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Co3O4-cored carbon dots were prepared to induce chem-

iluminescence from the carbon dots in the presence of hydrogen

peroxide at neutral pH. Neither a strong oxidative agent nor alkaline

was needed as a co-reactant, which permitted for the first time the

application of CDs for such chemiluminescence analysis of cells. The

detection limit of hydrogen peroxidewas determined to be 10 mM.Due

to their good cellular permeability and low cytotoxicity, these nano-

particles were loaded into cells. The greater luminescence observed in

cells with elevated intracellular hydrogen peroxide levels showed that

our probe could measure the change in concentration of hydrogen

peroxide inside cells.
Carbon dots (CDs) are new uorescent semiconducting
quantum dots in bio-imaging and display low cellular toxicity,
good cell permeability and excellent photoluminescence.1

Recent studies have shown CDs to generate chemiluminescence
in the presence of strong oxidative agents such as HSO3

�, IO4
�,

and concentrated alkaline solutions.2 A possible mechanism for
this chemiluminescence involves the production of a reactive
oxygen radical in the solution and the energy transfer from the
oxygen radical to the CDs, resulting in the production of excited-
state CDs (CD*) followed by a return to the ground state and
emission of photons.2b CDs have therefore been applied as
a new chemiluminescent probe for the analysis of hydrogen
peroxide or oxygen radicals in biological samples such as living
cells and tissues. Although uorescent indicators have been
fashioned for assaying intracellular hydrogen peroxide,3 the
luminescent CD probes have shown the advantage of low
toxicity, good cell permeability and the potential ability to be
applied in large mammalian animals.4 Applying CDs to
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chemiluminescence assays in biological samples, however, has
been impeded by disadvantageous properties of the strong
oxidative or alkaline co-reactants used, in particular their
toxicity for cells and the inability to introduce them into cells
through solid materials. As a result, the development of novel
CDs generating luminescence with hydrogen peroxide in the
absence of any oxidative agents or alkalines is needed, and is
described in this communication.

Co3O4 nanomaterials have been shown to be excellent cata-
lysts of the decomposition of hydrogen peroxide into OH radi-
cals under neutral or alkaline pH conditions.5 Since CDs display
luminescence in the presence of the OH radical, it was
reasonable to propose that combining Co3O4 nanomaterials
and CDs could generate luminescence with hydrogen peroxide
in neutral buffers, which would afford a chemiluminescence
analysis of intracellular hydrogen peroxide. However, Co3O4

nanomaterials are typically toxic for cells and cannot be intro-
duced into the cells directly. We thought, however, that the
decoration of Co3O4 nanoparticles with CDs, might create novel
core@shell nanomaterials that couple the advantages of the low
cytotoxicity of CDs and the high catalysis of Co3O4 nanoparticles
and that can be of practical use for the luminescence analysis of
hydrogen peroxide. During the analysis, hydrogen peroxide
would be expected to diffuse into the nanomaterials and react
with Co3O4 nanoparticles in the core to generate OH radicals,
which would collide with the surrounding CDs to produce
excited-state CDs and subsequent photon emission indicative of
the luminescence, as shown in Fig. 1.
Fig. 1 The reaction carried out to prepare Co3O4@CD nanoparticles
and a possible mechanism of this reaction.

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 shows the process used to prepare Co3O4-cored CD
nanoparticles (Co3O4@CDs). Co3O4 nanoparticles were
produced by mixing Co(CH3COO)2 and an ammonia solution at
150 �C for 3 h. Since the heating of polyacrylamide has been
shown to generate uorescent CDs,6 the prepared Co3O4

nanoparticles were mixed with a large amount of poly-
acrylamide solution at 260 �C. The generated CDs wrapped the
Co3O4 nanoparticles to form Co3O4@CD nanoparticles. Extra
CDs were removed by centrifugation. The details of the prepa-
ration process are shown in the ESI.†

The prepared Co3O4 and Co3O4@CD nanoparticles were
imaged using transmission electron microscopy (TEM), as
shown in Fig. 2A and B. The average size of the Co3O4 nano-
particles was 30.2 � 5.8 nm. Aer the introduction of poly-
acrylamide and heating, the average size of the nanoparticles, as
shown in Fig. 2B, increased to 38.6 � 8.7 nm. Small dots were
observed to surround the Co3O4 nanoparticles, as shown in the
inset of Fig. 2B. Considering that the size of CDs prepared using
polyacrylamide was previously shown to be �8 nm,6 the small
dots surrounding the Co3O4 nanoparticles might be CDs. A
complete coverage of each Co3O4 nanoparticle by one layer of
CDs should decrease the toxicity of the Co3O4 nanoparticles for
cells.

