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Carbon dots (C-dots), since their first discovery in 2004 by Scrivens et al. during purification of single-walled carbon nano-
tubes, have gradually become a rising star in the fluorescent nanoparticles family, due to their strong fluorescence, resistance to 
photobleaching, low toxicity, along with their abundant and inexpensive nature. In the past decade, the procedures for prepar-
ing C-dots have become increasingly versatile and facile, and their applications are being extended to a growing number of 
fields. In this review, we focused on introducing the biological applications of C-dots, hoping to expedite their translation to 
the clinic. 
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1  Introduction 

Carbon dots (C-dots) were discovered accidentally in 2004 
by researchers in the process of purifying single-walled 
carbon nanotubes (SWCNTs) fabricated by arc-discharge 
methods. This carbonaceous material with size-dependent 
fluorescent properties was observed through separation of 
SWCNTs from the crude suspension by gel electrophoresis. 
The basic properties of this then-unknown fluorescent na-
nomaterial, which was considered as “promise to be inter-
esting nanomaterials in their own right”, were further char-
acterized [1]. Since their discovery, these materials have 
come to be known as carbon dots or carbon nanodots, and 
intensive studies were carried out on their synthetic routes, 
photophysical behavior and novel applications [15].  

During the past few years, many methods have been de-
veloped to prepare C-dots, including laser ablation, 
arc-discharge, electrochemical oxidation, acid dehydration, 
microwave heating, combustion/thermal and supported 
routes, etc [2, 3, 6]. These methods can be classified into 

two categories: top-down and bottom-up methods [3]. The 
top-down approaches are primarily based on the post treat-
ment of nanocarbon exfoliated from various larger carbon 
structures, such as carbon nanotubes, graphene, nanodia-
mond and commercial activated carbon [2, 3, 79]. The 
bottom-up approaches generally involve the carbonization 
of suitable precursors, such as glucose, sucrose, glycerol, 
citric acid, orange juice, candle soot or natural-gas burner, 
carbohydrates, chitosan gel, bovine serum albumin, 
bombyxmori silk and dextrin [1019]. In our previous work, 
we have prepared strong luminescent C-dots by one-step 
microwave assisted pyrolysis of glycerol, citric acid, acrylic 
acid as well as phytic acid [18, 2023]. 

C-dots are composed of carbon (C), oxygen (O), nitrogen 
(N), hydrogen (H) and some doped elements [22, 2426]. 
The elemental analysis of typical C-dots was: C, 53.93%; H, 
2.56%; N, 1.30%; and O, 40.33% [1]. Nuclear magnetic 
resonance (NMR) measurements by Wang et al. showed 
that carbon atoms in C-dots were sp2 hybridized with un-
saturated sp3 carbon atoms, indicating that C-dots are con-
jugated systems [15]. Ray et al. [27] concluded that candle 
soot derived C-dots consisted of a nanocrystalline core of 
graphitic sp2 carbon atoms with peripheral carboxylic/   
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carbonyl functionalization. However, some C-dots showed 
poor crystallization (the C-dots prepared by controlled car-
bonization of sucrose, for example) [28]. In fact, X-ray dif-
fraction pattern of C-dots in another research displayed a 
broad diffraction peak at 2 = 20.8°, indicating their amor-
phous nature [29].  

Being competitive to other fluorescent counterparts, 
C-dots have shown conspicuous photoluminescent (PL) 
properties with emission tunability and photostability. Yet 
the mechanisms of their luminescence have not been fully 
understood. Radiative recombination of the carbon nanopar-
ticle surface-confined electrons and holes may be responsi-
ble for the observed bright fluorescence. The electrons and 
holes were likely generated from efficient photoinduced 
charge separations in the C-dots. Interestingly, the require-
ment of surface passivation for PL was apparently shared by 
a series of C-dots and QDs, for which the widely accepted 
mechanism for luminescence was the radiative recombina-
tion of excitons [30]. It was also proposed that the emission 
originated from deep trap on the surface of C-dots [31]; an 
alternative proposal, however, lied in the quantum confine-
ment effect on C-dots, a similar mechanism derived from 
that of II-VI (or III-V) semiconductor nanoparticles [32]. 
Recently, Lai [33] and Eda [34] et al. speculated that the 
isolated sp2 clusters in carbon-oxygen nanomaterials with 
large gaps which could lead to radiative recombination were 
responsible for the blue luminescence. In addition, the mul-
ticolor PL arises not only from a distribution of different 
emissive trap sites, but also from C-dots of different sizes, 
which will be discussed later [2]. Kang et al. [35] presented 
definitive evidence for luminescence arising from quan-
tum-confinement effects and size-dependent optical proper-
ties of C-dots prepared according to alkali-assisted electro-
chemical method.  

Besides their unique intrinsic properties, C-dots are easi-
ly imparted with excellent surface tailorability owing to the 
abundant reactive functional groups on the surface. Actually, 
C-dots are versatile and have been used in a wide range of 
fields, such as bioimaging, photocatalysis, fluorescent ink, 
sensing, lasers, LED, polymerizable C-dots, and energy 
conversion/storage devices [7, 18, 30, 3642].  

Several reviews have been published focusing on the 
preparation methods and properties of C-dots [3] or empha-
sizing their potential applications, especially in photocataly-
sis, energy conversion and optoelectronics [2]. More re-
cently, achievements in functional surface engineering of 
C-dots, aiming at improving quantum yield, stability and 
lowering cytotoxicity for better biomedical utilization, were 
reviewed [43]. Yet, a systematic summary of their applica-
tions specifically in biological field has not been docu-
mented in literature. Herein we describe the recent advances 
in the research on C-dots, focusing on their biological ap-
plications. 

2  Advantages in bioapplications  

2.1  Fluorescent properties  

The most fascinating feature of C-dots is their luminescence, 
including photoluminescence (PL), chemiluminiscence (CL) 
and electrochemiluminescence (ECL). A significant PL 
property of C-dots is the excitation-dependence of emission 
wavelength and intensity. In general, C-dots show strong 
optical absorption in the UV region, with a tail extending 
out into the visible range (Figure 1). The polyethyleneimine 
(PEI) passivated C-dots prepared by our group exhibited 
blue, green and red luminescence under ultraviolet (330
385 nm), blue (460495 nm) and green (530550 nm) light 
excitation, respectively, and the PL intensity decreased re-
markably with longer shifted excitation wavelengths (Figure 
2) [21]. Although the full width at half maximum (FWHM) 
was relatively low [44, 45], their emission, when compared  

 

Figure 1  Aqueous solution of the PEG 1500N-attached C-dots (a) excit-
ed at 400 nm and photographed through band-pass filters of different 
wavelengths as indicated, and (b) excited at the indicated wavelengths and 
photographed directly [31]. 

 

Figure 2 Photoluminescence emission spectra of CD-PEI (progressively 
longer excitation wavelengths from 340 to 500 nm with a 20 nm increment) 
and the emission spectral intensities are normalized in the inset [21]. 
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with that of semiconductor nanoparticles, however, was 
commonly broad, which may be attributed to the lack of 
size uniformity [33].  

