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A sensitive biosensor using carbon dots and deoxyribonuclease I-aided target recycling signal amplification

has been developed to detect myoglobin (MB), which is an important cardiac biomarker and plays a major

role in the diagnosis of acute myocardial infarction (AMI). Here, in the absence of MB, the MB aptamer (Ap) is

absorbed on the surface of carbon dots (CDs) through mt—1t stacking interactions, resulting in quenching of

the fluorescent label by forming CD—-aptamer complexes. Upon adding MB, the Ap sequences could be
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specifically recognized by MB, leading to the recovery of quenched fluorescence. Thus, quantitative

evaluation of MB concentration has been achieved in a broad range from 50 pg mL™* to 100 ng mL™,
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1. Introduction

Acute myocardial infarction (AMI) is one of the leading causes of
death in most developing and developed countries,* the early and
quick diagnosis of AMI is extremely important. The World Health
Organization (WHO) figures show that different cardiac
biomarkers that can diagnose and monitor AMI levels, such as
creatine kinases (CK-MB), C-reactive protein (CRP), troponins
and myoglobin (MB), are several very early markers that increase
after AML>® Thus, the development of rapid and accurate
detection method of AMI biomarkers is extremely urgent.

MB is one of the best indicators of AML** it is an oxygen-
carrying monomeric hemeprotein found in heart and skeletal
muscles, and its main function is the uptake of oxygen from oxy-
hemoglobin in the bloodstream.® When muscle cells are
damaged, MB will be rapidly released into the circulation.”
Therefore, the determination of serum MB can be used as an
important biomarker of cardiac injury in the early stage of the
disease. To date, some conventional methods have been employed
to detect MB, such as electrochemical,*** immunoassay," surface

plasmon resonance sensor (SPR),*

colorimetric biosensors,"*
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and the detection limit is as low as 20 pg mL™™. This strategy is capable of specific and sensitive
detection of MB in human serum, urine, and saliva and can be used for the diagnosis of AMI in the future.

surface-enhanced Raman spectroscopy,'® single polyaniline nano-
wire biosensor,' electrosynthesis of molecularly imprinted poly-
mer,” and fluorescence.”® Among the reported methods,
fluorescence-based methods have attracted special attention due to
their high sensitivity, specificity, easy readout and simple instru-
ments.”* Despite many advances in this field, however, fluores-
cence methods suffer from several limitations including the high-
cost material, fluorescence labeling and the use of traditional low
light stability fluorescent dyes. Thus, it is still urgent and signifi-
cant to develop a simple and sensitive method for MB detection.

Aptamers, as an artificial DNA or RNA molecules (approxi-
mately 12-80 nucleotides), can bind to cells, proteins and small
molecules with high specificity, selectivity, and sensitivity.>**>
Compared with antibodies and enzymes, aptamers show one
important advantage is that more stable and high resistance in
the environment, easy artificial synthesis and easy storage.”>**
Moreover, aptamers can show high specificity and affinity for
their targets, due to their structural flexibility and easily bear
labels allows for adaptability of significant conformational
changes after specific binding of aptamers to targets.”® Thus,
aptamers have been widely used in the biometrics of proteins,
cancer cells, and tumor medicine.?®

