe quantum dots (780 ~ 10,300 GM) [40] and CdSe/
ZnS core-shell quantum dots (≈ 50,000 GM) [41] for 
the same excitation wavelength. The emission profile 
of C-dots excited by two-photon has a band width 
comparable to the one-photon spectrum of C-dots on 
glass substrates, but is considerably narrower than 
the one photon emission spectra of C-dots in aqueous 

solution. This observation indicates that immobilization 
may influence the emission properties of the C-dots. 
Doped C-dots, such as TiO2/C-dots, SiO2/C-dots, 
ZnO/C-dots, and ZnS/C-dots have also shown multi-
photon excitation properties as C-dots. The two-photon 
excitation or up-conversion process of C-dots or doped 
C-dots was useful for cellular imaging using two-
photon luminescence microscopy or NIR imaging. 

Electrochemiluminescence (ECL)

Similar to semi-QDs, C-dots exhibit ECL properties. 
The ECL emission of C-dots (ca. 2.0 nm) produced 
from the electrochemical oxidation of graphite was 
observed as the potential was cycled between +1.8 
and -1.5 V (Fig. 3(a)) [13]. More recently, dual 
ECL peaks have been reported for a C-dot in ethanol 
solution containing 0.1M tetrabutyl ammonium 
bromide (TBAB) [13]. Peak 1 is attributed to the 
electrochemical injection of electrons in the conduction 
band of C-dot followed by their recombination with 
holes in the valence band to produce luminescence. 
Peak 2 is produced by the ion-ion annihilation reactions 
of C-dots and TBAB. Peak 1 is more sensitive to the 
surrounding environment in comparison with peak 2, 
making the latter a suited internal standard for sensing 
applications. 

The suggested ECL mechanism involves the 
formation of excited-state C-dots (R*) by electron-
transfer annihilation of negatively charged (RC-) and 
positively charged (RC+) species (ET1 route in Fig. 
3(b)). RC+ is the more stable of the two species, as 
indicated by the greater intensity of the cathodic ECL 
(Fig. 3(b)). Interestingly, when produced by microwave 
synthesis, 3 nm PEG200-functionalized C-dots also 
exhibited ECL behavior, but the RC- species was found 
to be more stable in this case [13]. The presence of 

Fig. 3 (a) ECL responses with and without C-dots at a Pt electrode in 0.1 m phosphate buffer solution (pH 7.0) with a scan rate of 0.1 
V s-1; (b) The ECL and PL mechanisms in C-dots. Reproduced from Ref. [13] with permission.
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peroxydisulfate (S2O8
2-), enhanced the ECL (ET2 route 

in Fig. 4) in the cathodic potential range and produced 
a stable and sensitive (as no other coreactants tested 
elicited an ECL enhancement) ECL response, thus 
suggesting the application of C-dots for ECL sensing 
[19].

PL Mechanism of C-Dots
Although the origin of their PL is a matter of debate 

and requires further clarification, it is highly important 
to explore the PL mechanism of C-dots for further 
guiding the development of effective synthesis routes 
and novel applications. Till now, four reasonable 
PL mechanisms have been proposed: the quantum 
confinement effect or conjugated π-domains, which 
are determined by the carbon core; the surface state, 
which is determined by hybridization of the carbon 
backbone and the connected chemical groups; the 
molecule state, which is determined solely by the 
fluorescent molecules connected on the surface or 
interior of the C-dots; and the cross link enhanced 
emission (CEE) effect [42-44]. Using densityfunctional 
theory (DFT) and time-dependent DFT calculations, 
Ding, et al. demonstrated that PL of a grapnene C-dots 
essentially originated from the quantum confinement 
of conjugated π- electrons in sp2 carbon network and 
can be sensitively tuned by its size, edge configuration, 
shape, attached chemical functionalities, heteroatom 
doping and defects [45]. Xu, et al. also used single-
particle spectroscopic measurements to investigate the 
PL behaviors of grapnene C-dots [46]. As schematically 
shown in Fig. 4, photoexcited electrons through the 
π–π* transitions were proposed to relax into either 
the sp2 energy levels or the defect states (or call the 

surface state), giving rise to blue or long-wavelength 
PL, respectively. The blue emission might bear discrete 
features owing to the quantum confinement effect 
(QCE) of electrons inside the sp2 carbon domains. 
The long-wavelength emission is related to the hybrid 
structure comprising the oxygen functional groups (at 
the edges and/or on the basal planes) and the graphene 
core. Despite noticeable differences in the size and the 
number of layers from particle to particle, all of the 
grapnene C-dots studied possessed almost the same 
spectral line shapes and peak positions. This suggests 
that the PL of these grapnene C-dots was caused by 
their surface state.

