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Purpose: The PML/RARα fusion gene as a leukemogenesis plays a significant role in 
clinical diagnosis of the early stage of acute promyelocytic leukemia (APL). Here, we 
present an electrochemical biosensor for PML/RARα fusion gene detection using carbon 
dots functionalized graphene oxide (CDs/GO) nanocomposites modified glassy carbon elec-
trode (CDs/GO/GCE).
Materials and Methods: In this work, the CDs/GO nanocomposites are produced through 
π-π stacking interaction and could be prepared in large quantities by a facile and economical 
way. The CDs/GO nanocomposites were decorated onto electrode surface to improve the 
electrochemical activity and as a bio-platform attracted the target deoxyribonucleic acid 
(DNA) probe simultaneously.
Results: The CDs/GO/GCE was fabricated successfully and exhibits high electrochemical 
activity, good biocompatibility, and strong bioaffinity toward the target DNA sequences, 
compared with only the pristine CDs on GCE or GO on GCE. The DNA biosensor displays 
excellent sensing performance for detecting the relevant pathogenic DNA of APL with 
a detection limit of 83 pM (S/N = 3).
Conclusion: According to the several experimental results, we believe that the simple and 
economical DNA biosensor has the potential to be an effective and powerful tool for 
detection of pathogenic genes in the clinical diagnosis.
Keywords: acute promyelocytic leukemia, pathogenic genes, electrochemical biosensor, ex- 
situ method, carbon nanomaterials

Introduction
Acute promyelocytic leukemia (APL), M3 subtype of acute myelocytic leukemia 
(AML), is a genetic disease characterized by a balanced reciprocal translocation 
between chromosomes 15 and 17.1 Over 95% of all AMLs are characterized by 
chromosome reciprocal translocation, t (15; 17) (q22; q12). It involves the promye-
locytic leukemia (PML) and retinoic acid receptor alpha (RARα), resulting in the 
expression of PML/RARα fusion gene. The translocation event, which fuses 
the PML gene with RARα gene, gives rise to the PML/RARα fusion gene that is 
the major trigger of APL.2 Besides, the single gene rearrangement plays an impor-
tant role in leukemogenesis through antagonizing retinoic acid signaling and the 
regulatory pathways mediated by APL. Therefore, effective identification of PML/ 
RARA fusion gene has been believed to be a key point on early diagnosis and 
prognostic monitoring of APL.3 Up to now the clinical diagnostic methods mainly 
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include flow cytometry (FCM), real-time quantitative 
reverse transcription PCR (RT-PCR) and fluorescence 
in situ hybridization (FISH).4–6 Nevertheless, unfavorable 
outcomes in clinical diagnosis of APL would happen due 
to the limited sensitivity, time-consuming pretreatment and 
complicated operational process. Accordingly, it is urgent 
to develop a novel analytical method which is simple, 
rapid and cost-effective enough for the clinical detection 
of PML/RARα fusion gene.

In recent years, the electrochemical deoxyribonucleic 
acid (DNA) biosensor as a novel and powerful tool for 
nucleic acids sensing has attracted more and more 
attention,7 owing to several considerable advantages, 
such as high efficiency, low cost, excellent selectivity 
and high sensitivity.8–10 In the past decades, to achieve 
better selectivity and higher sensitivity, a large number of 
nanomaterials have been explored and have been widely 
applied in terms of designing the high-performance elec-
trochemical biosensor,11–18 due to their excellent chemical, 
physical and biological properties.19

Among the candidate nanomaterials being utilized to 
modify electrode, graphene oxide (GO), one of the most 
important derivatives of graphene, exhibits fascinating 
properties including large surface area, ease of synthesis 
and good biocompatibility,20 and contains various oxygen 
functional groups providing binding sites for the covalent 
immobilization of DNA.21–23 To improve the high sheet 
resistance and poor electronic conductivity and enhance 
the electrochemical activity, various kinds of nanoparticles 
were used to functionalize GO, including metal oxides 
nanoparticles,24 metal nanoparticles25 and quantum dots 
(QDs).26 Numerous researches based on different GO- 
based nanocomposites used for the development of DNA 
biosensors have been reported in recent years,27–29 which 
can impart special and advantageous properties to electro-
chemical biosensors. It follows that the exploration of 
appropriate GO-based hybrid nanomaterials is beneficial 
to the development of ideal electrochemical sensing plat-
forms with excellent performance for bioapplication. 
Among various nanoparticles used for the GO-based nano-
materials, carbon dots (CDs) are known as low toxic, 
stable, abundant, easy-to-prepare and cheap.29–31 Besides, 
CDs have displayed the excellent electrical conductivity 
and charge transport mobility,32–34 demonstrating the great 
potential as the modifiers of GO-supported hybrid materi-
als for electrode modification. Therefore, there are several 
research groups that have prepared GO or reduced gra-
phene oxide (rGO)-CDs composites with improving 