C-dots are considered as a class of zero-dimensional car-
bon nanomaterials with a size below 10 nm, which can be 
cleared from the body by renal excretion [8]. The PL prop-
erties varied sensitively with C-dots size and a red shift was 
observed with increase in particle size. Kang’s research 
showed that the bright blue, green, yellow, and red PL of 
C-dots illuminated by UV light was strong enough to be 
seen with naked eye. Small C-dots (1.2 nm) gave UV light 
emission, while medium sized C-dots (1.53 nm) provided 
visible light emission (400700 nm), and large C-dots (3.8 
nm, center) led to near-infrared emission [35]. The C-dots 
produced by electrochemical oxidation of graphite were 
selected into (1.9 ± 0.3) and (3.2 ± 0.5) nm fractions by 
MW cut-off membranes, showing size-dependent but exci-
tation-independent emissions [46]. Recently, Vinci et al. [47] 
reported that the C-dots derived from graphite nanofibers 
existed in a complex mixture, which could be reduced sig-
nificantly by high resolution anion-exchange high-perfor-                           
mance liquid chromatography (AE-HPLC) fractionation. It 
was particularly interesting that the fractionated C-dots 
components did not display wavelength-dependent emission, 
which was considered as a characteristic attributed as an 
intrinsic property of luminescent C-dots.  

Owing to their PL feature, C-dots have been widely 
studied for optical bioimaging. However, most fluorescent 
imaging studies were carried out under UV or visible exci-
tation. Interestingly, C-dots can exhibit PL emission in the 
near-infrared (NIR) spectral region under longer wavelength 
excitation. Compared to conventional measurements in 
UV-Visible region, spectrofluorimetry within the therapeu-
tic window of 7001200 nm has many advantages, such as 
lower levels of background interference and deeper penetra-
tion into living tissues. NIR PL holds great promise for in 
vivo uses at significant depth in biological media and the 
development of noninvasive diagnostic techniques [48]. The 
corresponding visible emissions of C-dots covering 
blue-to-red wavelength range can be obtained from the 
same sample under UV and visible excitations. The NIR PL 
emissions can be obtained under different NIR excitations 
(700, 750, 800, and 850 nm) [49]. It should be noted that 
such NIR PL emissions excited by NIR excitation is partic-
ularly significant and useful for bio-nanotechnology be-
cause of the transparency of body tissues in the NIR “water 
window” [49]. 

Ionic strength and pH values are known to affect the flu-
orescent properties of different molecules and nanoparticles. 
The dependence of the C-dots PL intensity on pH value was 
reported in a few studies. For example, Zhao et al. [46] 
found the intensity decreased when the pH value of the so-
lution was higher or lower than 4.5, but could be totally 
recovered when the pH value was adjusted back to this op-
timal value. At the same time, a slight shift of the emission 

peak was found with variation of pH value. Generally 
speaking, C-dots are chemical inertness, having the ability 
to resist acids, bases and high ionic strength environments. 
They can also maintain photostability in most common or-
ganic solvents and in complex systems [7, 10, 24]. The 
photostability of C-dots was compared with fluorescein by 
exposing both solutions under a high-brightness cold light 
(350 W). The fluorescence of fluorescein decreased by 60% 
in 2 h, and almost disappeared after light exposure for 6 h, 
while no photo bleaching of C-dots was observed even after 
24 h (Figure 3) [8]. Actually, it was reported that the fluo-
rescence and the quantum yield (QY) of C-dots can stay at 
least several months with negligible decrease [13, 49].  

Luminescence decays from laser ablation-produced 
C-dots, excited at 407 nm, showed multi-expotential PL 
decays with average excited-state life times of 5 ns for 
emission at 450 nm and 4.4 ns for emission at 640 nm [31]. 
Microwave-synthesized C-dots were found to have a mean 
PL lifetime of (8.7 ± 0.05) ns [44], which was much longer 
than most reported C-dots [50]. Recently, pure organic 
room temperature phosphorescence (RTP) on a C-dots-PVA 
composite film was observed by Deng et al. [51]. The 
phosphorescent emission peak was located at 500 nm with a 
very long lifetime of 380 ms under the 325 nm excitation. 
The phosphorescence is attributed to C=O bonds on the 
surface of C-dots, and the PVA matrix effectively protects 
their triplet states from being quenched by intramolecular 
motions and oxygen.  

2.2  Quantum yield 

Quantum yield (QY) is an important parameter for practical 
application. The QY of C-dots varies with the fabrication 
and separation methods and the surface chemistry involved. 
C-dots prepared by Sun et al. via laser ablation method 
were observed to have QYs ranging from 4% to over 10% 
[30]. Later on, Yang’s group [52] presented the QY of 
C-dots synthesized by a well-refined hydrothermal method 
reached up to 80% under the optimized reaction conditions, 
the highest QY ever reported for C-dots.  

The effectiveness of surface passivation could affect the  

 

Figure 3  Photos of C-dots and fluorescein under UV light before and 
after being exposed to the high-brightness cold light source [8]. 
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optical performance of C-dots in a dramatic fashion [5, 33, 
53, 54]. “Naked” C-dots without surface functionalization 
were shown to exhibit colorful fluorescence emissions but 
with generally low to very low QYs (lower than 10% or 
even 1%) [27, 41], but the passivation of the C-dots with 
polymers or other organic molecules can increase the QYs 
dramatically [55]. C-dots were solvothermally synthesized 
in water-glycol medium by using glucose as carbon source. 
PEI modification led to 300-fold enhancement in fluores-
cence intensity and red shift in emission wavelength [8]. 
The requirement for surface passivation was little under-
stood, but appeared to be linked to the synthetic method [35, 
56]. C-dots produced from MWCNTs by an electrochemical 
oxidation method exhibited blue PL (when excited at 365 
nm). No further passivation step was required for PL to oc-
cur [45]. In Hu’s study [57], PL occurred when C-dots 
formed directly in the presence of PEG200Da were excited 
at 420 nm. However, no PL occurred when C-dots were 
formed in water with only methyl and a few carboxylic 
moieties present on the surface. Only minimal PL was ob-
served even after many more carboxylic moieties were 
produced on the surface by oxidation in perchloric acid. 
Interestingly, subsequent passivation of these C-dots by 
incubation in PEG200Da led to the production of strong PL 
emission. These results demonstrated how the surface 
chemistry could significantly affect the PL properties of 
C-dots and QYs. On the other hand, the surface passivation 
molecules on C-dots could allow for their conjugation with 
bioactive species for specific applications.  

C-dots doped with other elements or inorganic salts were 
fabricated to achieve much higher QYs. In our previous 
research, C-dots were synthesized by one-step micro-
wave-assisted pyrolysis of citric acid in the presence of 
various amines including diethylamine, triethylamine and 
1,4-butanediamine. The QY of 30.2% was obtained without 
additional passivation. In this case, the amine molecules 
played dual roles as N-doping precursors and surface pas-
sivation agents for the C-dots, both improving the PL per-
formance [20]. Sun et al. [25, 26] doped the C-dots surface 
with inorganic salts (ZnO and ZnS). The resulting C-dots 
exhibited much brighter fluorescence, with the observed QY 
up to 50%, than those from the corresponding C-dots with-
out doping. These new C-dots were competitive to the 
commercially available CdSe/ZnS dots.  

2.3  Cytotoxicity 

The available toxicity evaluation results suggest that C-dots 
are generally nontoxic or at least no more toxic than the 
selected polymeric species used as surface passivation 
agents in C-dots [35]. In our research, C-dots passivated 
by PEI25k showed much less cytotoxicity than the PEI con-
trol at the same concentrations in COS-7 cells and HepG2 
cells [21]. Whereas, notable cytotoxicity of C-dots could 
only be detected at higher concentrations, much beyond 

what are required for optical cell imaging under a conven-
tional fluorescence microscope [3, 5]. A number of other 
studies collectively concluded that C-dots were of no or low 
toxicity to various cell lines [5]. These parallel comparative 
studies revealed that the relative toxicity of three nano-
materials in their native forms was in the order: Cd/Te 
QDs >> Au nanoparticles > C-dots, with IC50 values for 
normal NIH/3T3 cells as 0.98, 62, and 250 μg/mL, respec-
tively [58]. 