Nowadays, several fluorescent nanomaterials have been
employed to provide fluorescence response, such as organic dyes,
quantum dots (QDs) and noble metal nanoclusters (NCs) have
been reported of biosensing.>” However, there are some disad-
vantages including poor photostability, low solubility in water
and narrow excitation spectra. It is necessary to search for better
fluorophores in biological applications. The fluorescent carbon
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dots (CDs), as a new class of carbon-based nonmaterial's that
quasispherical nanoparticles less than 10 nm in size,*® ease of
synthesis, superior water dispersibility and stable fluorescence
intensity.” Consequently, CDs are attracted numerous atten-
tions, and make its promising candidates for biosensor and
clinical diagnostics.>**** Meanwhile, because of the ratio of the
aptamer to target is 1: 1 in almost all technologies, thus their
ordinarily show low sensitivity and a high error rate. To overcome
these limitations, the enzyme-aided signal amplification,
including DNAzymes, exonucleases, nicking endonucleases,
deoxyribonuclease I (DNase I), etc., have recently been developed
to achieve the sensitive detection of biomolecules.**?** Among
these enzyme-aided signal amplification, DNase I has the
advantages of being highly sensitive, easy to use and inexpensive,
reliable and specific.*® Moreover, DNase I can cleave phospho-
diester bonds to product many polynucleotides with 5'-phos-
phate and 3'-OH groups, but cannot digest RNA sequences.>”*
Thus, these make it suitable for MB detection based on DNase I-
assisted target recycling and signal amplification.

Hence, we report a sensitive and rapid aptasensing platform
for the detection of MB based on the carbon dots and DNase I-
aided target recycling signal amplification. In this work, upon
addition of MB, the MB aptamer can recognize MB specifically
and result in aptamer being away from CDs, then, while the
DNase I is introduced, the DNase I target recycling signal
amplification strategy, lead to cyclic reuse of the MB and quan-
tities of MB can be achieved by fluorescence increment, was the
MB concentration linear range from 50 pg mL ™" to 100 ng mL ™%,
and the detection limit of as low as 20 pg mL™'. More impor-
tantly, the sensor has been successfully applied to the detection
of MB in various spiked biological samples, thus, this study not
only provides a reliable method for the sensitive detection of MB,
but also indicates that CDs and DNase I have becoming a prom-
ising star in the application of clinical diseases diagnosis.

2. Experimental section

2.1. Reagents and materials

The deoxyribonuclease I (DNase I) were obtained from solarbio
(Beijing, China, http://www.solarbio.com). The MB, CD63, BSA,
EPCAM and VEGF were purchased from Cusabio Biotech Co.
Ltd. (http://www.cusabio.cn/). The MB aptamer (5'-
CCCTCCTTTCCTTCGACGTAGATCTGCTGCGTTGTTCCGA-3'-

FAM) were synthesized by Sangon Biological Engineering
Technology  Co., Ltd. (Shanghai, China, http://
www.sangon.com) and purified using high performance liquid
chromatography. All reagents employed were of analytical grade
and used without further purification. And were diluted to the
required concentration with working buffer (10 mM Tris,
100 mM NaNOj;, pH 7.4) before usage. This study all experi-
ments were performed in compliance with the relevant laws and
institutional guidelines (National Health Commission of the
people's Republic of china, ethical review of biomedical
research involving human beings), healthy human serum, urine
and saliva were provided by Affiliated Dongfeng Hospital, Hubei
University of Medicine, and approved by Dongfeng Hospital's
Ethics Committee, informed consent was obtained for any
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experimentation with human subjects. Ultrapure water ob-
tained from a Millipore water purification system (18.2 MQ cm
resistivity, Milli-Q Direct 8) was used in all runs.

2.2. Synthesis of CDs

The CDs were synthesized by an electro-chemical method. In
a typical procedure, Firstly, two graphite rods (diameter 6.15
mm, length 15 cm) were placed into ultrapure water. Then,
a bias of 30 eV was applied to the two electrodes and constant
stirring for 120 h. Afterward, the dark yellow solution was
formed. After that, the resultant solution was filtered for three
times and formed the CDs solution. Lastly, the CDs solution
though treated in a freeze-drying way and acquired the CDs
powder.