catalytic performance for electrochemical detection of 
small biological molecules, toxic heavy metal ions and 
endocrine interferent in recent years.35–37 For example, 
Chen et al utilized Pt nanoparticles-carbon dots/ionic 
liquid functionalized graphene oxide (PtNPs-CDs/IL-GO) 
nanocomposites to detect H2O2, in which sheets of CDs/ 
IL-GO were decorated with PtNPs via the in-situ reduction 
of H2PtCl6 using chemical agent.38 Canevari et al reported 
an electrochemical biosensor based on reduced graphene 
oxide (rGO)-carbon nanoparticles hybrid for the detection 
of bisphenol A wherein carbon nanoparticles acted as 
a reducing agent of GO to obtain rGO.39 The integration 
of GO/rGO with electroactive nanoparticles facilitates 
electrochemical sensor with high sensitivity. However, 
the nanocomposites in these cases prepared by in-situ 
reduction methods could suffer from the uncontrollable 
size and morphology resulting in a wide size distribution. 
For the large-scale production of CDs/GO nanocomposites 
with a narrow size distribution and easily adjustable size 
and shape, Li and co-workers reported an N-doped carbon 
dots-graphene oxide hybrid for simultaneous stripping 
determination of cadmium and lead ions, wherein compo-
sites were produced by the ex-situ assembly of CDs onto 
the GO surface.40 It is obvious that CDs/GO nanocompo-
sites made by ex-situ methods are superior in terms of 
cost, synthesis ease and stability, suggesting that the devel-
opment of electrochemical sensor based on CDs/GO nano-
composites via this inexpensive and simple approach 
offers practical advantages both in cost and popularization. 
Simultaneously, other than having the impressive electro-
chemical performances, the three-dimensional spherical 
nanostructure of CDs with the high surface area to volume 
ratios could allow immobilization of the larger number of 
the DNA probe41 and the abundant carboxyl groups could 
support the better stability of immobilization of DNA 
probe compared with other nanoparticles,42 which are 
crucial for good stability and high performance of DNA 
biosensor. Recently, the electrochemical DNA biosensor 
using CDs/GO nanocomposite are seldom reported. 
Besides, the affordable and economical CDs/GO-based 
DNA biosensor should not use the expensive instrument, 
which could be adapted to the clinical detection in the 
underdeveloped, rural and remote area.

For the mass-production of the modification materials 
of electrode, we present an all carbon-based CDs/GO 
nanocomposites by a facile synthetic method for optimiz-
ing and enhancing the performance of the electrochemical 
DNA biosensor for PML/RARα fusion gene detection. 
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The stepwise fabrication procedure of the electrochemical 
DNA biosensor is shown in Figure 1. The roomy surface 
of GO as a platform for the immobilization of target DNA 
and the strong conductivity of CDs enhance the sensitivity 
of DNA biosensor. In addition, methylene blue (MB) as an 
electrochemical indicator43 was employed to design elec-
trochemical DNA biosensor.44 CDs/GO nanocomposites 
accelerate electron transfers between MB and the elec-
trode, and expand the surface of the working electrode to 
load greater mass of the capture probe DNA. Different 
pulse voltammetry (DPV) was employed to study the 
interaction of MB with DNA. The alteration of current 
signals originating from the interaction of MB with single- 
strand DNA (ssDNA) and double-strand DNA (dsDNA) 
could be utilized to monitor the hybridization event. 
Besides, the specificity of the designed biosensor was 
carried out for distinguishing mismatch sequences from 
complementary sequences. Under optimal conditions, this 

DNA biosensor with CDs/GO nanocomposites provide 
a good linear range and the low limit of detection for 
PML/RARα fusion gene sequence.

