








conjugation with bioactive species for specic applications.74

For example, Li et al. coupled carbon dots with human trans-
ferrin through carbodiimide chemistry, and used the conju-
gates to target HeLa cells.74 The demonstration was such that
the carbon dots with the graed PEG polymer were not able
to penetrate the cell membrane, while the conjugates with
transferrin exhibited selectivity toward the cancer cells (over-
expressed with transferrin receptors) (Fig. 9).

Zhu et al. developed a carbon dot-based dual emission
hybrid for imaging cellular copper ions.75 Carbon dots were
functionalized with N-(2-aminoethyl)-N,N,N0-tris(pyridin-2-
ylmethyl)ethane-1,2-diamine (abbreviated as AE-TPEA) and
then coated with CdSe@SiO2 QDs. The idea was that Cu

2+ could
quench the uorescence of carbon dots but not that of
CdSe@SiO2 QDs; thus the latter was used as an internal refer-
ence. The hybrid probe was used in the imaging of Cu2+ in HeLa
cells. Upon the addition of Cu2+, the green uorescence from
carbon dots was signicantly inhibited in reference to that of
the QDs.75 Liu et al. used PEI-functionalized carbon dots for
gene delivery and bioimaging.76 These carbon dots were found
to have positive charges on the surface, thus were poly-
electrolyte-like to condense DNA. The gene expression of
plasmid DNA delivered by the carbon dots was competitive to
that by PEI25k in COS-7 cells and HepG2 cells.76 Beyond the
delivery, the carbon dots were also used for optical imaging. The
COS-7 cells were stained by carbon dots aer 3 h transfection,
and the stained cells exhibited blue, green, and red uorescence
emissions with 405, 488, and 543 nm excitations, respectively.
Inside the cells the carbon dots were mostly trapped in endo-
somal compartments, without any meaningful penetration into
the cell nucleus.76 In another drug delivery study by Lai et al.,77

carbon dots with PEG functionalization were used for the
delivery of the anti-cancer drug doxorubicin (DOX). The DOX
loaded on the dots exhibited more toxicity to HeLa cells than
free DOX, and the uorescence imaging results seemed to
suggest that the release of DOX from the carrier carbon dots
occurred inside the cells.77

The reported studies highlighted above have demonstrated
that carbon dots are amenable to various uses in optical cell
imaging, with the same or similar protocols as those originally
developed and validated for conventional semiconductor QDs.
In fact, the brighter carbon dots already exhibited the same or
better performances as those achieved by commercially avail-
able CdSe–ZnS QDs in imaging comparison at the individual
dot level. More evaluations on carbon dots for potential appli-
cations such as uorescence labeling of cells, high-resolution
and/or high-sensitivity cellular imaging, drug delivery (espe-
cially for the delivery and imaging on the same platform), and
single-particle tracking of live cells may be expected.

Biocompatibility and toxicity

A distinct advantage of carbon dots is their containing no heavy
metal elements, unlike those in presently dominating semi-
conductor QDs. In fact, carbon nanoparticles have a history of
being used in some commercial products, such as automobile
tires. With the surface functionalization of the precursor carbon

nanoparticles, the resulting carbon dots become soluble (or
strictly speaking to form a solution-like dispersion), exhibiting
excellent biocompatibility. The available toxicity evaluation
results suggest that carbon dots are generally nontoxic or at
least no more toxic than the selected oligomeric or polymeric
species used as surface passivation agents in the carbon
dots.37,66–68

