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g r a p h i c a l a b s t r a c t
� A fluorescence biosensor based on
carbon dots (CDs) was developed.

� Azide cofunctionalized graphene ox-
ide quenched the fluorescence with
copper-free click chemistry.

� The method has high sensitivity and
good selectivity.
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In this study, we reported a highly sensitive method for detecting carcinoembryonic antigen (CEA) based
on an azide cofunctionalized graphene oxide (GO-N3) and carbon dot (CDs) biosensor system. Carbon
dots-labeled DNA (CDs-DNA) combined with GO-N3 using copper-free click chemistry (CFCC), which
quenched the fluorescence of the CDs via fluorescence resonance energy transfer (FRET). Upon the
addition of CEA, fluorescence was recovered due to the combination of CEA and aptamer. Under optimal
conditions, the relative fluorescence intensity was linear with CEA concentration in the range of 0.01
e1 ng/mL (R2 ¼ 0.9788), and the limit of detection (LOD) was 7.32 pg/mL (S/N ¼ 3). This biosensor had a
high sensitivity and good selectivity for CEA detection in serum samples, indicating that the novel sensor
platform holds a great potential for CEA and other biomarkers in practical applications.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Cancer, also known as malignant tumor, is one of the diseases
that seriously threaten human health and life. Carcinoembryonic
antigen (CEA) is an acidic glycoprotein, also a tumor marker, which
has important clinical value in the differential diagnosis, condition
monitoring and therapeutic evaluation of diseases [1e3]. CEA
expression is largely inhibited after birth which has only low levels
in the plasma of healthy adults [4]. The concentration of CEA about
5 mg/L in healthy people, and the concentration exceeding 20 mg/L is
considered an indicator of cancer [5,6]. It is overexpressed in many
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human cancers, such as gastric cancer, colorectal cancer, breast
cancer, ovarian cancer, lung cancer, and pancreatic cancer [7e9].
Currently, more and more methods were being used to detect CEA
in actual samples with the development of analytical techniques.
Traditional detection methods are mainly based on immunoassay
techniques, including enzyme-linked immunosorbent assays (ELI-
SAs) [10],radioimmunoassay [11], surface enhanced raman scat-
tering immunoassay [12] and electrochemical immunoassay [13]
etc.. Compared with antibodies, aptamers have many advantages,
such as fast response, low cost, easy access to chemical synthesis,
high accuracy, good repeatability, flexible labeling and good sta-
bility [14,15]. Therefore, aptamer biosensors have attracted great
attention as a tool for fast, simple, and low-cost analysis and
diagnostic applications.

When the spectrum of the donor fluorescent molecule over-
lapped with the excitation spectrum of the acceptor molecule,
excitation of the donor fluorescent molecule induced fluorescence
of the acceptor molecule while the fluorescence intensity of the
donor fluorescent molecule was diminished. This phenomenon is
called fluorescence resonance energy transfer (FRET) [16,17]. FRET-
based sensors are sensitive, fast, simple, low cost, and have been
widely used for protein detection [18e20].

Compared to organic fluorophores, quantum dots (QDs) have
unique optical properties, including good chemical stability, broad
absorption and narrow emission wavelength, and easy functional-
ization, which made it widely used in fluorescence probe and
medical imaging [21,22]. However, the use of QDs have certain
limitations due to its potential toxicity and high background signals
for detecting biomolecules [23]. The newly emerging carbon dots
(CDs) solved these problems very well [24]. Carbon dots (CDs) are
spherical carbon-based fluorescent nanoparticles,
typically < 10 nm in diameter [25]. Since its discovery in 2004, the
CDs have challenged the concept that carbon materials are black
and dark, drawing widespread attention from researchers [26,27].
Recently, CDs have become a superior and versatile fluorophore,
which is widely used in fluorescence sensors due to its ease syn-
thesis, low toxicity and small size. In addition, CDs also have the
advantages of excellent water dispersibility, excellent chemical and
colloidal stability, good biocompatibility, and easy surface modifi-
cation [24,28e30].