Sun, et al. attribute the PL to the presence of 
surface energy traps that become emissive upon 
surface passivation [23]. They concluded that there 
must be a quantum confinement of emissive energy 
traps to the particle surface for the particle to exhibit 
strong PL upon surface passivation. A similar effect 
is seen for Silicon crystals, for which a widely 
accepted mechanism for luminescence emission is the 
radioactive recombination of exactions [45]. When 
coated with ZnO or ZnS, the C-dots produced by Sun, 
et al. still required further passivation by PEG1500N 
for PL to occur [24]. All similar work proved that the 
surface state (or edge state) was the key PL mechanism 
in these types of Graphene C-dots. 

In vitro and In vivo Toxicity 

The toxicity of C-dots is a natural concern because 
of their potential for bioimaging and nanoscale 
dimensions. Toxicity studies have been conducted by 
various research groups. While the reports are few 
at the moment, C-dots appear to have low toxicity 
[2, 5, 20- 25]. Ray, et al. performed cell viability 
tests on HepG2 cells, a human hepatocellular liver 
carcinomaline, using MTT and Trypan blue assays 
[47]. The cells were exposed to 0.1 ~ 1 mg/L-1 of 
C-dots, 2 ~ 6 nm in size extracted from candle soot, 
for 24 h. The cell survival rate was then determined 
by absorbance at 550 nm by using the MTT assay or 
cell staining/counting methods for the Trypan Blue 
assay. The cell survival rate for a C-dot exposure of 
less than 0.5 mg/mL-1 ranged between 90 and 100%. 
At C-dot concentrations above 0.5 mg/mL-1, the 
survival rate drops to about 75%; however, the highest 
levels investigated were 102 to 103 times higher than 
necessary for bioimaging studies, thus suggesting 
that C-dots pose minimal toxicity effects at useful 

Fig. 4 Energy level structures to explain the optical behaviors 
of photoexcited electrons in Graphene C-dots. Reproduced with 
permission of American Chemical Society from Ref. [19].
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concentrations for bioimaging.

Cui’s group have systematically investigated that the 
effect of C-dots on the BALB/c mice immune system 
[48, 49]. In this work, mice were respectively treated 
with different doses of carbon dots and saline. They 
confirmed that high dose of C-dots could promote 
the percentages of CD3+ and interferon-γ (IFN-γ) 
secretion and decrease the proportions of CD4+/
CD8+ on the firstday after administration. At 9 days 
post exposure, the proliferation of splenocytes had a 
significant increase. IFN-γsecretion and proportions 
of CD3+/CD19+ were also found to have an obvious 
promotion, and both the percentages of CD4+ and CD8+ 
T-lymphocytes were raised, whereas the expression 
of cytokines made little change in the treated groups, 
except for IL-12 which had a slight increase in the 50 
mg/kg group. The weight coefficients and histological 
analysis of the spleen and thymus of the treated mice 
exerted fewer differences compared with those from 
the control mice. It suggests that carbon dots could 
influence the immune functions of normal BALB/c 
mice by inducing Th1 and Tc responses and that these 
effects were not enough to induce the morphological 
change of the immune organs.