Materials and Methods
Materials and Reagents
Tris (hydroxymethyl) methyl aminomethane (Tris), ethy-
lenediaminetetraacetic acid disodium salt (EDTA-2Na), 
dehydrated alcohol, potassium chloride (KCl), potassium 
ferricyanide (K3Fe(CN)6), potassium hexacyanoferrate (K4 

Fe(CN)6), potassium dihydrogen phosphate (KH2PO4), 
concentrated nitric acid (HNO3), sodium hydroxide 
(NaOH), sodium chloride (NaCl), sodium dihydrogen 
phosphate dihydrate (NaH2PO4·2H2O), di-sodium hydro-
gen phosphate dodecahydrate (Na2HPO4·12H2O) and 
phosphoric acid (H3PO4) were purchased from 
Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China).

Figure 1 Schematic representation and measurement principle of the CDs/GO electrochemical biosensors. 
Abbreviations:  CDs, carbon dots; MB, methylene blue; GO, graphene oxide; GCE, glassy carbon electrode.
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1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide 
hydrochloride (EDC), N-hydroxysulfo succinimide (NHS) 
and methylene blue (MB) were obtained from Sigma- 
Aldrich (Shanghai, China). Graphene oxide was purchased 
from Nanjing XFNANO Technology Co., Ltd (Nanjing, 
China). Carbon fibers were obtained from Shanghai Tansu 
Manufactory. All reagents were of analytical reagent grade 
and without further purification.

The synthetic oligonucleotides were purchased from 
Takara (Dalian, China), their base sequences were:

• Capture probe DNA (22-base sequence):
5ʹ-NH2-GGTCTCAATGGCTGCCTCCCCG-3ʹ
• Complementary target DNA (22-base sequence):
5ʹ-CGGGGAGGCAGCCATTGAGACC-3ʹ
• Single-base mismatch target DNA (22-base sequence):
5ʹ-CGGGGAGGCACCCATTGAGACC-3ʹ
• Partially-base mismatched target DNA (22-base 

sequence):
5ʹ-CGGGGAGGCAGAGGAACGCGTT-3ʹ
All oligonucleotides stock solutions (100 μM) were 

prepared with Tris-EDTA (TE) buffer solution (10 mM 
Tris-HCl, 1.0 mM EDTA, pH 8.0) and keep at −20 
◦C. More dilute solutions of DNA were prepared with 
this stock solution. Besides, the phosphate buffered solu-
tions (PBS, pH 7.4) were prepared by Na2HPO4-NaH2PO4 

solution and NaCl solution and adjusted to pH 7.4 using 
NaOH and H3PO4. The solutions were used high quality 
deionized water in all of the experiments.

Apparatus
Electrochemical studies were conducted using the CHI660D 
electrochemical workstation (Chenhua Instruments, China) 
and the Autolab PGSTAT302F electrochemical analyzer 
(Metrohm, Netherlands). A conventional three–electrode 
system was employed, covering a modified working elec-
trode, an Ag/AgCl/KCl (saturated) reference electrode, and 
a platinum wire counter electrode. The CDs solution was 
purified by the 1000 Dalton (1 kDa) dialysis bag (Spectrum, 
America) and was the ultrafiltered through the Millipore 
centrifugal filter devices with 3000 Dalton (3 kDa) molecu-
lar weight cutoff membranes (Millipore, America). 
Fluorescence spectra were obtained on the Cary Eclipse 
Fluorescence spectrophotometer (Agilent, America). UV- 
visible absorption (UV/Vis) spectra of CDs solution were 
recorded by a UV-2450 spectrometer (Shimadzu, Japan). 
Transmission electron microscopy (TEM) images were car-
ried out using a Tecnai G2 F20 electron microscope (FEI, 
America) at an accelerating voltage of 200 kV. Scanning 

electron microscopy (SEM) images were taken by S4800 
(HITACHI, Japan).

Synthesis of Carbon Dots and CDs/GO 
Nanocomposites
CDs was prepared by previously reported method.45 The 
detailed synthesis process of CDs is exhibited in the section 
of “Synthesis of carbon dots- Supplementary Information.”