Studies in the last several decades have shown that click reac-
tion has proved to be a very simple and efficient method for signal
translation, surface modification and bio-conjugation of nano-
materials [31e33]. The concept of "click chemistry" was first pro-
posed by Sharpless et al in 2001 [31]. It is typically a Cu-catalyzed
bio-orthogonal reaction between alkyne and azide groups [34].
This type of organic reaction is selective, simplicity, moderate re-
action conditions, and does not produce high efficiency by-
products in aqueous solvents at room temperature [35e37]. How-
ever, Cu(I) has certain toxicity as a catalyst [38] and Cu(I) catalyst
used in the click chemistry can efficiently and irreversibly quench
the QDs fluorescence [39]. Some examples of in vitro copper-
induced degradation of viruses or oligonucleotide strands have
been reported [40]. The copper-free click chemistry (CFCC) was first
developed by Bertozzi et al. [41]. It removes the adverse effects of
copper ions and simplifies the experimental procedure, becoming a
promising alternative to copper(I)-catalyzed alkyne-azide cyclo-
addition (CuAAC).

Here, we reported a fluorescence biosensor based on CDs and
click reaction for detecting the CEA. DNA1 modified with dibenzyl
cyclooctyne (DBCO) hybridized to DNA2 modified with amino to
form DNA3. CDs-DNA was immobilized on the surface of graphene
oxide by click chemistry between azide-functionalized graphene
oxide (GO-N3) and DNA with DBCO group. The fluorescence of CDs
was quenched by GO. After CEAwas added, the combination of CEA
and aptamer induced a change in the conformation of aptamer, and
the departure of CD from the surface of GO resulted in fluorescence
recovery (see Fig. 1). Compared with physical adsorption, this
method can solve the problems of non-specific probe displacement
and false positive signals.

2. Experimental

2.1. Chemicals and materials

DNA1: 5’

́

-TCT CTC TCT CTC TTT TTT TTT-30-NH2;

́

DNA2 (con-
taining aptamer sequence): 5’

́

-GAG AGA GAG AGA ATA CCA GCT
TAT TCA ATT -30-DBCO. All DNA sequence were synthesized by
Sangon Biotech (Shanghai) Co., Ltd. and purified by HPLC and mass
spectrometry. CEA was acquired from Shanghai Linc-Bio Co., Ltd.
BSA, IgG, thrombin, uric acid, N-hydroxysuccinimide (NHS) and 1-
ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) were pro-
vided from Sigma-Aldrich. Glucose, sodium azide (NaN3), N, N-
dimethylformamide (DMF), citric acid, ethylenediamine, NaOH,
sodium chloroacetate (ClCHClCH2COONa2) and HCl were purchased
from Sinopharm Chemical Reagent Co., Ltd. VEGF, Tube-O-
DIALYZER was obtained from Sangon Biotech (Shanghai) Co., Ltd.
Serum was supplied by Zhejiang Tianhang Biotechnology Co., Ltd.
PBS was purchased from Shanghai Double-helix biotech Co., Ltd.
The solution used in the experiment was prepared with ultrapure
water (18.25 MU cm).

2.2. Apparatus

All fluorescence measurements were performed on a Bio-Tek
Synergy H4 multi-function microplate reader, and fluorescence
spectra were collected at 380 nm excitation. FT-IR spectra were
obtained in transmission mode using the American Thermoelectric
Nicolet iS50. TEM images were obtained at 200 KV using High
Resolution Transmission Electron Microscope (JEM-2100 (HR)). The
sample was freeze-dried using a vacuum freeze dryer (FD-1A-50).
Ultrapure water was prepared by Sichuan Yupu ultrapure water
machine (18.25 MU cm). The pH of the solution was measured
using PHS-25 digital viscometer.