Yang et al. performed cytotoxicity evaluations on PEGylated
carbon dots and found that these dots were generally nontoxic
to the selected cell lines.37 In the evaluations, the carbon dots
were introduced to HT-29 and MCF-7 cells, with the corre-
sponding free PEG molecules as the control, and the cell
proliferation, mortality, and viability were subsequently deter-
mined. No meaningful cytotoxicity was found with both carbon
dots and the PEG control at relatively lower concentrations, and
at higher concentrations the free PEGs were apparently some-
what more toxic to the cells than the PEGylated carbon dots
(Fig. 10). The latter was explained in terms of free PEGs similar
to surfactant molecules being more damaging to the cell
membrane.37 Carbon dots with the carbon particle surface
functionalized by poly(propionylethylenimine-co-ethylenimine)
(PPEI-EI) copolymers, on the other hand, were somewhat more
cytotoxic than the PPEI-EI control at relatively higher concen-
trations.45 In that case the carbon dots were considered more as
being a delivery vehicle for PPEI-EI into the cells.45 In the study
by Liu et al., the cytotoxicity of carbon dots with surface-func-
tionalized PPEI-EI of different EI fractions was evaluated, again
in terms of determining the proliferation, mortality, and
viability of HT-29 and MCF-7 cells.67 These results suggested
that the cytotoxicity of carbon dots was dependent on the EI
fraction in PPEI-EI on the dot surface. The signicant role of the

Fig. 10 Results from the cytotoxicity evaluation of PEGylated carbon dots (black)
and the PEG1500N control (white) (from ref. 37).
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surface passivation molecules in carbon dots in the observed
cytotoxicity was further conrmed in the study by Wang et al.,
on the basis of a direct comparison between carbon dots of
different surface passivation agents.45 However, the good news
from these studies is that meaningful cytotoxicity of carbon dots
could only be detected at higher concentrations, much beyond
those required for optical cell imaging under a conventional
uorescence microscope.

There have been a number of other studies collectively
concluding that carbon dots are of no or low toxicity to various
cell lines.40,63–65,68–74 Chandra et al. evaluated the toxicity of
carbon dots to red blood cells by measuring the hemolysis
rate.73 At a concentration of 330 mg mL�1, the carbon nano-
particles with surface carboxyl groups exhibited some toxic
effect, but aer the coupling with organic molecules the
carboxyl groups were converted into amide bonds, with the
resulting carbon dots being signicantly less toxic.73 The results
again support the notion that the surface functionalization of
the core carbon nanoparticles plays a critical role in deter-
mining the cytotoxicity of the carbon dots.

For in vivo toxicity evaluation of carbon dots, Yang et al. used a
mice model. In the experiment, an aqueous solution of the
carbon dots with oligomeric PEG diamine (PEG1500N) on the dot
surface was administrated into mice via intravenous injection.37

Post-administration, the carbon dots did not lead to any clinical
symptoms in the mice during the observation period of up to 28
days. These PEGylated carbon dots were 13C-labeled in such a way
that the carbon nanoparticle core was substantially enriched with
13C, which was designed to enable the quantication of carbon
dots in various organs in dissected mice by using isotope-ratio
mass spectroscopy.37 Some carbon dots were found in liver,
spleen, and kidneys according to the experimentally determined
13C/12C ratios, though the levels of accumulation were generally

low. Serum biochemical parameters such as hepatic (ALT and
AST) and renal (UA, BUN and Cr) toxicity indicators were found to
be at normal levels (Fig. 11). Histopathological examinations on
liver, spleen, and kidneys yielded results consistent with the
conclusion that the PEGylated carbon dots are nontoxic in vivo
(Fig. 11). At a relatively lower injection level sufficient for optical
imaging in vivo,30 the PEGylated carbon dots post-administration
into mice (injection via the tail vein) were cleared via renal
excretion within about 24 h. In the liver and kidney specimens
from the dissection around that time point, essentially no uo-
rescent carbon dots were detected in the imaging by confocal
uorescence microscopy.30,37