To conrm the formation of Co3O4@CD nanoparticles, an
infrared spectrum of these nanoparticles was recorded and
compared to those of CDs and Co3O4 nanoparticles, as shown in
Fig. 2C. The peaks at 2926 and 2853 cm�1 observed from the
Co3O4@CD nanoparticles were associated with the stretching
vibration of C–H in the CDs, and the peak at 1653 cm�1 from
these nanoparticles were due to the stretching vibration of C]O
in the CDs.7 Meanwhile, peaks at 683 cm�1 were observed from
both the Co3O4@CDs and Co3O4 nanoparticles, and were
ascribed to the stretching vibrations of Co–O in Co3O4.8 XRD
spectra of Co3O4@CDs and Co3O4 nanoparticles (Fig. S1 in
ESI†) exhibited similar peaks.9 All of these results provided
evidence for the co-existence of CDs and Co3O4 in the
Fig. 2 TEM images of (A) Co3O4 nanoparticles and (B) Co3O4@CD
nanoparticles, with the inset showing a magnified view of one particle;
(C) the infrared spectrum of Co3O4@CD nanoparticles, CDs, and
Co3O4 nanoparticles; (D) the fluorescence emission spectra of
Co3O4@CD nanoparticles and CDs (excited at 336 nm).

This journal is © The Royal Society of Chemistry 2016
Co3O4@CD nanoparticles. The elementary analysis of
Co3O4@CD nanoparticles and CDs yielded percentages of N of
1.61% and 8.68%, respectively, which suggested that the
percentages of CDs and Co3O4 in the Co3O4@CD nanoparticles
were 18.5% and 81.5%.

Since CDs are uorescent and were observed on the outside
surface of the core@shell nanomaterials, Co3O4@CD nano-
particles should be uorescent. To compare the uorescence
efficiency levels of Co3O4@CDnanoparticles and CDs in solution,
the concentration of Co3O4@CD nanoparticles was adjusted so
that the same mass concentration of CDs was achieved for both
samples. Similar peak wavelengths and uorescence intensities
in the emission spectra of the Co3O4@CD nanoparticles and the
CDs conrmed the uorescence property and the mass compo-
sition of the Co3O4@CDnanoparticles (Fig. 2D). The uorescence
facilitated the observation of the nanoparticles loading into the
cells using uorescence microscopy.

The luminescence of Co3O4@CDs (0.1 mg mL�1) was
observed in 10 mM phosphate saline buffer (PBS, pH 7.4) con-
taining 1 mM hydrogen peroxide. As shown in Fig. 3A, the
background luminescence was near zero, indicating no lumi-
nescence from the nanoparticles by themselves. Aer the
addition of hydrogen peroxide into the buffer, a rapid increase
in luminescence followed by a slow decay was observed. In the
control experiments, CDs or purely Co3O4 nanoparticles, each
with the same mass concentration as their respective counter-
parts in the Co3O4@CD nanoparticles, were mixed with
hydrogen peroxide. No or little luminescence was recorded,
conrming that the coordination of CDs, Co3O4 nanoparticles
and hydrogen peroxide was critical to induce luminescence. The
wavelength of the luminescence was determined to be near 450
nm (Fig. S2 in ESI†). To understand the how the luminescence
was generated, acidic, neutral and alkaline buffers were used,
Fig. 3 (A) Typical luminescence traces of Co3O4@CD nanoparticles,
Co3O4 nanoparticles and CDs in the presence of 1 mM hydrogen
peroxide; (B) the luminescence intensities of Co3O4@CD nano-
particles and 1 mM hydrogen peroxide at different pH values; the error
bar shows the standard deviation (n ¼ 3). (C) The EPR signal of the
DMPO–OHc adduct from Co3O4@CD nanoparticles and CDs in the
presence of 1 mM hydrogen peroxide; (D) enhanced luminescence
intensity with hydrogen peroxide at concentrations of 10 mM to 1 mM.

RSC Adv., 2016, 6, 39480–39483 | 39481
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Fig. 4 (A) Bright-field and (B) fluorescence images of MCF 7 cells
loaded with Co3O4@CD nanoparticles; (C) MTT assay of the cells
loaded with Co3O4@CDs and Co3O4 nanoparticles; (D) typical lumi-
nescence traces collected from the Co3O4@CD-loaded cells exposed
to 10 mM hydrogen peroxide.