2.3. Preparation of CDs-DNA

CDswere prepared according to the previously reportedmethod
[42,43]. Briefly, Citric acid (3.0 g) and ethylenediamine (1875 mL)
were dissolved in ultrapure water (30 mL). Then solution was
transferred to a Teflon-lined autoclave (50mL) and heated at 180 �C
for 8 h. Product was taken out after cooling to room temperature.
Then it was dialyzed against ultrapure water for 48 h (Molecular
Weight Cutoff, 4 KDa), and lyophilized 16 h to obtain CDs. 10 mg of
CDs were dispersed in ultrapure water (10 mL) containing 0.5 g of
NaOH and 0.5 g of sodium chloroacetate, followed by sonication for
2 h. The product was neutralized with acid and dialyzed against
ultrapure water for 48 h to obtain CDs-COOH (Molecular Weight
Cutoff: 4 KDa), which was lyophilized 16 h for use [44]. At the same
concentration, an equal volume of DNA1 and DNA2 were mixed,
placed in a water bath at 95 �C for 5 min, and taken out at room
temperature for 2 h to obtain DNA 3 (5 mM).

The prepared CDs-COOH was dissolved in ultrapure water to
prepare a solution of 10 mg/mL CDs-COOH. A solution of 250 mM
NHS (1mL) and 2.5M EDC (1mL)was added to a 10mg/mL solution
of CDs-COOH (1 mL), and then the mixture was sonicated for 2 h.
DNA 3 (5 mM) and prepared CDs-COOH were mixed in an equal
volume, and reacted at 4 �C overnight to obtain CDs-DNA. The
product was dialyzed for 24 h to remove excess CDs-COOH (Mo-
lecular Weight Cutoff, 15 KDa). The concentration of CDs-DNA was



Fig. 1. Schematic illustration of CEA detection system based on click chemistry and FRET between GO-N3 and CDs-DNA.
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quantified based on UVevis absorption at a concentration of CDs-
COOH at 335 nm [42].

2.4. Preparation of GO-N3

Graphene oxide (GO) was prepared from graphite powder by
the classical Hummers method [45] and GO-N3 was prepared ac-
cording to the previously reportedmethod [46]. GO (0.1 g) and DMF
(200 mL) were sonicated for 3 h, then NaN3 (1 g) and reacted at
40 �C for 48 h. Unreacted NaN3 was removed by washing with DMF,
followed by centrifugation three times at 12, 000 rpm for 25 min,
and the product was lyophilized to obtain GO-N3. Dried GO-N3 was
added to 5 mL of ultrapure water to prepare an aqueous solution,
ultrasound 2 h (2 mg/mL).

2.5. Detection of CEA

CDs-DNA (25 mg/mL) and GO-N3 (10 mg/mL) were added to
600 mL of PBS (10 mM, pH ¼ 7.5), and reacted at 25 �C for 3 h.
Unbound CDs-DNA was removed using the centrifugation (15,
000 rpm, 30 min). Then, different concentrations of CEA were
added to the reaction solution, and incubated at 25 �C for half an
hour. We measured the fluorescence spectrum at 380 nm excita-
tion. The value of signal (F/F0 -1) was calculated from the fluores-
cence intensity at 450 nm, where F0 and F represented the
fluorescence intensity of the GO-N3 based biosensor system before
or after the addition of CEA. Each set of data was measured in
triplicate and the average fluorescence signal was obtained.

3. Results and discussion

3.1. Characterization of GO-N3

Fig. 2A and B and C were TEM images of GO-N3, CDs and GO-N3-
CDs-DNA. The typical GO morphology, and inherent wrinkles and
folds of GO could be observed (Fig. 2A). Fig. 2B and 2C showed the
spherical structure of the CDs and the CDs were uniformly linked
on the surface of the GO-N3. The size of the carbon dots was uni-
form from the TEM image (Fig. 2B), about 5 nm. Additionally, the
emission spectra of CDs with the excitations from 360 to 420 nm
were recorded (Fig. 2D). When the excitation wavelength was
380 nm, the maximum fluorescence emission wavelength of CDs
was 450 nm. This was consistent with the previously reported
method [43]. Fig. 2E was the FTIR spectra of GO, GO-N3 and GO-N3-
CDs-DNA. Several characteristic peaks of GO were observed in the
FT-IR spectrum including the peaks at 3386, 1718, 1618 and
1050 cm�1, due to OeH stretching vibration, C]O stretching vi-
bration, CeOH stretching vibration, and CeO stretching vibration,
respectively [47e49]. The peak observed at 2124 cm�1 could be
attributed to the absorption of the azide group, indicating that we
successfully synthesized GO-N3 [46,50]. The peaks of 2934, 1575
and 1235 cm�1 for GO-N3-CDs-DNAwere characteristic of CeH, -N-
C]O and NHC]O stretching vibration respectively. These results
showed that CDs-DNA was successfully linked to GO-N3 [42,51].