Additionally, Yang and co-workers performed in 
vivo studies using CD-1 mice [50]. The mice, divided 
into three groups, were exposed intravenously to either 
8 or 40 mg of C-dots (ca. 5 nm, PEG1500N passivated) or 
0.9% NaCl aqueous solution (nontoxic control). At 1, 
7, and 28 days post exposure, mice were sacrificed and 
blood and organ samples taken for toxicological assays. 
During the 4 week period, no mice exposed to C-dots 
exhibited any adverse clinical signs or abnormal food 
intake. Hepatic indicators, kidney function, uric acid, 
blood urea nitrogen, and creatinine were all at similar 
levels for mice exposed to different dosages of C-dots 
and the NaCl control, thus suggesting the nontoxicity 
of C-dots at exposure levels and times beyond those 
typically used for optical in vivo imaging studies. 
Harvested organs also exhibited no abnormalities or 
necrosis. While the amount of C-dots found in the 
liver and spleen were higher than those found in other 
organs, the accumulations were relatively minor and 
no organ damage was present.

All the evidence points to the great potential 
of C-dots for in vitro and in vivo imaging studies. 
Although more toxicity studies need to be carried 
out measurements, some researchers predict that the 
biocompatibility of C-dots will be similar to that of 

current FDA-approved dyes used as optical imaging 
agents such as indocyanine green (LD50 = 60 mg kg-1 
body weight) [50].

Applications in Biological Medicine
Bioimaging

Due to more biocompatible and negligible 
cytotoxicity, therefore not surprisingly, C-dots form 
an attractive alternative for bioimaging applications. 
The possibility of using C-dots as fluorescent labels 
for cellular imaging was first demonstrated by Sun, 
et al. who used PEG1500N passivated C-dots to non-
specifically stain Caco-2cells [23], as shown in Fig. 
5. Soon afterward, they developed multiphoton
bioimaging in living cells by using PPEI–EI-passivated 
C-dots [40] Their pioneering work initiated the upsurge 
of bioimaging with C-dots. As mentioned above, our 
group used Rnase A and amino acids to synthesize 
highly fluorescent C-dots, which also could be used 
to label cells. Notably, we first confirmed the C-dots 
prepared using Rnase A as template partiallocated 
inside the nucleus by 3D confocal imaging and 
transmission electron microscopy technologies [21].

Ray, et al. also reported C-dots produced by burning 
a candle, chemically oxidizing the soot [47], for 
conventional bioimaging by incubating a ≈ 107 cell 
mL-1 solution of Ehrlich ascites carcinoma cells (EACs) 
with an aqueous solution of C-dots for 30 minutes. 
The labeled cells were imaged under an Olympus 
IX71 fluorescence microscope equipped with a digital 
camera. They demonstrated that the ability of C-dots 
without any further surface passivation can penetrate 
into the cells. Liu, et al. also found 1.5 ~ 2 nm C-dots 
uptake into E. coli and murine P19 progenitor cells and 
could be further imaged using laser scanning confocal 

Fig. 5 Two-photon luminescence image of human breast cancer 
MCF-7 cells with internalized C-dots passivated with PPEI-EI. 
Reprinted from Ref. [40] with permission.
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microscopy. The PL of the C-dot could be excited 
over a broad range of 458 ~ 514 nm, and showed 
high photostability, no blinking, and showed high 
photostability, no blinking, and low photobleaching.

In vivo studies of optical imaging using C-dots 
(ca. 5 nm) produced by laser ablation have also been 
demonstrated [50]. In vivo fluorescent contrast agents 
are ideally bright, nontoxic, biocompatible, and stable 
against photobleaching. Both C-dots and ZnS-doped 
C-dots functionalized with PEG1500N were injected by 
three different routes (subcutaneously, intradermally, 
and intravenously) into female DBA/1 mice. Both 
types of C-dots could be excited through 470 nm and 
545 nm filters. The ZnS-doped C-dots emitted more 
strongly than nondoped C-dots, which is consistent 
with their PL behavior in solution. The PL from both 
types of injected dots faded 24 h after injection. After 
intradermal injection into thefront extremity, the C-dots 
migrated to the axillary lymphnodes, similar to CdSe/

ZnS semiconductor quantum dots, butat a slower rate, 
presumably because of PEG functionalization reducing 
their interaction with lymph cells. When injected 
intravenously for whole-body circulation studies (Fig. 
6), C-dot emission from the bladder area was observed, 
and 3 h after injection PL could be detected in the 
urine. At 4 h after injection, organs were harvested 
and the C-dots were found to have accumulated in 
the kidney(which is consistent with a urine excretion 
pathway) and scantly in the liver. Although significant 
hepatic uptake is known for nanoparticles and 
nanotubes, the lower levels observed for C-dots was 
attributed to the surface PEG likely reducing their 
protein affinity [40].