RSC Advances Communication

Pu
bl

is
he

d 
on

 2
0 

A
pr

il 
20

16
. D

ow
nl

oa
de

d 
by

 N
A

N
JI

N
G

 U
N

IV
E

R
SI

T
Y

 o
n 

12
/1

0/
20

17
 0

3:
08

:3
5.

 
View Article Online
and the luminescence in each of these buffers was measured, as
shown in Fig. 3B. Under the acidic condition, almost no lumi-
nescence was observed; while more luminescence was produced
in the solutions with higher pH values. Since Co3O4 nano-
particles could generate more OH radicals from hydrogen
peroxide at alkaline conditions and OH radicals have been
shown to induce luminescence from CDs,2b the dependence of
the luminescence on pH that we observed suggested that OH
radicals were involved in the generation of the luminescence.
To conrm such generation of OH radicals, 5,5-dimethyl-1-
pyrroline-N-oxide (DMPO) was used as a spin trap for OH
radicals, and characterized using electron paramagnetic reso-
nance (EPR). Fig. 3C shows a quartet of signals with relative
intensities of 1 : 2 : 2 : 1 from the mixture of Co3O4@CD
nanoparticles and hydrogen peroxide, which suggested the
formation of DMPO–OHc.10 As compared with the small signal
from the mixture of CDs and hydrogen peroxide, the EPR signal
illustrated the generation of OH radicals in the presence of
Co3O4 nanoparticles. All of these results supported the proposal
that the production of the luminescence involved the genera-
tion of OH radicals through the Co3O4 nanoparticles and the
luminescence arising from the CDs and the radicals. The ability
to generate luminescence at neutral pH permitted the applica-
tion of these nanoparticles to the analysis of intracellular
hydrogen peroxide.

The correlation of the luminescence intensity with the
concentration of hydrogen peroxide in PBS buffer (pH 7.4) was
investigated. The luminescence traces are shown in Fig. 3D.
Enhanced luminescence was observed when the concentra-
tion of hydrogen peroxide was increased from 10 mM to 1 mM,
as shown in Fig. S3 (ESI†). The correlation could be attributed
to the greater decomposition of hydrogen peroxide to OH
radicals at higher hydrogen peroxide concentrations. The
detection limit was determined to be 10 mM (S/N 3). The
lifetime of the luminescence was characterized to be as long
as 20 min, as shown in Fig. S4 (ESI†). The relatively long
lifetime suggested that CDs outside the nanoparticles were
abundantly available for the consumption of OH radicals,
which was important for the following assaying of hydrogen
peroxide inside the cells.

Tomeasure intracellular hydrogen peroxide, we attempted to
load Co3O4@CD nanoparticles into MCF 7 cells through the
incubation of cells in a medium consisting of Co3O4@CD
nanoparticles (0.1 mg mL�1) overnight. Fig. 4A and B show the
bright-eld and uorescence images of the cells aer the
loading of the nanoparticles. Green uorescence was observed
from all of the cells, conrming the accumulation of the
nanoparticles into these cells. To exclude the possibility that the
nanoparticles adsorbed on the cell surface, the cells were
further treated with 0.25% trypsin for half an hour to remove
the surface proteins. The uorescence remained, conrming
that the nanoparticles were inside the cells. An MTT assay, as
shown in Fig. 4C, revealed that Co3O4@CD nanoparticles with
a concentration less than 0.1 mg mL�1 were not signicantly
toxic to the cells. In contrast, half of the cells exposed to Co3O4

nanoparticles (containing the same mass concentration of
Co3O4 as in the Co3O4@CD nanoparticles) were found to be
39482 | RSC Adv., 2016, 6, 39480–39483
dead. These results suggested that an envelopment of the Co3O4

nanoparticles by the CDs decreased the cytotoxic effects of the
Co3O4 and induced the permeability of the cells to the nano-
particles so that they could be used to analyse the intracellular
hydrogen peroxide.

For the intracellular hydrogen peroxide assay, 105 cells were
pre-loaded with the nanoparticles. Aer monitoring back-
ground luminescence, the cells were exposed to a buffer with 10
mM hydrogen peroxide. Immediately aer this exposure, the
aqueous hydrogen peroxide diffused into the cell to elevate the
intracellular hydrogen peroxide level to near 10 mM. As shown
in Fig. 4D, the introduction of hydrogen peroxide into the buffer
triggered an increase in luminescence, which showed that our
probe could measure the change in concentration of intracel-
lular hydrogen peroxide. Since the concentration of intracel-
lular hydrogen peroxide remained nearly constant, the slow
decay in the luminescence was likely caused by the consump-
tion of Co3O4@CD nanoparticles inside the cells.