3.2. Optimization of assaying conditions

In order to achieve optimal detection conditions, we optimized
the experimental conditions, including GO-N3 concentration, CDs-
DNA concentration, pH, incubation temperature, and reaction
time for detecting CEA. First, we studied the effect of GO-N3 con-
centration on the sensor. We chose different concentrations of GO-
N3 (4, 6, 8, 10, 12 and 15 mg/mL) to quench the fluorescence of CDs.
The same concentration of CEAwas added to the sensor to measure
the fluorescence intensity, and the value of F/F0-1 was compared.
The results showed that the value of F/F0 -1 also increased with the
concentration of GO-N3 increasing and reaching a maximum at
10 mg/mL (Fig. 3A). And F/F0-1 would decrease with the concen-
tration higher than 10 mg/mL. Low concentrations of GO-N3 were
not conducive for CDs-DNA immobilization. The excessive con-
centrations of GO-N3 resulted in lower fluorescence intensity and
were not conducive to the recovery of fluorescence. Therefore,
10 mg/mL was used in the subsequent experiments. In the same
way, the concentrations of CDs-DNAwere optimized and found that
the value of F/F0-1 was best at 25 mg/mL (Fig. 3B). Low concentra-
tions of CDs-DNA were not conducive to the recovery of fluores-
cence, and excessive concentrations leaded to an increase in
background signal, which in turn led to a decrease in the growth
rate. The different pH values (5, 6, 7, 7.5, 8 and 9) were evaluated to
the sensors and the value of F/F0-1 was best at pH 7.5 (Fig. 3C). The
different incubation temperatures (4 �C, 25 �C, 37 �C, 50 �C and
70 �C) were explored. 25 �C was selected based on the results
(Fig. 3D). Finally, the incubation time was studied and 30 min was
selected for the sensors (Fig. 3E).

3.3. Sensitivity for assaying CEA

Different concentrations of CEA were added into the sensor



Fig. 2. A) TEM image of GO-N3. B) TEM image of CDs. C) TEM image of GO-N3-CDs-DNA. D) Fluorescence emission spectra of CDs for varying excitation wavelengths. E) FT-IR
spectrums of GO, GO-N3 and GO-N3-CDs-DNA.

Fig. 3. Effects of A) different concentrations of GO-N3, B) different concentrations of CDs-DNA, C) different pH values, D) different temperatures and E) different incubation times for
the sensors. The CEA concentration was 0.8 ng/mL.
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containing GO-N3 and CDs-DNA in PBS buffer solution. The
conformation of the aptamer would be changed after CEA bound to
the aptamer, which resulted in the recovery of fluorescence. Under
optimal conditions, different concentrations of CEA (0e50 ng/mL)
were added into the sensors and incubated for 30 min at 25 �C. The
fluorescence spectrum at excitation of 380 nmwasmeasured and F/



Fig. 4. A) Fluorescence spectra of GO-N3 and CDs-DNA based sensor systems containing various concentrations of CEA (0, 0.01, 0.05, 0.1, 0.5, 1, 5, 10 and 50 ng/mL); B) Relationship
between different concentrations of CEA and F/F0 -1 (450 nm).

Fig. 5. Selectivity of CEA (5 ng/mL) with other interfering substances such as BSA, IgG,
VEGF, thrombin, uric acid, and glucose (50 ng/mL).

Table 2
Results for the determination of CEA in the serum (n ¼ 3).