CDs/GO nanocomposites were fabricated by sonication 
assembly method with GO nanosheets and CDs nanopar-
ticles as precursors. The reaction procedure was as fol-
lows: The synthesized CDs powder was dissolved in 
deionized water at a concentration of 1 mg/mL. Then, an 
appropriate amount of GO nanosheet was mixed to the 
above CDs solution in an ultrasonic bath for 30 min. The 
different weight ratios (WCDs: WGO) of 1:3, 1:5, 1:10, 1:30 
and 1:50 of the CDs/GO nanocomposites were prepared by 
the above-mentioned method.

Preparation of the DNA Biosensor with 
GO/CDs Nanocomposites
Firstly, the bare GCE was polished carefully with 0.3 μm 
and 0.05 μm Al2O3 powders followed by rinsing thor-
oughly with water. Then the electrode was washed in an 
ultrasonic bath sequentially with HNO3 solution (v/v=1:1), 
ethanol and doubly distilled water each for 3 min subse-
quently, and dried under nitrogen. Thereafter, the clean 
GCE was dropped with 8 μL CDs/GO nanocomposites 
solution and allowed to dry in an oven at 60°C for 30 
min. After washing with water, the CDs/GO/GCE was 
immersed into 100 μL of phosphate buffer solution (10 
mM, pH 7.4) containing 20 mM EDC and NHS for 30 
min. Afterwards, 8 μL of 1 μM capture probe DNA solu-
tion was pipetted onto the surface of CDs/GO/GCE and 
incubated for 2 h at room temperature to construct the 
capture probe DNA/CDs/GO/GCE electrode. Then, the 
capture probe DNA modified electrode was immersed in 
a solution of 10 mM PBS (pH 7.4) containing 1 mM MB 
for 5 min. The MB accumulated electrode was thoroughly 
rinsed with TE buffer solution and dried for further mea-
surement. Replicate measurements were performed by 
renewing the surface and repeating the above assay pre-
paration procedure.

Experimental Measurement
In the electrochemical experiment, cyclic voltammetry (CV) 
and differential pulse voltammetry (DPV) were carried 
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out on a CHI660D electrochemical workstation. 
Electrochemical impedance spectroscopy (EIS) measure-
ments were performed with Autolab PGSTAT302F electro-
chemical analyzer, and the value of open-circuit voltage 
(OCV) for EIS measurements is 0.23 ± 0.01 V. The electro-
chemical system consisted of the Ag/AgCl (saturated KCl) 
as the reference electrode, a platinum wire as an auxiliary 
electrode, and bare or modified GCE (3 mm in diameter) as 
the working electrode, respectively. Hybridization was per-
formed by immersing capture probe DNA/CDs/GO/GCE 
into a certain concentration of the different target DNA 
solution at 35°C for 45 min and washed with TE buffer 
solution, then, dried in nitrogen to obtain the different hybri-
dized double-strand DNA/CDs/GO/GCE. The DPV was 
recorded from 0.4 to −0.6 V with amplitude of 0.05 V, 
pulse width of 0.05 s, and pulse period of 0.2 s. Replicate 

measurements were recorded by renewing the surface and 
repeating the above assay preparation procedure.

Results and Discussion
Characterization of CDs and CDs/GO 
Nanocomposites
The morphology of CDs was characterized by transmission 
electron microscopy (TEM). As shown in Figure 2A, TEM 
image shows that the CDs are monodispersed and spherical. 
The size distribution histogram reveals that the particle sizes 
of CDs mostly range from 1.12 to 3.54 nm and the average 
diameters is 2.26 ± 0.48 nm (Figure 2B). High-resolution 
TEM (HRTEM) images (Figure 2C) reveal the high crystal-
linity of the CDs in which the lattice spacing of 0.203 nm 
(the inset in Figure 2C) corresponds (102) crystal plane of 

Figure 2 TEM (A) and HRTEM (C) images of the CDs; (B) Size distribution of the CDs; (D) Fluorescence spectra and UV/Vis absorption spectra of the CDs, inset in Figure 
2C: HRTEM image of the single CDs, inset in Figure 2D: the photographs of the aqueous solution of the CDs (left) under UV light (365nm) and the CDs (right) under 
daylight lamp.
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graphitic (sp2) carbon. The CDs solution shows a broad UV- 
vis absorption with shoulder-type peak at 230 nm (Figure 
2D), which is the π-π* transition absorption of conjugated 
structure of CDs. Besides, the peak of the fluorescence 
excitation spectrum at 340 nm was symmetrical to the emis-
sion peak at 455 nm and the stokes shift was 90 nm. 
Moreover, the inset in Figure 2D shows the aqueous solution 
of the CDs illuminated under the UV light (left, 365 nm) and 
the white (right, daylight lamp). It is obvious that the aqu-
eous solution of the CDs under the irradiation of the UV 
light at 365 nm has a light-yellow fluorescence bright 
enough to be easily seen with the naked eye.