Furthermore, in vivo biodistribution and toxicology of 
C-dots via intravenous injection in mice were studied using 
a radiolabeling method. No obvious toxic effects of C-dots 
to the treated mice were observed in blood tests and histo-
logical analysis [8]. Some C-dots were found in liver, 
spleen, and kidneys, but the levels of accumulation were 
generally low. Serum biochemical parameters such as he-
patic and renal toxicity indicators were still at normal levels. 
C-dots post-administration into mice (injection via the tail 
vein) were cleared via renal excretion within about 24 h. In 
addition, C-dots did not lead to any clinical symptoms in the 
mice during the observation period of up to 28 days 
post-administration [26]. Tao et al. [8] investigated the in 
vivo toxicology of C-dots in female Balb/c mice for over 90 
days. Neither death nor significant body weight change was 
observed in the treated group of mice, and no obvious signs 
of toxic effects from C-dots were observed at the injected 
dosage of 20 mg/kg (Figure 4). In a more recent in vivo 
study, C-dots were prepared using the raw soot as carbon 
source by nitric acid oxidation method and were passivated 
with PEG. Mice or rats were intravenously exposed to 
C-dots through tail injection. The toxicity of C-dots was 
then systematically evaluated via acute toxicity, subacute 
toxicity, and genotoxicity experiments (including mouse 
bone marrow micronuclear test and Salmonella typhimuri-
um mutagenicity test). No significant toxic effect and no 
abnormality or lesion was observed in the organs of the 
animals. The results showed that the fluorescent C-dots did 
not exert any significant toxic effect on rats and mice. The 
C-dots did not exhibit any gene toxicity, either [59]. 
Near-infrared fluorescent C-dots were fabricated by cou-
pling the nanoparticles with the near-infrared dye ZW800, 
to track their in vivo fates and the effect of tumor uptake 
after three injection routes: intravenous, subcutaneous, and 
intramuscular, respectively. C-dots could be efficiently and 
rapidly excreted from the body after all three injection 
routes. The clearance rates of C-dots were ranked as intra-
venous > intramuscular > subcutaneous. The particles had 
relatively low retention in the reticuloendothelial system 
and showed high tumor-to-background contrast. Further-
more, different injection routes resulted in different blood 
clearance patterns and tumor uptakes of C-dots. The 
C-dot/ZW800 conjugate underwent rapid renal clearance, 
yet effective passive tumor targeting [60]. The conclusion 
based on currently available toxicity data was that the in-
trinsic configuration of C-dots was nontoxic in vitro and in  
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Figure 4  Blood biochemistry and hematology data of female Balb/c mice treated with C-dots-M at the dose of 20 mg/kg at 1, 7, 20, 40, and 90 days p.i. 
Age-matching untreated mice were sacrificed at 3, 40, and 90 day p.i. as controls (3d-CK, 40d-CK, and 90d-CK, respectively). (a) Alanine aminotransferase 
(ALT), aspartate aminotransferase (AST), and alkaline phosphatase (ALP) levels in the blood at various time points after C-dots-M treatment. (b) 
Time-course albumin/globin ratios. Blood chemistry data suggested no hepatic disorder induced by the C-dots treatment. (c) Blood urea nitrogen (BUN) over 
time. Time-course changes of white blood cells (d), red blood cells (e), hemoglobin (f), mean corpuscular volume (g), meancorpuscular hemoglobin (h), 
platelets (i), mean corpuscular hemoglobin concentration (j), and hematocrit (k) from control mice and C-dots-M-treated mice. Statistics were based on 5 
mice per data point. Gray areas in the figures show the normal reference ranges of hematology data of female Balb/c mice [8]. 

vivo. Therefore, when considering toxicity issues of C-dots 
for specific bioapplications, the emphasis should be put on 
the selection of appropriate nontoxic molecules or species 
for C-dots surface functionalization, as their toxicity pro-
files may dictate how the resulting C-dots will behave.  

2.4  Comparison with other fluorescent nanoparticles 

C-dots have already demonstrated their feasibility in a vari-
ety of applications because they display PL properties remi-
niscent of those of QDs. The optical imaging performance 
of C-dots was evaluated in reference to that of the commer-
cially supplied CdSe/ZnS QDs. C-dots show similar photo- 
physical performance and photochemical stability compared 
with already commercialized QDs [26]. In addition, photo-

luminescent C-dots are superior in terms of chemical inert-
ness, large two-photon excitation cross-sections, non-blink, 
easy functionalization, high resistance to photobleaching, 
low cytotoxicity, and excellent biocompatibility [61]. As 
widely acknowledged, however, a major issue for the QDs 
containing heavy metals is their toxicity. Existing data sug-
gest that these QDs are toxic to vertebrate systems at rela-
tively low concentrations, with possible accumulation in 
organs and tissues. Recently, it was reported that QDs could 
induce acute toxicity and prothrombotic effect in mice [59]. 
C-dots have proved to be a valuable tool to overcome the 
toxicity issues arising from the use of cadmium core based 
QDs. A toxicity assay of these new nanoparticles indicated 
that unlike the traditional cadmium based QDs and nano-
tubes, the accumulation level of C-dots in the liver was very 
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low [37, 62]. 
Another carbon-based nanomaterial with similar size and 

surface functionality to the C-dots is nanodiamond, which 
has been used in cell bioimaging, too [63]. Nanodiamonds 
are typically made from milling microdiamonds, chemical 
vapor deposition (CVD), shockwave, or detonation pro-
cesses. They generally consist of about 98% carbon with 
residual hydrogen, oxygen, and nitrogen, possess a sp3 hy-
bridized core, and have small amounts of graphitic carbon 
on the surface. Unlike nanodiamonds, C-dots not only have 
greater sp2 character, which is symbolic of nanocrystalline 
graphite, but also contain lower amounts of carbon with 
higher oxygen contents [3]. C-dots with tunable photolumi-
nescence could be synthesized via one-pot hydrothermal 
oxidation of nanodiamond and subsequently utilized for cell 
imaging applications. Cell morphology observation and cell 
viability measurement demonstrated the good biocompati-
bility of C-dots for bioimaging applications [64].  

3  Biological applications 

3.1  Bioimaging and biolabeling 

QDs such as CdSe and related core-shell nanoparticles have 
been used in optical imaging in vitro and in vivo. However, 
they have imposed serious health and environmental con-
cerns due to the existence of heavy metals in such QDs. As 
a biocompatible alternative to QDs, C-dots have been 
demonstrated for successful uses in optical bioimaging ap-
plications, taking advantage of their visible excitation and 
emission wavelengths, fluorescence brightness at the indi-
vidual dot level [5], high photostability, and low toxicity as 
revealed by both in vitro and in vivo evaluations.  