In a more recent in vivo study by Tao et al.,66 carbon dots
synthesized from multi-walled carbon nanotubes as starting
materials were radioactively labeled with 125I for blood circu-
lation and biodistribution evaluation in mice. The blood
circulation of carbon dots followed a two-compartment model,
with the rst- and second-phase circulation half-lives around
0.1 h and 2 h, respectively. In biodistribution, the intravenously
injected carbon dots mainly accumulated in the reticuloendo-
thelial system (RES) organs such as liver and spleen. The kidney
uptake of carbon dots was high at early time points, indicating
that carbon dots could pass the glomerulus and be excreted by
urine. These results were in general agreement with those found
in the earlier in vivo study by Yang et al.30,37

Tao et al. also investigated the in vivo toxicology of carbon
dots in female Balb/c mice over 90 days.66 Neither death nor
signicant body weight change was observed in the treated
group of mice, and no obvious signs of toxic effects from the
carbon dots were observed at the injected dosage of 20 mg kg�1.
Blood biochemistry results based on liver (ALT, AST, ALP and
A/G) and renal (BUN) function tests suggested that carbon dots
were nontoxic to liver and kidneys in the observation period of

Fig. 11 Results from the in vivo (mice) toxicity evaluation of carbon dots: (a) serum biochemistry (the black bars for control mice; top: 1 day, middle: 7 days, and
bottom: 28 days post-exposure). (b) Histopathology results (from ref. 37).
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up to 90 days. Hematology analyses on various parameters
(including white blood cells, red blood cells, hemoglobin, mean
corpuscular volume, mean corpuscular hemoglobin, mean
corpuscular hemoglobin concentration, platelet count, and
mean corpuscular hemoglobin) yielded normal readings in
comparison with those of the control. The nontoxic nature of
carbon dots was further conrmed by histopathology analyses
of liver, spleen, kidney and heart samples.

A conclusion based on the currently available toxicity data is
that the intrinsic conguration of carbon dots, namely surface-
functionalized small carbon nanoparticles readily aqueous
soluble, is nontoxic in vitro and in vivo. Therefore, when
considering toxicity issues of carbon dots for specic bio-
applications, the emphasis should be on the selection of
appropriate nontoxic molecules or species for the carbon
particle surface functionalization, as their toxicity prole may
dictate that of the resulting carbon dots.

Optical imaging in vivo

There have already been demonstrations of the use of carbon
dots for uorescence imaging in vivo.30,62,66 Yang et al. were the
rst to explore the feasibility of carbon dots as a uorescence
contrast agent in mice.30 In the experiment, PEGylated carbon
dots in an aqueous solution were injected subcutaneously into
mice, and the uorescence images at different excitation
wavelengths were collected. There was sufficient contrast for the
imaging in both green and red emission colors.30 In a more
recent study, Tao et al. applied the same protocol to nude mice

and obtained similar results.66 More specically, an aqueous
solution of carbon dots was injected subcutaneously into the
mice, followed by uorescence imaging with excitations at
seven different wavelengths from 455 nm to 704 nm. The best
uorescence contrast was found at 595 nm excitation (Fig. 12).66

Carbon dots have also been explored for uorescence
imaging in mice via other injection modes.30 For the sentinel
lymph node imaging, the PEGylated carbon dots were injected
intradermally into the front extremity, and uorescence images
at 470 nm excitation were collected continuously. Following the
injection, carbon dots migrated along the arm to the axillary
lymph node (sentinel lymph node, Fig. 13). The observed
migration of the carbon dots was slower in comparison with
that of the semiconductor QDs, probably due to the smaller
sizes of the carbon dots (around 5 nm) and/or the surface PEG
functionalization. The axillary lymph nodes were harvested and
dissected at 24 h post-injection, and in the specimen uores-
cence from the carbon dots could readily be detected (Fig. 13).

Fig. 12 Results of fluorescence imaging in vivo with carbon dots (from ref. 66).

Fig. 13 Fluorescence imaging in mice with interdermal injection of the carbon
dots: (a) bright field and (b) as-detected fluorescence and (c) color-coded images.
Insets: images on the dissected (in the circled area) axillary lymph node (LN) (from
ref. 30).