Drug/Gene delivery

In the other research, Tang, et al. have developed a 
FRET-based C-dots drug delivery platform for real-
time monitoring and tracking of the release of the 

Fig. 6 Intravenous injection of C-dots: (a) Bright field; (b) As-detected fluorescence (Bl, bladder; Ur, urine); and (c) Color-coded 
images. The same order is used for the images of the dissected kidneys (a′-c′) and liver (a′′-c′′). Reprinted from Ref. [50] with 
permission.
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fluorescent drug molecule [51]. C-dots offer excellent 
biocompatibility, stable fluorescence, and efficient 
FRET between C-dots and the attached fluorescent 
drug molecules, such as FRET-Cdot-DDS for two-
photon imaging and monitoring of drug release in 
tumor tissues with the thickness of 65~300 μm 
have been demonstrated. They also predicted that 
further development of synthesis and surface-
chemistry-engineered doxorubicin, enabling enhanced 
drug delivery, convenient cell imaging, and real-
time monitoring of drug release. Moreover, the 
capabilities of using C-dots for FRET-based imaging 
and targeted delivery modalities will allow more 
new exciting opportunities for cancer diagnosis 
and treatment, showing improved imaging sensitivity 
and therapeutic efficacy.

Our group has designed and developed a novel 
theranostic platform based on photosensitizer-
conjugated C-dots is successfully [52]. C-dots-Ce6 
is a good candidate with excellent imaging and 
tumor-homing ability fo rNIR fluorescence imaging 
guided PDT treatment. The prepared C-dots-Ce6 
owns good stability, high water dispersibility and 
solubility, noncytotoxicity, good biocompatibility, 
enhanced photosensitizer fluorescence detection and 
remarkable photodynamic efficacy upon irradiation9 
(Fig. 7). Our results indicated that the synthesized 
multifunctional nanocarrier platform is effective 
for simultaneous enhanced-PFD and PDT of 
gastric cancer tumor in vivo. 

Tiwari, et al. explored the drug delivery capacity of 
C-dots for targeted delivery of doxorubicin (DOX) [54]. 

they have used folic acid (FA) as a targeted molecule 
due to its high expression in most cancer cells. DOX 
was successfully anchored and the drug loading 
capacity was calculated to be very high (~ 86%) thus 
improving the efficiency of C-dots as drug delivery 
vehicles. The DOX@C-dots conjugate showed an 
ideal drug release profile at physiological as well as 
slightly acidic pH and was found to follow first order 
release kinetics based on the statistical calculations. 
C-dots were highly biocompatible with both the cells 
tested. DOX@C-dots showed a higher killing rate of 
cancer cells than free DOX and was found to be less 
toxic to normal cells due to FA mediated targeting. 
C-dots prepared by microwave assisted synthesis  
using gum arabic (GA), and its use as molecular 
vehicle to ferry ciprofloxacin hydrochloride, a broad 
spectrum antibiotic, was reported by Thakur, et al. 
[55]. Ciprofloxacin can be easily anchored to self-
functionalized C-dots without involvement of stringent 
protocols. Loading capacity of C-dots (> 90%) shows 
it as an ideal vehicle for ferrying significant amount of 
clinical pay loads. Also, path of C-dots can be traced 
due to its magnificent photoluminescence properties. 
The conjugate was a potent antimicrobial in nature 
against both gram positive and gram negative bacteria. 
Potential antibiotics like ciprofloxacin can be released 
at sustained rate from the surface of C-dots, following 
Higuchi model under physiological conditions.