CDs/GO nanocomposites were prepared by the ultraso-
nic blending method as described in the experimental sec-
tion. To study the surface morphologies and the apparent 
characteristics of the different synthesized carbon nanoma-
terials, SEM and TEM were applied in detail. The SEM 
images (Figure 3A) reveal that GO obviously wrinkles that 
provides a large surface area, which facilitates loading the 
CDs material. Besides, Figure 3B presents the representative 

SEM image of CDs/GO nanocomposites. Upon mixed with 
CDs, the GO sheet becomes a uniformly close film, featur-
ing as the obvious reduction of wrinkles. To further investi-
gate the morphologies of GO and CDs/GO nanocomposites, 
both nanomaterials were imaged by TEM. As shown in 
Figure 3C, individual GO exhibits irregular two-dimension 
sheet-like structure with some crimple and fold effect. 
Compared with GO, the surface of CDs/GO is significantly 
rougher and a mass of spherical CDs are found to evenly 
distribute throughout the surface of GO through π-π stacking 
and electrostatic interactions (Figure 3D), owing to high 
surface area of GO and good dispersion provided by ultra-
sonic treatment.

Electrochemical Behavior of Modified 
GCEs Based on CDs/GO 
Nanocomposites with Different Ratios
Since the incorporation of nanomaterials will affect the phy-
sical and chemical properties of the GO-based composites, 

Figure 3 SEM images of the GO (A) and CDs/GO nanocomposites (B); TEM images of the GO (C) and CDs/GO nanocomposites (D).
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the optimization of the precursor’s ratio is very crucial. In 
order to improve the electrochemical properties of CDs/GO 
nanocomposites modified electrode, the different weight pro-
portion of CDs/GO nanocomposites should be examined. 
A typical CV plot of different electrodes modified with 
different weight proportions of CDs/GO were measured in 
10 mM PBS buffer (pH=7.4) containing 10 mM 
[Fe(CN)6]4−/3− and 0.1 M KCl and shown in Figure 4A. 
The peak current responses of [Fe(CN)6]4−/3− on CDs/GO/ 
GCE are considered as indicators to optimize the weight ratio 
of CDs to GO. It can be seen that the introduction of different 
weight contents of CDs has a significant effect on the current 
response for CDs/GO/GCE. All CV curves are characterized 
by a pair of redox peaks. And 0.32 μA of anodic peak current 
is observed for GO/GCE (curve a). The peak currents 
increase with the enhancement of the amounts of CDs. The 
estimated peak current responses corresponding to CDs/GO 
(1:50) and CDs/GO (1:30) are improved to 48.56% and 
157.31% compared with GO (inset of Figure 4A). When 
the weight ratio of CDs is increased to 10% (CDs/GO 
(1:10)), CDs/GO/GCE presents a nearly 10-fold increase in 
the peak current compared to GO/GCE. Further increase of 
CDs weight ratio in CDs/GO hybrid leads to a slight increase 
in peak current for [Fe(CN)6]4−/3−, which are attributed to the 
excellent electrochemical conductivity of CDs.

Figure 4B shows electrochemical impedance spectro-
scopy (EIS) for various electrodes coated with all nanocom-
posites, in which all of the curves are similar and consist of 
a semicircular part in high-frequency region and a linear part 
in low-frequency region. The diameter of semicircle, repre-
senting electron-transfer resistance (Ret), gives details about 
the electron transfer kinetics of [Fe(CN)6]4−/3− at electrode/ 

electrolyte interface. It can be seen that GO/GCE (curve a) 
exhibits the largest Ret (13,860 Ω), which is due to high 
resistance and poor conductivity of GO. Initially, the Ret 

value is slightly decreased as the proportion of CDs 
increases from (1:50) to (1:30), and sharply drops to 416 
Ω for CDs/GO nanocomposites (1:10), then tends to 
a plateau with further increase in the CDs/GO compositional 
proportion. The results are consistent with the terminology 
of electrochemistry shown in Figure 4A. Based on the above 
results, it can be concluded that the incorporation of CDs to 
GO matrix enhances the electroconductivity of CDs/GO 
modified GCE. Meanwhile, relatively low weight ratio of 
GO in CDs/GO nanocomposites would lower the available 
surface area and the number of anchoring sites which is 
disadvantage for the immobilization of DNA molecules. 
To consider a compromise for two factors, the nanocompo-
sites of CDs/GO (1:10) is chosen as the modification mate-
rial of the electrode for sequence experiments.