2.3. Apparatus and measurements

Firstly, the 30 nM FAM labeled MB aptamer (Ap) and a desired
concentration of MB was first mixed and kept at 37 °C for
20 min, followed by adding 20 ug mL™" of CDs. 5 min later, the
reaction solution was added with 6 U mL ™' DNase I and incu-
bated at 37 °C for 30 min. Finally, the fluorescence of the
mixture was carried out on a Hitachi F-4600 spectrophotometer
(Hitachi Co. Ltd, Japan) equipped with a xenon lamp excitation
source at room temperature. The excitation was set at 495 nm
and the emission spectra were collected from 510 nm to
600 nm. The fluorescence intensity at 517.6 nm was used to
choose the optimal experimental conditions and evaluate the
performance of the proposed sensing system. In control
experiments, the measurement process was all the same with
the above except the addition of MB. Unless otherwise noted,
each fluorescence measurement was repeated three times, and
the standard deviation was plotted as the error bar.

3. Results and discussion

3.1. Characterization of CDs and principle of design

Fig. 1 shows the TEM image of the CDs, it is consistent with the
publicly reported CDs structure.®® And the more characteriza-
tions of as-synthesized CDs are shown in ESLf In the present
study, the principle of fluorescent biosensor detection of MB
based on carbon dots and DNase I-aided target recycling signal
amplification is illustrated in Fig. 2. According to the literature
report, the as prepared C-dots are predominantly multi-layer
graphene oxide, therefore, C-dots has similar characteristics
to GO, the ability to adsorb single-stranded DNA by m-m
stacking interactions is weaker than that of small fragment
DNA.**** Thus, in the absence of MB, the CDs enabled strong
adsorption of Ap to the surface of CDs, leading to the effective
fluorescence quenching. Upon the addition of MB, the stronger
binding affinity between MB and their corresponding aptamers
induced unwinding of MB-aptamer from the CDs surface,
resulting in the recovery of quenched fluorescence. Then, when
the DNase I is added, all DNA sequences are degraded, leading
to the release of MB and FAM fluorophores. The released MB is
recycled repeatedly, resulting in the accumulation of free FAM
fluorophores. Thus, the fluorescence signal is significantly

This journal is © The Royal Society of Chemistry 2019
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Fig.1 The TEM image of CDs.
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Fig. 2 Schematic illustration of the fluorescent biosensor assay
detection of MB by using carbon dots and DNase |-mediated target
cyclic amplification.

amplified by DNase I-mediated target recycling process, and the
quantities of MB can be achieved by fluorescence increment.

3.2. Feasibility analysis of the developed method for MB
detection

To further verify the feasibility of the proposed mechanism. Fig. 3
shows the fluorescence emission spectra of the Ap under
different conditions. The fluorescence of the 30 nM Ap alone
displayed a strong fluorescence emission, which acted as the
control experiment (curve a). The introduction of CDs-aptamer
complexes quenched the fluorescence emission (curve d),
resulting in an intensity decreased remarkably that of the control
experiment. It is suggested that CDs can interact with the Ap and
absorb it. When DNase I was added to a solution of 30 nM Ap and
20 pg mL~ ' CDs, the fluorescence intensity do not obviously
increase (curve c), indicating the Ap cannot specifically bind to
MB, lead to the FAM fluorophores are produced. However, upon
adding MB, significant enhancement of the fluorescence inten-
sity was observed (curve b), as a result of the stronger binding
affinity between MB and their corresponding aptamers induced
unwinding of MB-aptamer from the CDs surface. More impor-
tantly, the DNase I-aided target recycling results in the significant
fluorescence amplification. These results suggested that CDs and
DNase I can be used as a sensing platform for MB.

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 The feasibility analysis. (a) Ap; (b) Ap + MB + DNase | + CDs; (c) Ap
+ DNase | + CDs. (d) Ap + CDs. The concentrations of Ap, MB, DNase |
and CDs were 30 nm, 5ng mL™%, 6 UmL™ and 20 pg mL™%, respectively.