In 2012, Liu, et al. demonstrated that gene 
delivery using PEI-functionalized C-dots (CD-PEI) 
as gene delivery carriers was successful [56]. 
The positively charged CD-PEI is able to mediate 

Fig.7 (Left) Scheme of Förster (fluorescence) resonance energy transfer (FRET) process between C-dots and Ce6. (Right) (a) Real-
time in vivo NIR fluorescence images after intravenous injection of C-dots-Ce6 in nude mice at different time points; (b) Ex vivo 
images of mice tissues (from top to bottom: heart, liver, spleen, lung, kidneys, tumor); (c) the average fluorescence intensities from 
the tumor are at 24 h post-injection (n = 5); (d) MGC803 tumor growth curves after various treatments (n = 5). ( *, P < 0.05 for 
other groups versus C-dots-Ce6 laser group). Reprinted from Ref. [52] with permission.
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transfection of DNA molecules in COS-7 and HepG2 
cells with higher efficiency and lower cytotoxicity 
as compared with the polymer control (PEI25k). The 
multicolor fluorescence of the C-dot/DNA complexes 
could be clearly observed in cytosol, demonstrating 
the great potential of CD-PEI in bioimaging and 
biolabeling. The DNA transfection was lightened by 
C-dots under confocal microscopy. Lee, et al. also 
demonstrated real time monitoring of gene delivery 
by combining C-dots with metal nanoparticles 
[57]. Blue-emitting CD-PEI and PEI functionalized 
Au-nanoparticles (Au-PEI) were first complexed 
with TOTO-iodide (red emission) labeled plasmid 
DNA(pDNA) via electrostatic interaction, leading to 
initial fl uorescence quenching. The complex of CD-
PEI/pDNA/Au-PEI was up-taken into the cytosol 
as shown by co-localization of pDNAsignal and 
moderately quenched CD-PEI signal. Gene dissociation 
induced by low-pH inside cancer cells was evidenced 
by the recovery of CD-PEI blue fluorescence localized 
in thecytosol and pDNA fluorescence localized in the 
nucleus.

Our group has  also developed a microwave 
assisted one-step synthesis of C-dots with citric acid 
as carbon source and tryptophan (Trp) as both nitrogen 
source and passivation agent [58]. The C-dots are 
uniform in size and show superior water solubility, 
excellent biocompatibility, and high quantum yield. 
Furthermore, PEI (polyethylenimine)-adsorbed C-dots 
nanoparticles (C-dots@PEI) were developed to deliver 
Survivin siRNA into human gastric cancer cells MGC-
803. The resulting nanocarrier exhibited excellent 
biocompatibility and a significant increase in cellular 
delivery of siRNA was observed, inducing efficient 
knockdown for Survivin protein to 6.1%. In addition, 
C-dots@PEI complexes mediated Survivin silencing, 
the arrested cell cycle progression in G phase as well 
as cell apoptosis was observed. The results indicate 
that C-dots-based nanocarriers can lead to a broad 
range of siRNA delivery systems for cancer therapy.

Biosensor

In this case, through interaction with the functional 
groups on the C-dots, the target ions can easily 
effectively quench the FL of C-dots through an 
electron or energy transfer process. For example, Zhou, 
et al. have demonstrated a type of C-dots-based sensor 
for label-free detection of Hg2+ and biothiols with high 
sensitivity and selectivity [59]. Hg2+ can quench the FL 
of the C-dots while biothiols can effectively shelter the 

FL quenching due to their ability to remove Hg2+ from 
the surface of C-dots. Zhao, et al. reported that they 
prepared C-dots by a facile, economic and green one-
step hydrothermal synthesis route using dopamine as 
source. The as-prepared C-dots have an average size 
about 3.8 nm [60]. The emission spectra of the C-dots 
are broad, ranging from approximately 380 (purple) 
to approximately 525 nm (green), depending on the 
excitation wavelengths. Due to the special response of 
catechol groups to Fe3+ ions, the C-dots can serve as a 
very effective fluorescent sensing platform for label-
free sensitive and selective detection of Fe3+ ions and 
dopamine with a detection limit as low as 0.32 mm 
and 68 nm, respectively. The new “mix-and-detect” 
strategy is simple, green, and exhibits high sensitivity 
and selectivity. The present method was also applied 
to the determination of Fe3+ ions in real water samples 
and dopamine in human urine and serum samples 
successfully. Many other raw materials were chosen 
to synthesize C-dots that could be used to detect ions 
such as Cu2+, Hg2+, Ag+, Cr3+, Al3+, and H+ directly [61-
64].