Electrochemical Behavior of Different 
Carbon Nanomaterials Modified 
Electrodes by Using MB as Indicator
Methylene blue (MB), as a common electrochemical indi-
cator with a positively charged aromatic structure, has 
strong affinity to the free guanine bases on DNA mole-
cules. Besides, the duplex protected the guanine moiety 
from being attacked by MB, leading to the different bind-
ing amount of MB between MB and single-strand DNA 
(ssDNA) or double-strand DNA (dsDNA) at the electrode. 
Therefore, MB often uses as the discriminative reagent 
toward ssDNA and dsDNA.46 Figure 5 illustrates that the 
DPV responses of the ssDNA/GO/GCE, ssDNA/CDs/GCE 

Figure 4 CV (A) and EIS (B) of CDs/GO nanocomposites modified GCE with different weight ratio of CDs to GO, including GO (a), 1:50 (b), 1:30 (c), 1:10 (d), 1:5 (e), 1:3 
(f). Inset of Figure 4A: anodic peak current with different weight ratio of CDs/GO nanocomposites modified GCE. Inset of Figure 4B: the enlarged EIS of curve d, e and f. The 
above-mentioned electrochemical characteristics of the modified electrodes measured in PBS (10 mM, pH 7.4) containing 10 mM [Fe(CN)6]

3,/4 − and 0.1 M KCl.
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and ssDNA/CDs/GO/GCE accumulated with 1 mM MB in 
10 mM PBS (pH 7.4) after hybridization with complemen-
tary target DNA. Upon the incubation with complementary 
oligonucleotide sequence, the value of peak current 
responses of the dsDNA/GO/GCE (curve b), dsDNA/ 
CDs/GCE (curve d) and dsDNA/CDs/GO/GCE (curve f) 
decreases, respectively, compared with the current signal 
of the ssDNA/GO/GCE (curve a), ssDNA/CDs/GCE 
(curve c) and ssDNA/CDs/GO/GCE (curve e), which is 
due to the inaccessibility of free guanine bases, indicating 
the hybridization event has occurred. The difference of 
peak current of the CDs/GO/GCE, GO/GCE and CDs/ 
GCE modified with ssDNA and dsDNA were, respectively, 
3.61 μA, 0.25 μA and 0.18 μA. The structure of CDs/GO 
nanocomposites can provide good conductivity of CDs 
and large planar surface of GO, which would promote 
electron transfer within the network and enhance hybridi-
zation efficiency of DNA. Owing to the aforementioned 
factors, the current difference (3.61 μA) of MB on CDs/ 
GO/GCE is observably increased by 11-fold and 20-fold 
compared to that on CDs/GCE and GO/GCE, respectively. 
This dramatic difference of the peak currents between 
ssDNA/CDs/GO/GCE (curve e) and dsDNA/CDs/GO/ 
GCE (curve f) by using MB as an electrochemical hybri-
dization indicator suggest that the excellent synergetic 
effect of CDs/GO nanocomposites. These results indicate 
that the CDs/GO nanocomposites not only promote the 
hybridization of DNA on the electrode surface and 

enhance the difference of current signals, but also improve 
the performance of biosensors.