In our previous study, C-dots were synthesized by one- 
step microwave assisted pyrolysis of glycerol in the pres-
ence of TTDDA. The formation and surface passivation of 
C-dots were accomplished simultaneously. In addition to 
the strong PL intensity and multicolor emissions, C-dots 
also demonstrated properties of rich hydrophilic groups, 
good solvent dispersibility, high photostability and low cy-
totoxicity. Cellular internalization of C-dots was observed 
by multicolor photoluminescence on confocal microscopy 
or even common fluorescence microscopy (Figure 5) [22]. 
A number of other studies were conducted using fluores-
cence by various C-dots in cell bioimaging of different cell 
lines [14, 65, 66], including Caco-2 cells [5], Ehrlich ascites 
carcinoma cells (EAC) from mice [27], pig kidney cell line 
(LLC-PK1 cells) [67], murine P19 progenitor cells [68] and 
MG-63 cells [69]. The cell imaging results suggested that 
C-dots taken up by cells were mostly localized in the cyto-
plasm. Wang et al. [61] incubated silica-encapsulated 
C-dots with BGC823 cells for 24 h, and observed fluores-
cence in the cytoplasmic area due to the expected penetration  

of the dots into the cells but not into the nuclei. Yang et al. 
[70] synthesized C-dots by hydrothermal carbonization of 
chitosan. The fluorescent dots were observed only inside the 
membrane and cytoplasmic area of A549 cells, with much 
weaker signals in the cell nucleus region. However, C-dots 
were distributed into cell nucleus in several studies. Ray et 
al. [27] found the whole EAC cells could be lighted to 
bright blue-green under UV excitation and yellow under 
blue excitation after the incubation with C-dots for 30 min, 
while the cytoplasm was brighter than the nucleus (though 
the nucleus was still brighter than that in the control cells). 
Chandra et al. [71] reported that C-dots tagged with organic 
molecules (α-naphthylamine, fluorescein, and rhodamine B) 
were distributed into the whole human red blood corpuscles 
(RBC), as suggested by results from confocal microscopy. 
More evaluations on C-dots for potential applications such 
as fluorescence labeling of cells, high-resolution and/or 
high-sensitivity cellular imaging may be expected to deter-
mine more precisely the intracellular distribution of the 
C-dots. 

Recently, the application of C-dots for real time bioim-
aging of target specific delivery of hyaluronic acid (HA) 
derivatives was reported. PEG-diamine-capped C-dots were 
synthesized by the pyrolysis of citric acid in a hot solvent. 
The synthesized C-dots showed strong fluorescence under 
UV excitation, with emission properties depending on the 
excitation wavelength. HA/C-dots conjugates were synthe-
sized by amidation reaction between amino groups of 
C-dots and carboxylic groups of HA (Figure 6). C-dots and 
HA/C-dots conjugates showed negligible cytotoxicity. Ac-
cording to in vitro bioimaging, HA/C-dots conjugate was  

 

Figure 5  Laser scanning confocal microscopy images of C-dots labeled 
HepG-2 cells. The samples were (a) excited at 405 nm; (b) excited at 488 
nm; (c) excited at 543 nm; (d) an overlay of (a), (b) and (c) [22]. 
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Figure 6  (a) Schematic illustration of HA-Cdots; (b) confocal laser scanning microscopic images of B16F1 cells for 24 h with HA-Cdots. Scale bar indi-
cates 30 μm; (c) HA-Cdots conjugates after subcutaneous injection to Balb/c mice; (d) fluorescence images of dissected livers, kidneys, and spleens 4 h after 
tail-vein injections of Cdots or HA-Cdots conjugates [72]. 

target-specifically delivered to B16F1 cells with HA recep-
tors, showing different fluorescence colors depending on the 
excitation wavelength. In addition, in vivo real-time bioim-
aging of C-dots and HA/C-dots conjugates revealed the tar-
get-specific delivery of HA/C-dots conjugates to the liver 
with HA receptors such as HARE and CD44 [72]. A more 
recent study demonstrated that the C-dots could influence 
DNA conformation, such as right-handed B-DNA to 
left-handed Z-DNA under physiological salt conditions, 
with sequence and conformation selectivity. The results 
showed that positively charged spermine-functionalized 
C-dots could induce DNA B-Z transition under physiologi-
cal condition (PBS, pH 7.2) with sequence selectivity as 
shown in Figure 7. Moreover, their studies indicated that 
C-dots would bind to DNA major groove with GC prefer-
ence [29]. We expect that C-dots can be employed to dif-
ferent cells and chemical or biological molecules through 
modifications with different targeting groups. 

By different surface passivation, C-dots may get corre-
sponding groups on the surface, which can be conjugated or 
modified with other functional targeting molecules. For 
example, C-dots that were synthesized in water-glycol me-
dium using glucose as carbon source could be modified 
with PEI to improve fluorescence quality. The as-prepared 
C-dots were then conjugated with CEA8 antibody to label 
and image HeLa cells in vitro. No apparent cytotoxicity was  

 

Figure 7  Schematic representation of the B-Z DNA transition induced by 
C-dots [29]. 

observed, demonstrating much better biosafety property 
compared with CdTe QDs [8]. More recently, Dong et al. 
[73] reported different C-dots that were synthesized by a 
solvothermal method with glucose as the carbon source and 
modified with 1,6-hexamethylene diamine. Such C-dots 
were then linked with mouse anti-human Alpha fetoprotein 
(AFP) antibody and goat anti-mouse IgG, respectively, to 
label human hepatocellular carcinoma cells, showing very 
strong fluorescence intensity for the effective detection of 
these cells. In addition, the fluorescent C-dots exhibited 
much better photostability and brighter fluorescence than 
FITC (fluoresceinisothiocyanate, a standard fluorescence 
marker), showing good application potential in the immuno- 
labeling of cells. At the same time, none of the hepatocellu-
lar carcinoma cells showed any statistically significant 
group differences with respect to cell survival within 48 h. 
Moreover, C-dots have been applied in labeling microor-
ganisms, such as germs. There have been evidences involv-
ing the use of C-dots as a powerful tool for labeling of 
E.coli. [31, 68, 74]. 

There were many reports focusing on the use of C-dots 
for fluorescence imaging in vivo. The oligomeric PEG-func-          
tionalized C-dots were evaluated in vivo, and the results 
suggested that these fluorescent dots were nontoxic to the 
selected cell lines (not more toxic than the oligomeric PEG 
molecules); neither did they impose any significant toxic 
effects on mice at dosages beyond those commonly used for 
in vivo optical imaging [62]. Both C-dots and ZnS-doped 
C-dots functionalized with PEG1500N were injected 
through three different routes (subcutaneously, intrader-
mally, 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 stronger fluores-
cence than non-doped C-dots as shown in Figure 8. The PL 
from both types of injected dots faded in 24 h after injection. 
After intradermal injection into the front extremity, the 
C-dots migrated to the axillary lymph nodes, similar to 
CdSe/ZnS semiconductor QDs, but at a lower rate, presum-
ably because PEG functionalization reduced their interac-
tion with lymph cells. The fluorescence of axillary lymph  
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Figure 8  Subcutaneous injection of C-dots (top) and ZnS-C-Dots (bottom): (a) bright field, (b, d) as-detected fluorescence (excitation/emission wave-
lengths indicated), and (c, e) color-coded images [26]. 

nodes could readily be detected at 24 h post-injection. When 
injected intravenously for whole-body circulation studies, 
C-dots emission from the bladder area was observed, and 
PL could be detected in the urine, consistent with the ex-
pected renal excretion of the C-dots after 3 h injection. The 
results suggested that the intravenously injected C-dots 
were primarily excreted via urine, an excretion pathway that 
were widely reported in literature, especially for very small 
particles [75]. At 4 h after injection, organs were harvested 
and the C-dots were found to have accumulated in the kid-
neys (which was consistent with a urine excretion pathway) 
and scantly in the liver. Other organs including liver, spleen 
and kidneys showed very weak fluorescence at 4 h 
post-intravenous injection, suggesting a rather low accumu-
lation level of the C-dots. Under the imaging conditions, the 
C-dots were photochemically stable, and did not show any 
significant signal degradation in repeated excitations for the 
continuous collection of fluorescence images [26]. Recently, 
Li et al. [76] reported that the blue fluorescent C-dots were 
detected in brain, suggesting that the C-dots might be able 
to cross the blood-brain barrier. Other experiments of the in 
vivo bioimaging by C-dots [25, 26, 31] also demonstrated 
that C-dots injected in various ways into mice remained 
strongly fluorescent in vivo and showed no noticeable signs 
of toxicity to the treated animals. Therefore, C-dots may 
offer great potential for optical imaging and related bio-
medical applications. 