In 2011, researchers first achieved the detection 
of DNA; Bai and other studies [65] have found 
that methylene blue can effectively quench the 
fluorescence of C-dots; then they joined ct-DNA in 
solution; the fluorescence of the solution was found 
to be restored. Based on this phenomenon, a new 
fluorescent sensor for DNA detection was designed; 
the detection limit was 1.0×10−6 mol/L with the linear 
ranging from 3.0×10−6 mol/L to 8.0×10−5 mol/L. The 
C-dot-based sensor was also used to detect micro 
RNA124a expression during neurogenesis [66]. The 
C-dots derived from candle soot were conjugated with 
double-stranded DNA (dsDNA) beacon contained a 
micro RNA124a-binding oligonucleotide and a micro-
RNA124a-sensing oligonucleotide (a black hole 
quencher on its terminal that could quench the FL of 
C-dots). Then themodified C-dots were incubated with 
P19 cells to sense microRNA124a expression. The 
microRNA124a, which is highly expressed during 
neurogenesis, was bound to the microRNA124a-
binding oligonucleotide, resulting in the separation of 
the sensing oligonucleotide from the C-dots and, in 
consequence, the recovery of PL.

Summy and Outlook 
In this review, we have briefly introduced the 

synthesis methods, properties and application in 
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biomedicine engineering, and we have described 
recent advances in elucidating the PL mechanism of 
these materials. A wide range of approaches (top-down 
cutting and bottom-up carbonization) already exist for 
producing C-dots with controllable characteristics. 
Investigation of the PL properties of C-dots includes 
the different emission centers, excitation dependence, 
and pH and solvent sensitivity, all of which are hot 
research topics. Although a variety of C-dots with 
different chemical structures have been developed, 
four probable PL principles have been elucidated: the 
quantum confinement effect or conjugated π-domains, 
which are determined by the carbon core; the surface 
state, which is determined by hybridization of the 
carbon backbone and connected chemical groups; 
the molecule state, which is determined solely by 
the fluorescent molecules connected on the surface 
orinterior of the C-dots; and the crosslink enhanced 
emission (CEE) effect.

The emergence of C-dots opens a brand new 
chapter in bioimaging and biosensing. As a promising 
substitute for semiconductor QDs, C-dots have been 
widely used in biology due to their biocompatibility 
and low toxicity. Different synthetic methods, starting 
materials, and surface modification processes can 
generate a wide variety of C-dots, which cannot only 
find application in bioimaging and biosensing both in 
vitro and in vivo but also serve as smart drug delivery 
vehicles.

Nonetheless, some problems still exist that impede 
the further bio-applications of C-dots: (1) It is difficult 
to synthesize C-dots with uniform size. Proverbially, 
the uniformity has a great influence on the properties 
of C-dots, which further disturb the bioapplications 
of C-dots. Consequently, almost all of the synthesized 
C-dots need further separation and purification. (2) 
C-dots obtained from different batches often show 
different properties, such as size, QY, and FL. This 
problem limits the commercialization of C-dots, 
which needs to be settled urgently. (3) Some C-dots 
obtained at the very start are not fluorescent, which 
need further passivation. Furthermore, C-dots with 
more excellent properties should be explored for 
their further applications. For example, in biosensing 
and bioimaging, the FL of C-dots is the fundamental 
property that should be studied and brighter C-dots 
should be developed. In drug delivery, C-dots often 
serve as delivery vectors and provide FL signals. In 
the next stage, C-dots with more distinguishing FL 

and functional groups should be exploited. In other 
bioapplications, C-dots with extraordinary functional 
groups or modifications should be studied. Although 
these problems disturb the bio-applications of C-dots, 
the advantages of C-dots are still remarkable. They 
possess low toxicity, excellent water solubility, ease 
of synthesis and functionalization, and outstanding 
photostability. Much effort is worth devoting to 
further exploring versatile C-dots in biomedical and 
nano-device applications.
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