Fig. 14 Fluorescence imaging in mice with intravenous injection of the carbon
dots: (a) bright field, (b) as-detected fluorescence and (c) color-coded images.
Insets: the corresponding images on the dissected kidneys (a0–c0) and liver (a0 0–c0 0)
(from ref. 30).
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In the study by Yang et al.,30 carbon dots were also intrave-
nously injected into mice for whole-body circulation. The
mouse abdomen was shaved for the uorescence detection of
carbon dots in organs during the circulation. The organ with
bright uorescence emissions readily observed (even by naked
eyes, Fig. 14) in about an hour post-injection was the bladder,
which must have accumulated a large amount of the intrave-
nously injected carbon dots. At about 3 h post-injection, the
urine became brightly uorescent, consistent with the expected
renal excretion of the carbon dots. For other organs including
liver, spleen and kidneys, the uorescence imaging was per-
formed ex vivo. The organs were harvested at 4 h post-intrave-
nous injection, in which the observed uorescence was
generally weak, suggesting a rather low accumulation level of
the carbon dots. Between the dissected liver and kidneys,
brighter uorescence was detected in the latter (Fig. 14),
consistent with the urine excretion pathway for the carbon dots.

Under the imaging conditions, the carbon dots were photo-
chemically stable, without any signicant signal degradation in
repeated excitations for the continuous collection of uores-
cence images.30

Li et al. performed a similar ex vivo imaging evaluation on
carbon dots.62 In the evaluation, the blue uorescent carbon
dots were detected in spleen, liver, small intestine, heart, lungs,
kidneys, and also brain. The detection of carbon dots in brain
was signicant, suggesting that the dots might be able to cross
the blood–brain barrier.

In a more recent study, Cao et al. made a direct comparison
between carbon dots and commercially available CdSe–ZnS QDs
for uorescence imaging in mice.78 These carbon dots were
specically prepared for relatively higher uorescence quantum
yields, about 60% at 440 nm excitation. In vitro under a confocal
uorescence microscope, the uorescence brightness was
similar between images of the carbon dots and the CdSe–ZnS
QDs. In mice following the subcutaneous injections, the uo-
rescence images were also similar, as illustrated in Fig. 15,
suggesting comparable performance of the carbon dots to that
of the presently dominating semiconductor QDs for in vivo
uorescence imaging in the specic visible wavelength region.78

The evaluation of carbon dots in vivo has only had a good
beginning, with much remaining to be explored. However, one
conclusion from the still limited body of experimental evidence
is that the optical performance of carbon dots is preserved
under in vivo imaging conditions. Further investigations on
application potentials such as the coupling of carbon dots with
bioactive molecules for specic targeting in vivo and their uses
in cancer diagnostics and angiography may be expected.

4 Summary and perspectives

Carbon dots have apparently emerged as a new class of uores-
cent nanomaterials, already competitive in many respects to
conventional semiconductor QDs. As uorescence agents for
optical bioimaging in vitro and in vivo, carbon dots are advanta-
geous in terms of their ready aqueous solubility, physicochemical
and photochemical stabilities, high optical performance and
non-blinking, andmore importantly excellent biocompatibility. A
proliferation of more investigations on potential bio-applications
of carbon dots in imaging and beyond may be expected. For the
further development of carbon dots, the synthesis of carbon dots
with bright uorescence emissions emphasized in the red/near-
IR spectral regions, thus more effective in tissue penetration, is
desired. Also in need are more studies on the exploitation of the
surface functionalization in carbon dots for controlled coupling
with bioactive species to enable specic targeting in cellular and
in vivo imaging and related biomedical applications. The recent
effort on a more unied understanding of uorescence emis-
sions in carbon dots and other carbon nanomaterials, especially
in modied graphene materials, is likely to continue, which
should be highly benecial to the overall development and
mechanistic understanding of uorescent carbon nanomaterials
for their serving as more competitive alternatives to conventional
semiconductor QDs.
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