Longer wavelengths are usually preferred for in vivo op-
tical imaging due to the improved photon tissue penetration 
and reduced background autofluorescence, especially in the 
NIR region. Recently, C-dots derived from MWNTs were 
chosen for in vivo fluorescence imaging [8]. A nude mouse 
was subcutaneously administered with C-dots at three  

different locations. Various excitations including blue, 
green, yellow, orange, red, deep red, and NIR light with 
center wavelengths at 455, 523, 595, 605, 635, 661, and 704 
nm, respectively, were applied during in vivo imaging of the 
mouse. After spectral normalization to differentiate the 
background autofluorescence (green), the subcutaneously 
injected spots (red) on the mouse were seen in these fluo-
rescence images under all different light excitations. Com-
pared to images acquired using blue (455 nm) and green 
(523 nm) light excitation, those taken under longer wave-
length excitations (595 nm and beyond) showed much better 
signal-to-background separation as shown in Figure 9. Alt-
hough the fluorescence emission of C-dots was weaker at 
longer wavelengths, the tissue autofluorescence background 
decreased even more dramatically, resulting in an improved 
signal-to-noise ratio under red and NIR excitation. The ca-
pability of C-dots for NIR in vivo fluorescence imaging 
(λexcitation = 704 nm, λemission = 770 nm) demonstrates the 
great potential of C-dots for use as optical nanoprobes in 
biomedical imaging (Figure 9) [8].  

In comparison with down-conversion fluorescent materi-
als, up-conversion materials have many advantages in bio-
logical applications, such as noninvasive and deep penetra-
tion of NIR radiation, the absence of autofluorescence of 
biological tissues, and feasibility of multiple labeling with 
different emissions under the same excitation [31, 64, 69, 77, 
78]. C-dots could possess excellent up-conversion PL, due 
to the multiphoton active process. During this process, the 
simultaneous absorption of two or more photons led to the 
emission of light at a shorter wavelength than the excitation 
wavelength (anti-Stokes type emission). The C-dots prepared 
by one-step microwave pyrolysis of citric acid at low tem-
perature in the presence of PEI exhibited good up-conversion  
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Figure 9  In vivo FL imaging of C-dots injected mouse. The images were 
taken under various excitation wavelengths at 455, 523, 595, 605, 635, 661 
and 704 nm. Red and green represent the FL signals of C-dots and the 
tissue autofluorescence, respectively [8]. 

fluorescent properties besides their strong emission lumi-
nescence in the 450650 nm range. Moreover, C-dots could 
be excited by long wavelength light (maximum intensity 
with 850 nm excitation) with the up-conversion emissions 
located in the range of 380550 nm [79]. These C-dots have 
been successfully used for in vitro cell imaging with both 
one- and two-photon excitations [25, 31,80]. Sun et al. [80] 
reported that C-dots were strongly emissive in the visible 
region (458 nm) under either one-photon UV excitation or 
two-photon excitation in the near-infrared range (800 nm), 
indicating that the C-dots had two-photon active lumines-
cence with excitation in the NIR range comparable to those 
of the best performing semiconductor QDs. Other groups 
also reported that C-dots prepared from different synthetic 
methods possessed obvious up-conversion PL properties [35, 
49, 56, 78, 81, 82]. The C-dots passivated by propionyleth-
ylenimine-co-ethylenimine (PPEI-EI, with EI fraction 20%) 
were internalized in human cancer cells for two-photon lu-
minescence microscopy imaging. As shown in Figure 10, 
the C-dots were strongly emissive with either 458 nm exci-
tation or 800 nm two-photon excitation. Inside the cells, 
C-dots accumulated preferentially in the membrane and the 
cytoplasm. The one- and two-photon luminescence images 
for the same scanning area matched quite well. The C-dots 
were photostable under the two-photon imaging conditions 
(upon repeated 800 nm excitations equivalent to generating 
the image for at least 3000 times, no significant changes in 
emission intensities were observed). The performance of 
C-dots as two-photon imaging sensors was found to be 
comparable to that of the best performing semiconductor 
QDs [80]. 

For bioimaging applications, further research is required 
to establish the protocols for C-dots synthesis and function-
alization to target specific cell types and/or specific cell  

 

Figure 10  Representative two-photon luminescence image (800 nm 
excitation) of human breast cancer MCF-7 cells with internalized C-dots 
[80]. 

compartments. Through suitable doping, chemical manipu-
lation, or incorporation into nanocomposites, C-dots may 
open a door to a host of unforeseen applications, such as 
contrast agents for magnetic resonance imaging (MRI) [3]. 
The evaluation of C-dots in vivo is still at its beginning 
stage, but with bright prospects. The synthesis of C-dots 
with bright fluorescence in the red/near-IR spectral regions 
and/or multiphoton-based emissions can be explored for 
further development. 

3.2  Biosensor 

C-dots can serve as either excellent electron donors or elec-
tron acceptors, and their PL can be accordingly quenched 
efficiently by either electron acceptor or electron donor 
molecules in solution [30]. Based on their excellent proper-
ties and biocompatibility, C-dots can be designed for bio-
sensors to detect metal ions, biological pH, sugars, proteins, 
enzymes, nucleic acid, etc.  

C-dots based ratiometric fluorescent assays were report-
ed to give high specificity and sensitivity for in vivo imag-
ing and sensing of metal ions. By integration with 
N-(2-aminoethyl)-N,N,N′-tris(pyridin-2-ylmethyl)ethane-1,  
2-diamine (AE-TPEA), the C-dots can be used for Cu2+ ion 
sensing because AE-TPEA can recognize Cu2+ ion with high 
specificity and long-term stability [83]. In another report, 
C-dots were employed to detect Cu2+ ion using both down 
and up-conversion fluorescence. The C-dots was prepared 
by microwave pyrolysis of citric acid at low temperature in 
the presence of PEI. The resultant C-dots exhibited good 
up-conversion fluorescent properties besides their strong 
emission luminescence in the 450650 nm range, and could 
be excited by long wavelength light (maximum intensity 
with 850 nm excitation) with the up-conversion emissions 
located in the range of 380550 nm [79]. Both fluorescent 
nanosensors showed low cytotoxicity and good cell perme-
ability, thus they could be successfully applied for intracel-
lular sensing of Cu2+ in biological systems. Detection of 
other ions was also achieved by conjugating the C-dots with 
corresponding ligands.  

Besides the metal ions, the physiological pH in living 
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cells and tissues can be detected by C-dots. C-dots func-
tionalized with COOH and/or OH groups were synthe-
sized by electrochemical method and then integrated with 
aminomethylphenylterpyridine (AE-TPY). In this case, the 
C-dots could be used as receptors, responsive to the con-
centration change of H+. The integrated C-dots-TPY exhib-
ited fluorescent emission in the visible region by 
two-photon excitation at the wavelength of 800 nm. This 
two-photon fluorescent probe was suitable for monitoring 
pH gradients in a range of 6.08.5 with high sensitivity and 
selectivity, and was successfully employed in living cells 
(human lung cancer A549 cells and mouse LLC-MK2 cells) 
and tumor tissues of nude mice at depth of 65185 µm 
without interference with other biologically relevant species 
[84].  