The same analysis process was performed on cells of another
cancer cell line, HeLa cells, using the Co3O4@CD nanoparticles.
As shown in Fig. S5 (ESI†), similar results including those of the
cell viability in the presence of Co3O4@CD nanoparticles and
the analysis of intracellular hydrogen peroxide were obtained.
More analyses on other cell lines are being carried out in the
laboratory to provide evidence for a general ability to carry out
such a chemiluminescence analysis of cells using Co3O4@CD
nanoparticles.

In summary, Co3O4-cored CDs were prepared to induce
chemiluminescence from the carbon dots in the presence of
hydrogen peroxide at neutral pH. Due to their good cellular
permeability and low cytotoxicity, these nanoparticles could
serve as novel luminescent probes for the analysis of intracel-
lular hydrogen peroxide. A continuous improvement in the
structures of Co3O4@CDs is expected to offer higher
This journal is © The Royal Society of Chemistry 2016
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luminescence efficiency so that the intracellular hydrogen
peroxide could be imaged.

Acknowledgements

This work was supported by the National Natural Science
Foundation of China (no. 21175071).

Notes and references

1 C. Ding, A. Zhu and Y. Tian, Acc. Chem. Res., 2014, 47, 20.
2 (a) Z. Lin, W. Xue, H. Chen and J. M. Lin, Chem. Commun.,
2012, 48, 1051; (b) X. G. Dou, Z. Lin, H. Chen, Y. Z. Zheng,
C. Lu and J. M. Lin, Chem. Commun., 2013, 49, 5871; (c)
J. Jiang, Y. He, S. Li and H. Cui, Chem. Commun., 2012, 48,
9634.

3 (a) J. F. Woolley, J. Stanicka and T. G. Cotter, Trends Biochem.
Sci., 2013, 38, 556; (b) L. Yang, N. Li, W. Pan, Z. Yu and
B. Tang, Anal. Chem., 2015, 87, 3678.

4 (a) P. Wardman, Free Radical Biol. Med., 2007, 43, 995; (b)
S. T. Yang, L. Cao, P. G. Luo, F. Lu, X. Wang, H. Wang,
This journal is © The Royal Society of Chemistry 2016
M. J. Meziani, Y. Liu, G. Qi and Y. P. Sun, J. Am. Chem.
Soc., 2009, 131, 11308; (c) V. G. C. Bittner,
E. A. Dubikovskaya, C. R. Bertozzi and C. J. Chang, Proc.
Natl. Acad. Sci. U. S. A., 2010, 107, 21316.

5 (a) M. Liu, S. He and W. Chen, Nanoscale, 2014, 6, 11769; (b)
N. Kang, J. H. Park, M. Jin, N. Park, S. M. Lee, H. J. Kim,
J. M. Kim and S. U. Son, J. Am. Chem. Soc., 2013, 135,
19115; (c) W. Z. Jia, M. Guo, Z. Zheng, T. Yu,
E. G. Rodrigueza, Y. Wang and Y. Lei, J. Electroanal. Chem.,
2009, 625, 27.

6 J. J. Gu, W. N. Wang, Q. H. Zhang, Z. Meng, X. D. Jia and
K. Xi, RSC Adv., 2013, 3, 15589.

7 D. Qu, M. Zheng, P. Du, Y. Zhou, L. Zhang, D. Li, H. Tan,
Z. Zhao, Z. Xie and Z. Sun, Nanoscale, 2013, 5, 12272.

8 J. X. Xie and Y. M. Huang, Anal. Methods, 2011, 3, 1149.
9 Y. M. Dong, K. He, L. Yin and A. M. Zhang, Nanotechnology,
2007, 18, 435602.

10 Y. Y. Yao, L. Wang, L. J. Sun, S. Zhu, Z. F. Huang, Y. J. Mao,
W. Y. Lu and W. X. Chen, Chem. Eng. Sci., 2013, 101, 424.
RSC Adv., 2016, 6, 39480–39483 | 39483

http://dx.doi.org/10.1039/c6ra04029b

	Co3O4-cored carbon dots for chemiluminescence analysis of intracellular hydrogen peroxideElectronic supplementary information (ESI) available:...
	Co3O4-cored carbon dots for chemiluminescence analysis of intracellular hydrogen peroxideElectronic supplementary information (ESI) available:...