Samples Added (ng/mL) obtained (ng/mL) Recovery (%) RSD (%)

1 0.1 0.10291 102.91 3.38
2 0.5 0.51786 103.572 4.46
3 1 0.99265 99.265 1.11
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F0 -1 at 450 nm was calculated. The results were shown in Fig. 4A.
The fluorescence recovery depended on the concentration of CEA,
and the fluorescence intensity increased with the increase of CEA
concentrations. The fluorescence growth was relatively slow with
the concentrations of CEA increasing. The value of F/F0-1 were
linear with low concentrations of CEA between 0.01 and 1 ng/mL
(Fig. 4 B). The linear regression equation was F/F0 -1 ¼ 0.287 � C
[CEA] þ 0.153 (C referred to the concentration), R2 ¼ 0.979. The
detection limit (LOD) was calculated to be 7.32 pg/mL based on 3 S/
N. Compared with other CEA aptamer sensors, the sensor in this
study had a lower detection limit and a good linear range, which
was better than other sensors. The detection limit of CEA observed
in this study was comparatively better than that obtained from
other assays (as shown in Table 1).

3.4. Selectivity for assaying CEA

Selectivity is an important parameter for evaluating the per-
formance of sensors. Several different substances (CEA, BSA, IgG,
VEGF, thrombin, uric acid and glucose) were selected to evaluate
the selectivity of the sensor. 5 ng/mL CEA and other interferences
with the concentration of 50 ng/mL (BSA, IgG, VEGF, thrombin, uric
acid and glucose) were added to the sensor. Even if the interference
concentration was 10 times the concentration of CEA, it did not
cause a significant increase in the fluorescence intensity (Fig. 5).
The change of fluorescence intensity caused by CEA could still be
distinguished from other substances. The result showed that the
sensor had a good selectivity.

3.5. Analysis of CEA in serum

To verify the practical application of the sensor, three
Table 1
A comparison of our method with other methods for CEA detection.

Method Assay strategy

Colorimetric Salt-induced AuNPs aggregation
Colorimetric Label-free optical strategy
Fluorescence Synthesize the blue-fluorescent carbon dots with t
Fluorescence “Mix-and-detect” procedure
Fluorescence Polymer point based FRET
Fluorescence FRET between upconversion nanoparticles (UCNPs
Fluorescence Handing system based on embedded technology
Chemiluminescence (CL) All-in-one dual-aptasensor
Electrochemiluminescence (ECL) Label-free ECL
Electrochemistry Sandwich complexes
Electrochemistry Dual-analyte detection system
Fluorescence Carbon Dots-Labeled aptasensor
concentrations (0.1, 0.5, and 1 ng/mL) of CEA were selected for the
standard recovery experiments in serum. Each experiment was
repeated three times and the results were shown in Table 2. The
Linear range LOD Ref

0e120 ng/mL 3 ng/mL [52]
1e50 ng/mL 1 ng/mL [53]

omato juice 1 ng/mL to 0.5 mg/mL 0.3 ng/mL [54]
0.4e100 ng/mL 0.316 ng/mL [55]
0.1e10 ng/mL e [20]

) and graphene oxide (GO) 0.03e6 ng/mL 7.9 pg/mL [56]
1e100 ng/mL 0.049 ng/mL [57]
0e200 ng/mL 0.58 ng/mL [58]
0.05e20 ng/mL 0.031 ng/mL [59]
1e200 ng/mL 0.5 ng/mL [60]
1 ng/mL to 1 mg/mL 0.517 ng/mL [61]
0.01e1 ng/mL 7.32 pg/mL This work
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recovery rate was from 99.27% to 103.57% and the relative standard
deviation (RSD) was controlled at 1.11%e4.46%. It showed that the
sensor had an analytical significance in actual detection.

4. Conclusion

In this work, a sensor based on CDs and click reaction for highly
sensitive detection of CEA was developed. This sensor rapidly
induced the conjugation between GO-N3 and CDs by click chem-
istry can solve the problem of non-specific probe displacement and
false positive signals in the physical adsorption. The sensor was
highly sensitive and highly selective to CEA. LOD was as low as
7.32 pg/mL and exhibited a good linear relationship in the range of
0.01e1 ng/mL. Three concentrations were selected to be carried out
the experiments in serum, and the results showed this sensor is
promising in the analysis of CEA.
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