A C-dots based strategy for DNA sensing was proposed 
by Li et al. [85]. C-dots with the size of tens of nanometers 
from candle soot could be used as an immobilization sup-
port for a labeled single-stranded DNA (ssDNA), resulting 
in the quenching of the probe. Upon hybridization with the 
target DNA to form double-stranded DNA (dsDNA), de-
sorption from C-dots occurred, thus the recovery of fluo-
rescence could be measured quantitatively. Relatively high-
er dimension C-dots were required for this application be-
cause smaller C-dots were highly fluorescent and could in-
terfere with detection of the probe signal. Wang et al. [86] 
developed another protocol to detect DNA based on the CL 
of C-dots triggered by potassium permanganate. Under op-
timal conditions, this paper-based DNA sensor performed 
quite well, with a linear range of 1018 to 1014 M and with a 
detection limit of 8.56 × 1019 M for target DNA. They con-
cluded that this DNA sensor, providing high-throughput, 
rapid, sensitive, stable and reusable CL response, might be 
very useful for the detection of trace amounts of analyte in 
real biological samples. 

Subhabrata et al. [87] prepared C-dots-dsDNA hybrid 
simply through electrostatic attraction for histone detection. 
The emission of C-dots could be quenched in presence of 
dsDNA. Interestingly, addition of histone into this 
C-dots-dsDNA hybrid turned on the fluorescence signal of 
C-dots through unwinding dsDNA from C-dots surface due 
to the strong binding affinity between histone and dsDNA. 
Consequently, the unbound (free) C-dots exhibited its native 
fluorescence. Thus, simply by monitoring the fluorescence 
quenching (off) and restoration (on), a label-free histone 
sensing technique was developed with a detection limit of 
0.2 ng/mL, which was two orders of magnitude more sensi-
tive than previously reported methods.  

An aptamer-based turn-on thrombin biosensor was con-
structed by using aptamer-bridged phosphorescent energy 
transfer, with the Mn-doped ZnS QDs labeled with throm-
bin-binding aptamer as donors, and C-dots as acceptors. 
Due to the - stacking interaction between aptamer and 
C-dots, the energy donor and acceptor were taken into close 
proximity, leading to the phosphorescence quenching of the 

donor. A maximum phosphorescence quenching efficiency 
could reach as high as 95.9%. With the introduction of 
thrombin to the “off state” of this donor-acceptor system, 
the phosphorescence was “turned on” upon the formation of 
quadruplex-thrombin complexes. Based on the restored 
phosphorescence, the sensor displayed a linear detection 
range of 0–40 nM for thrombin, with detection limit of as 
low as 0.013 nM in pure buffers. The proposed sensor can be 
used to monitor thrombin in complex biological fluids, in-
cluding serum and plasma, with satisfactory recovery [88].  

C-dots based fluorescence resonance energy transfer 
(FRET) sensing is an emerging means in C-dots employed 
biosensors. FRET system is a widely adopted ratiometric 
sensing protocol because the detection index using the ratio 
of two interconnected fluorescence signals can effectively 
eliminate the influence of variations caused by factors such 
as temperature and local probe concentration. Yu et al. [89] 
developed a C-dots based FRET ratiometric fluorescent 
sensor for detecting H2S in aqueous media and serum, as 
well as inside living cells. C-dots were anchored with 
naphthalimide-azide derivative and served as the energy 
donor. This C-dots-naphthalimide-azide sensor demon-
strated a detection limit of 10 nM, the lowest among fluo-
rescent H2S sensors. Moreover, this sensor showed a large 
shift (190 nm) between donor excitation and acceptor emis-
sion, which could exclude any influence of excitation 
backscattering effects on fluorescence detection. In addition 
to its selective detection of H2S in aqueous media and in 
serum samples, the sensor can also permeate the cell mem-
brane and realize H2S imaging in living cells. Taking ad-
vantage of FRET, Yu’s group [90] also designed a C-dots 
based nanosensor which is highly selective for NO both in 
water and in living cells. In this system, C-dots not only 
served as an energy donor, but also provided the anchoring 
site for phenylenediamine-containing naphthalimide, the 
NO probe moiety. Such C-dots would become an energy 
acceptor in the presence of NO, causing the fluorescence 
change from blue to green. More recently, a multifunctional 
fluorescent nanoprobe was applied in the detection of mito-
chondrial H2O2 by conjugating a mitochondria-targeting 
ligand and a H2O2 recognition element onto C-dots [91]. 
Exogenous H2O2 in L929 cells and endogenously produced 
mitochondrial H2O2 in RAW 264.7 cells were successfully 
detected and the limit of detection was determined as 0.75 
μM. This research pushed the C-dots based FRET detection 
forward to the subcellular level.  

CL was defined as the production of light through a 
chemical reaction. C-dots have been considered to be a 
promising CL reagent compared with other CL reagents. CL 
properties of C-dots were observed in the presence of potas-
sium permanganate (KMnO4), cerium (IV) (ammonium 
ceric sulfate), hydrogen peroxide or peroxynitrous acid [39, 
86, 92, 93]. Recently, the CL behavior of C-dots was also 
detected in the presence of a strong alkaline solution, such 
as NaOH or KOH, with the CL intensities dependent on the 
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concentration of the base [94]. Shi et al. [95] established a 
biosensor for Co (II) based on the CL of C-dots excited 
by ·OH radicals, which were produced by Co (II) triggered 
Fenton-like reaction. Under optimized experimental condi-
tions, this CL system exhibited a reliable response to Co (II) 
from 1.0 to 1000 nM with a detection limit of 0.67 nM. 
Moreover, this system was successfully used for the detec-
tion of Co (II) in HepG2 cells, and the experimental results 
agreed with those obtained by inductively coupled plasma 
mass spectrometry (ICP-MS) method. 

As ECL is extensively used to investigate the fluorescent 
emission of QDs or semiconductor nanocrystals, ECL stud-
ies of C-dots have attracted great interest. The ECL behav-
ior of C-dots was similar to that of QDs such as CdSe and 
Si nanocrystals. More importantly, ECL response was rela-
tively stable over time, which implied attractive applications 
in ECL sensing [96]. Recently, an ECL platform for ultra-
sensitive and selective detection of leukemia cells was re-
ported. In the platform, the mesoporous gold with control-
lable three-dimensional porosity and good conductivity was 
used to modify the screen-printed carbon electrode. C-dots 
coated ZnO nanospheres (ZnO@C-dots) were used as good 
ECL labels with low cytotoxicity and good biocompatibility. 
The aptamer was used for cell capture and the concanavalin 
A conjugated ZnO@C-dots was used for selective recogni-
tion of the cell surface carbohydrate. The proposed method 
showed a good analytical performance for the detection of 
K562 cells ranging from 1.0 × 102 to 2.0 × 107 cells/mL 
with a detection limit of 46 cells/mL [97]. 

The biosensor based on C-dots has the advantages of 
high sensitivity, good cell-permeability, low cytotoxicity, 
strong specificity, and good stability, providing great prom-
ise for efficient bio-related detection.  

3.3  Disease-detection system   

The importance of fluorescent nanoprobes in biomedical 
research and practice has been rapidly increasing as a con-
verged outcome of recent developments in fluorescence 
microscopy, laser technologies, and nanotechnology. Be-
nign “nanolanterns” has always been a hot topic due to their 
potential for studying intracellular transport and biochemi-
cal interactions, which can ultimately be used for disease 
detection and therapy [98]. 