Electrochemical Studies of CDs/GO 
Modified GCE Biosensor Preparing 
Process
In order to characterize the preparing process of the elec-
trochemical biosensor, different stages of CDs/GO (1:10) 
modified GCE biosensor were tested by ESI in a solution 
of 0.1 M KCl containing 10 mM [Fe(CN)6]3-/4-. In this 
study, [Fe(CN)6]3-/4- was used as the redox probe, and the 
semicircle diameter could represent electron transfer resis-
tance (Ret). Figure S1 shows the Nyquist plots of impe-
dance spectra at different stages of electrochemical 
biosensor. The ESI curve of the bare GCE (curve a) 
exhibits a straight line with subtle bending at higher fre-
quency region. It is well known that GO sheet possesses 
many oxygen functional groups on its basal planes and 
edges, including hydroxyl (-OH), epoxy (-O-), carbonyl 
(-C=O), and carboxyl groups (-COOH). Among those 
oxygen functional groups, the -COO− on the surface of 
the nanocomposite material would develop an electrostatic 
repulsive force to [Fe(CN)6]3-/4- anion. In the case of CDs/ 
GO/GCE, the value of Ret increases to 2057 Ω (curve b), 
indicating that the CDs/GO nanocomposites blocks the 
electron transfer on the surface partly because the abun-
dant negative charges carboxyl group on its surface. After 
amine-labeled single-strand capture DNA with negative 
charges on its phosphate backbone was fixed to the CDs/ 
GO surface via amido linkage, the Ret further rises to 3149 
Ω (curve c). The Ret greatly increased when the ssDNA 
probe was immobilized because the negatively charged 
phosphate backbone of DNA immobilized on the GCE 
repelled the [Fe(CN)6].3-/4- After hybridization with the 
target DNA, the value of Ret climbs to 3982 Ω (curve d), 
because of the large amount of negatively charged DNA 
linked on the modified electrode. Therefore, these results 
collectively indicate that the different interfaces of the 
sensor obtained during the whole preparation process are 
successfully constructed and that the hybridization of 
DNA could occur on the surface of electrodes.

Optimization of Conditions for Biosensor
In order to improve the sensitivity of the biosensor, this 
work investigates the relevant experimental parameters, 
including the MB accumulation time, DNA hybridization 
temperature and hybridization time. Figure 6A shows that 

Figure 5 DPV curve of the different materials modified electrodes in a solution of 
10 mM PBS (pH 7.4) containing 1 mM MB: ssDNA/GO/GCE (a), dsDNA/GO/GCE 
(b), ssDNA/CDs/GCE (c), dsDNA/CDs/GCE (d), ssDNA/CDs/GO/GCE (e) and 
dsDNA/CDs/GO/GCE (f).
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the current signal increased with the MB accumulation 
time increasing when the time is below 5 min. But, further 
increase of the MB accumulation time from 5 to 7 V, the 
peak current was constant. Therefore, 5 min was selected 
as the optimal MB accumulation time.

As we all know, the hybridization time and hybridiza-
tion temperature act as very important parameters in the 
hybridization process. A series of experiments were per-
formed to optimize these parameters. The peak current 
decreased with hybridization time from 20 to 40 min and 
reached minimum current at 40 min (Figure 6B). Beyond 
this hybridization time, the MB single almost reached 
constant. This result indicates that the hybridization reac-
tion was complete after 40 min. Besides, as shown in 
Figure 6C, the hybridization temperature was investigated 
by DPV in the range from 25 to 65°C. The peak current 
decreased significantly with the increase of the hybridiza-
tion temperature to 35°C. However, the peak current 

increased with further increased hybridization temperature 
from 35 to 65°C. To deduce the reason for current signal 
decrease, the overheating environment accelerates the 
denaturation of dsDNA, resulting in the decrease of the 
hybridization number, which would hinder the hybridiza-
tion efficiency and decrease the electron transfer on elec-
trode surface. Thus, the optimal hybridization time and 
hybridization temperature were set at 40 min and 35°C 
respectively.

Specificity of Biosensor
In order to verify the specificity of electrochemical bio-
sensor, the DNA biosensor was examined using capture 
probe DNA for hybridization with several different target 
DNA sequences under the optimal conditions. The Figure 
6D illustrates that the current signal of capture probe 
DNA/CDs/GO/GCE (curve d), complementary target 
DNA (curve a), one base-mismatch target DNA (curve b) 