Qin et al. [99] designed a glucose biosensor based on 
electrochemical method. The glucose oxidase (GOD) 
self-assembled into the C-dots-reduced graphene oxide 
(C-dots-rGO) hybrids. Then the glucose biosensor was con-
structed by deposition of the GOD-C-dots-rGO hybrids on 
the surface of a glassy carbon electrode. The glucose was 
detected by the electrochemical method, with a linear detec-
tion range from 40 µM to 20 mM (r = 0.994). This glucose 
biosensor can be used to detect glucose in human blood 
serum, the abnormity of which might be an indicator of a 
variety of diseases such as diabetes and cirrhosis. 

Li et al. [98] passivated C-dots with linear PEG, 4-armed 
PEG and PEI-PEG-PEI, respectively. After conjugation 
with transferrin, these C-dots could target cancer cells and 
were used as biocompatible optical nanoprobes for in vitro 
cancer diagnostics (Figure 11). In a separate study by Song 
et al. [100], folic acid (FA) was conjugated to the surface of 
C-dots by amidation, providing an efficient approach to 
discriminate cancer cells from normal cells via receptor- 
mediated endocytosis. 

Recently, polyamidoamine dendrimers capped-C-dots 
(PAMAM-C-dots) were fabricated by one-step microwave 
assisted pyrolysis of citric acid and PAMAM. The obtained 
graphitic PAMAM-C-dots, with abundant amine groups, 
were employed as reducing and capping agents in the for-
mation of PAMAM-C-dots/Au nanocrystal nanocomposite. 
The resulting nanocomposite exhibited excellent conductiv-
ity, stability and biocompatibility on the surface of electrode, 
and was designed as an immobilized matrix for sensitive 
immune sensing of alpha-feto protein (AFP), showing a 
wide linear detection range from 100 fg/mL to 100 ng/mL. 
The detection limit for AFP was 0.025 pg/mL. Importantly, 
the immune sensor was evaluated for the analysis of clinical  

 

Figure 11  Targeting HeLa cells with transferrin conjugated carbon dots. 
(a) HeLa cells incubated with C-dots; (b) the cells incubated with transfer-
rin-coupled C-dots; and (c) the cells incubated with transferrin-coupled 
C-dots after transferrin pretreatment [98]. 
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serum samples, giving a good correlation with enzyme- 
linked immune sorbent assay (ELISA). The results indicated 
that the immune sensor provided a possible protocol for the 
detection of AFP in clinical diagnosis [101].  

A sensitive ECL immunosensor for the detection of 
prostate protein antigen (PSA) was developed by Wu et al. 
The graphene conjugated with gold nanoparticles (AuNPs) 
(GR@AuNPs) was used to modify glassy carbon electrode 
(GCE), providing an effective matrix for anti-AFP immobi-
lization. C-dots simply prepared by electro oxidation of 
graphite was used as ECL reagent and loaded into the na-
noporous sliver (NPS), forming the NPS@C-dots compo-
sites as good ECL labels. The good electrical conductivity 
of GR@AuNPs and NPS@C-dots composites provided 
significant advantage of dual-signal amplification technique. 
By characterizing the ECL intensity with different concen-
tration of PSA, this biosensor displayed good analytical 
performance for the detection of PSA in the range from 1 
pg/mL to 50 ng/mL with a low detection limit of 0.5 pg/mL. 
Moreover, the sensor showed good reproducibility, ac-
ceptable precision and reliable stability, thus could provide 
many potential applications in the detection of tumor maker 
in clinical research [102]. 

A fluorescence imaging guided photodynamic therapy 
(PDT) system, which was based on the chlorin e6 (Ce6, a 
photosensitizer) conjugated C-dots (C-dots-Ce6), was re-
ported by Huang et al. C-dots, as the carrier to load photo-

sensitizers (PSs) or dyes, have the following advantages: (i) 
C-dots can improve the stability, solubility, biocompatibility, 
circulation half-life and tumor-homing ability of PSs or 
dyes in aqueous/biological media; (ii) C-dots can permeate 
barriers including cell membranes and fenestrated vascula-
ture in the cancer area and increase the ingestion of tumor 
tissue; (iii) C-dots can indirectly excite the PSs or dyes by 
FRET mechanism. C-dots-Ce6 was injected into the left 
rear flank area of mice for in vivo fluorescence imaging, and 
the subcutaneous injection site displayed a strong fluores-
cence signal. The area of the fluorescence signal gradually 
expanded from center, suggesting that C-dots-Ce6 had good 
distribution ability in tissue. This can be attributed to its 
good stability and dispersibility in aqueous systems. Later 
on, nude mice with subcutaneous MGC803 gastric cancer 
xenograft were selected as the animal model to evaluate the 
in vivo fluorescence imaging-guided PDT (Figure 12). NIR 
fluorescence imaging was employed to monitor PDT in vivo 
after the mice were treated with intravenous injection of 
C-dots-Ce6. Significant fluorescence emitted from the 
C-dots-Ce6 injected mice was observed in the tumor area. 
Meanwhile, there was also fluorescence signal in the other 
tissues. The average fluorescence intensity from Ce6 ac-
quired in the tumor areas quickly arose within 24 h post- 
injection and reached a plateau in 48 h post-injection, fol-
lowed by steady decrease over time. According to the ob-
servation from NIR fluorescence imaging, 8 h post-injection  

 

Figure 12 (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 area 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) 

[103]. 
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was selected as the suitable time point to implement PDT. 
The tumor area was irradiated for 10 min using a 671 nm 
laser (Figure 12). The C-dots-Ce6 administration/irradiation 
group showed partial tumor regression. These results indi-
cated that C-dots-Ce6 had excellent imaging and tumor- 
homing ability without compromising the photodynamic 
efficacy, and was suitable for simultaneous PFD and PDT 
of tumor in vivo. Great potential is expected for applications 
in the clinic to treat patients with gastric cancer or other 
tumors [103].   

For bioanalytical applications, research is focused on in-
creasing the sensitivity and the selectivity of the nanosen-
sors and on lifetime-based detection methodologies. Taking 
this into consideration, C-dots are particularly suitable for 
biological sample analysis [104].  

3.4  Gene and drug delivery system 

Over the past few decades, gene therapy, involving delivery 
of appropriate exogenous genes (DNA or RNA) into cells 
and their expression for specific enhancing or suppressing 
effects, has been regarded as a promising cure for 
life-threatening diseases. A variety of drug delivery systems, 
such as lipid- or polymer-based nanoparticles, have been 
designed to improve the pharmacological and therapeutic 
properties of drugs. Imaging plays indispensable roles in 
tracing, diagnosis, treatment, and confirmation of therapy, 
hence promoting the development of “theranostics” for 
simultaneous disease diagnosis and therapy, in both gene 
and drug delivery systems. Due to their excellent fluores-
cence performance, small sizes, low cytotoxicity and good 
transmembrane ability, C-dots are becoming a competent 
candidate for imaging-concomitant gene and drug delivery. 

Zhou et al. [105] designed a nanocomposite system to 
respond to physiopathological pH signals to trigger drug 
release in cancerous cells and serve as imaging agents in the 
transport process to their destination. First, the carboxylic 
groups functionalized C-dots (3.8 nm) were prepared by a 
one-step pyrolytic route from ethylenediamine-tetra acetic 
acid salts. The C-dots equipped with many carboxylic acid 
moieties at the surface imparted them with excellent water 
solubility. The anticancer drug doxorubicin (DOX) was 
loaded into the pores of the aminopropyl group functional-
ized mesoporous silica nanoparticles (MSPs, with an aver-
age pore diameter of 2.5 nm, and a narrow pore distribution), 
then the negatively charged C-dots were anchored to MSPs 
through electrostatic interaction and were utilized as caps 
for trapping the guest molecules within the pores. It was 
found that adjusting the system to mildly acidic condition at 
physiological temperature caused the dissociation of the 
C-dots@MSPs complex, releasing a large quantity of DOX 
from the nanospheres. The endocytosis and the efficient 
drug release properties of the system were further confirmed 
by luminescence microscopy. Moreover, the DOX-loaded 
nanocomposites exhibited a remarkably enhanced efficiency 

in killing cancer cells. Owing to its excellent optical prop-
erty, C-dots@MSPs were used for in vivo optical imaging 
by subcutaneous injection into the nude mice and applied 
for PL imaging. As expected, the corresponding injection 
site of the mouse displayed a clear PL signal, suggesting 
that C-dots@MSPs might offer great potential for tracking 
the in vivo delivery of therapeutic agents. In another drug 
delivery study by Lai et al. [33], C-dots with PEG function-
alization were applied. The DOX loaded on the dots exhib-
ited higher toxicity to HeLa cells than free DOX, and the 
fluorescence imaging results suggested that the release of 
DOX from the carrier C-dots likely occurred inside the cells. 
Chen et al. [106] found that calcination at 400 °C could 
grant mesoporous organosilica nanoparticles with strong 
fluorescence, which was originated from the C-dots formed 
in the calcination. DOX can be efficiently encapsulated into 
these fluorescent mesoporous silica nanoparticles. After 
coupled to c(RGDyK), the nanoconjugates could be effi-
ciently localized to tumors through interactions with integ-
rin αvβ3 overexpressed on the tumor vasculature. 

Recently, very interesting hollow C-dots were prepared 
from bovine serum albumin (BSA) by solvothermal reaction 
for drug delivery. The process of the formation of hollow 
C-dots was described briefly. First, BSA monomers dis-
persed in solution tend to form aggregates of uniform size 
after ultrasonication. After solvothermal treatment for 8 h, 
BSA was denatured, and carbonization could be found on 
the surface of small aggregates of denatured BSA. The in-
completely carbonized interior of the nanoparticles may 
prevent the shell from sinking or breaking. Finally, after 
solvothermal treatment for 8 h, the incompletely carbonized 
interior was carbonized, producing hollow C-dots (Figure 
13). The obtained hollow C-dots showed 6.8 nm in diameter 
and a hollow structure with a pore size of ca. 2 nm and had 
a QY of 7% and bright PL. Luminescent hollow C-dots 
were prepared as a delivery vehicle for DOX, exhibiting 
pH-controlled release and rapid absorption by cells. Be-
cause of their specific nanostructure and photoluminescent 
properties, the multifunctional hollow C-dots show potential 
for application in both cell imaging and cancer therapy [107]. 

In our previous study, PEI25k-passivated C-dots pre-
pared by one step microwave assisted pyrolysis of glycerol 
in the presence of branched PEI25k were found to have 
positive charges on the surface, thus being polyelectro-
lyte-like to condense DNA (Figure 14). The gene expres-
sion of plasmid DNA delivered by the C-dots was competi-
tive to that by PEI25k in COS-7 cells and HepG2 cells. In 
addition to the delivery, the C-dots were also used for opti-
cal imaging. The COS-7 cells were stained by C-dots after 3 
h incubation, and the stained cells exhibited blue, green, and 
red fluorescence emissions with 405, 488, and 543 nm  
excitations, respectively (Figure 14). Inside the cells, the 
C-dots were mostly trapped in endosomal compartments, 
without significant penetration into the cell nucleus [21]. 
More recently, C-dots were used as a visible tool to monitor  
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Figure 13  (a) Graphical illustration of the synthesis of hollow C-dots and the loading and delivery of DOX; (b) HRTEM image and magnification (inset) 
of the hollow structure of hollow C-dots [107]. 

 

Figure 14  (a) Depiction of the formation of C-dots surface passivated with PEI25k (PEI-C-dots) and PEI-C-dots/pDNA complex and laser scanning con-
focal microscopy images of non-transfected cells as negative controls (b) and transfected cells (c). The samples were observed under bright field and excited 
at 405, 488 and 543 nm [21]. 

the association/dissociation of polymeric carrier/plasmid 
DNA (pDNA) complex during transfection in a non-labeled 
manner, providing an efficient strategy to study the mecha-
nism of polymer-mediated pDNA delivery. The surfaces of 
C-dots and Au were modified with PEI and subsequently 
treated with non-labeled pDNA to form the C-dots-PEI/ 
pDNA/Au-PEI complex via electrostatic interaction (Figure 
15). Au nanoparticles were employed to quench the fluo-
rescence of C-dots when they became close with each other. 
The dissociation of the complex in cells caused accompa-
nied fluorescence recovery due to the increase in distance 
between C-dots and Au (Figure 15). Compared to PEI25k, 
C-dots-PEI/Au-PEI carrier showed high efficiency and low 
cytotoxicity. At the same time, the changes that occurred at 
the intracellular level during transfection especially 
post-endosomal steps were monitored by fluorescence 
measurement using fluorescence microscope [108].  

More evaluations on C-dots based platforms for potential 
applications in gene and drug delivery (simultaneous deliv-
ery and imaging), especially single-particle platform to 
track living cells are worthy of great attentions. 

4  Summary and outlook  

Since the discovery of C-dots ten years ago, researches on 
the synthesis, performance, mechanism and application of 
C-dots have sprung up rapidly. Various kinds of convenient 
scalable synthesis methods, the properties of emission-color 
tuning and a non-blinking behavior coupled with a high 
photo and chemical stability in vitro and in vivo, negligible 
toxicity for cells or living bodies, higher and higher QYs 
have attracted tremendous attentions of researchers and re-
sulted in extensive applications. In biological applications, 
C-dots have significant potential to serve as nontoxic re-
placements to traditional heavy-metal based QDs. Addi-
tionally, the facile introduction of versatile functionality at 
the C-dots surface without influencing FL properties en-
riched their applications, especially in the targeted delivery 
or therapy.  

As new comers to nanomaterial family, C-dots are un-
doubtedly showing great potential in a wide variety of ap-
plications in their own right; however accurate control over 
their properties is still far from ideal. For example, due to 
the small size of C-dots prepared from most synthetic  
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Figure 15  A schematic illustration for the gene delivery and real-time monitoring of cellular trafficking utilizing C-dots-PEI/Au-PEI/pDNA molecular 
assembly of nanohybrids [108]. 

methods and their low density nature, it is uneasy to effec-
tively purify them simply by centrifugation, sedimentation 
or dialysis. In fact, many nanodots lack uniformity in sphe-
ricity and usually show dispersity in size. Most preparation 
processes involve complicated chemical reactions such as 
pyrolysis and carbonization, leading to intricate structures 
that are inconvenient in characterization with NMR, IR, etc. 
Meanwhile, the origins of their PL remain controversial  
and better clarification is still required. More detailed fun-
damental studies on the properties of C-dots are of great 
urgency now. The mechanism of photophysical properties 
of C-dots is worthy of further research and discussion. And 
for further development, more attention is needed for the 
synthesis of C-dots with bright fluorescence in the red/ 
near-IR spectral regions and/or multiphoton-based emis-
sions. It is hopeful that various kinds of nanodevices based 
on C-dots will be applied in biological field in clinic. 
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