Figure 6 Optimization of experimental conditions: MB accumulation time (A), DNA hybridization time (B) and hybridization temperature (C). Specificity of the biosensor 
different target DNA (D): complementation target DNA (a); single-mismatched target DNA (b); mismatched target DNA (c); blank (d). Insert in Figure 6D: the difference of 
current signals (ΔI) of complementary target DNA (1), one base-mismatch target DNA (2) and non-complementary target DNA (3). ΔI= I-I blank.
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and non-complementary target DNA (curve c). The peak 
current of complementary target DNA (curve a) is 
obviously lower than other base-mismatch sequence 
(curve b and curve c) under the optimal experimental 
conditions. The difference of current signal (ΔI) was 
obtained the current signal of the biosensor after hybridi-
zation with different mismatched target DNA (curve a, b, 
c) compared with the current signal of capture probe 
DNA/CDs/GO/GCE (curve d), which is presented as his-
togram in the inset in Figure 6D (ΔI= I-I blank, I: the 
current signal of the capture probe DNA/CDs/GO/GCE 
after hybridization with different mismatched target 
DNA, I blank: the current signal of capture probe DNA/ 
CDs/GO/GCE). The ΔI of the biosensor after hybridiza-
tion with complementary target DNA (1), one base- 
mismatch target DNA (2) and non-complementary target 
DNA (3) were, respectively, 3.28 μA, 1.33 μA and 0.26 
μA. The ΔI of one-base mismatch and non-complementary 
DNA were 41% and 8% that of complementary target 
DNA, respectively, indicating that the developed DNA 
biosensor possessed excellent specificity.

Simultaneously, the stability and reproducibility of the 
biosensor was investigated, which could be found in the 
section of “Stability and reproducibility of the biosensor- 
Supplementary Information.”

Analytical Performance of Biosensor
Under the optimal experimental conditions, different con-
centrations of complementary target DNA in PBS 

(10 mM, pH 7.4) were detected by DPV in order to detect 
the linear relationship of the electrochemical DNA biosen-
sor based on the CDs/GO nanocomposites modified GCE. 
Besides, the linear relationship was studied between dif-
ferent concentration of DNA target sequence and ΔI. The 
results are displayed in Figure 7, the ΔI increased accord-
ingly with the increase of the complementary target DNA 
concentration from 1.00×10−11 M to 2.25×10−9 

M. Moreover, when the concentration is greater than 
2.25×10−9 M, the peak current intensity is almost stable 
(Figure 7A), indicating that the probe fixed on the elec-
trode surface has been hybridized completely. Besides, as 
shown in Figure 7B, the ΔI has a good linear relationship 
with the different concentrations of target DNA from 
2.50×10−10 M to 2.25×10−9 M. The regression equation 
was expressed as lg ΔI = 0.04672 + 1.113 C (C is the 
concentration of target DNA in the solution) and a good 
linear correlation coefficient of 0.9885 (Inset in Figure 
6B). The detection limit was 8.30×10−11 M based on the 
ratio of signal-to-noise of 3.

Those results showed that the electrochemical biosen-
sor based on CDs/GO modified GCE with relatively high 
sensibility, which was attributed to the abundant carboxyl 
group on GO surface to increasing of combination with the 
capture DNA and the improved conductivity caused by 
CDs in the nanocomposite material. While the detection 
range is not very wide, the DNA biosensor would provide 
a good basis of further detection research in practical 
samples.

Figure 7 (A) The linear relationship between the different concentration of DNA target and ΔI. (B) DPV curves after hybridization with different target concentration 
(×10−9 M: (a) 2.25, (b) 1.75, (c) 1.25, (d) 0.75, (e) 0.25. Insert in Figure 7B shows that the linear relationship between the logarithmic of different concentration of DNA 
target and ΔI.
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Conclusion
In summary, a novel electrochemical DNA biosensor 
platform was fabricated for the detection of PML/ 
RARα fusion gene. Moreover, this biosensor was based 
on CDs/GO nanocomposites modified GCE interface, 
and MB as an electrochemical indicator. Besides, the 
CDs/GO nanocomposites were prepared by the facile ex- 
situ synthetic method, and this method had the advan-
tages of simplicity, low cost and environmental. Under 
optimal condition, owing to the large specific area and 
good conductivity of the CDs/GO nanocomposites, the 
nanocomposites modified DNA biosensor offers appeal-
ing advantages, such as higher sensitivity, lower detec-
tion limit and better reproducibility as compared to pure 
CDs and GO modified. Furthermore, the excellent spe-
cificity of the new electrochemical DNA biosensor for 
the detection of target DNA sequence has been demon-
strated. Therefore, the work has application potential in 
clinical diagnostic testing for APL or other genetic dis-
eases, and promote the development of other rapid, eco-
nomical and convenient electrochemical biosensors.
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