3.3. Optimization of reaction conditions

To achieve optimal sensing performance, several reaction
conditions such as the concentration of DNase I, the concen-
tration of CDs, the enzyme digestion time and reaction
temperature were optimized. The F; and F, were the fluores-
cence intensities in the presence and absence of MB, respec-
tively. The fluorescence intensity and the value of F;/F, are
selected to evaluate the effects of the reaction conditions on the
sensing performance of the assay. Fig. 4A illustrates how the
fluorescence change is related to the concentration of CDs after
the isothermal amplification; the highest F;/F, ratio for this
work was detected when the concentration of CDs was 20 pg
mL~". Thus, 20 pg mL~' CDs was employed for analytical
purpose in this method. The concentration of DNase I plays an
important role in this sensor. In order to obtain high sensitivity,
the concentration of DNase I should be optimized. As depicted
in Fig. 4B, with the increase in the concentration of DNase I, the
fluorescence intensity initially increased and then gradually
decrease, and maximum F;/F, values are observed when the
concentration of DNase I is 6 U mL™". Thus, 6 U mL~" DNase I
was selected for the rest of the experiments.

In addition, other experimental conditions, such as the
enzyme digestion time and reaction temperature can also affect
the detection sensitivity. A series of experiments were carried out
to optimize the sensitivity of this sensor. As shown in Fig. 5A,
maximum F,/F, values are observed when enzyme digestion time
is 30 min. Thus, 30 min of enzyme digestion time was used in the
subsequent experiments. The effect of the enzyme reaction
temperature has also been investigated. As shown in Fig. 5B, the
maximum F,/F, signal was obtained at 37 °C. Therefore, an
enzyme reaction temperature of 37 °C was selected in this work.

3.4. Sensitivity and specificity

Under the optimal reaction conditions, the sensitivity of the
sensor for detection of MB is investigated. Fig. 6A shows the
fluorescence emission spectra of the biosensor incubated in
different concentrations of MB (0, 100 pg mL ™", 500 pg mL™ ", 1

RSC Adv., 2019, 9, 4463-4468 | 4465
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Fig. 4 (A) The effect of CDs concentration on the fluorescence response of this method. (B) The effect of DNase | concentration on the
fluorescence response of this method. Fg: in the absence of MB; F;: in the present of MB, and the concentrations of Ap and MB were 30 nm and 5
ng mL~L. The black lines represent the F,/Fy at different conditions, while the F; and Fo were the fluorescence intensities in the presence and
absence of MB, respectively. Error bars: SD, n = 3.
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ngmL ', 5ngmL %, 10 ngmL ', 50 ng mL ", 100 ngmL ' and illustrates a strong concentration dependence of the sensor for
200 ng mL'). We found that the fluorescence intensity detection of MB. At the same time, Fig. 6B shows a good linear
decreased proportionally with the amount of MB introduced. It  correlation between the fluorescence intensity and the
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Fig. 6 (A) Fluorescence emission spectra of the biosensor in the presence of MB with different concentrations: from bottom to top: 0, 100 pg
mL™% 500 pgmL™%, 1ngmL™% 5ngmL™%, 10 ng mL™%, 50 ng mL™%, 100 ng mL™t and 200 ng mL™%, respectively. (B) The relationship curve of the
fluorescence intensity as a function of MB concentration. While shows the relationship between fluorescence intensity and MB concentration,
both experimental conditions: Ap, MB, DNase | and CDs were 30 nm, 5 ng mL™, 6 U mL™* and 20 ug mL™, respectively, and the emission
wavelength of 517.6 nm. Error bars: SD, n = 3.
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Table 1 The comparison of designed method with other reported biosensors

Analytical method Detection limit Linear range Ref.
Electrochemical 2.25 pg mL ™" 0.852-4.26 pug mL 8
Immunoassay 0.18 ng mL™" 17.8 pg mL ™" to 356 ng mL ™" 11
Surface-enhanced Raman spectroscopy 10 ng mL™* 10 ng mL™" to 5pug mL™" 15
Colorimetric biosensor 44.5 ng mL ™! 44.5 ng mL ™" to 1.78 pg mL ! 13
Electrochemical 2.1 pgmL™* 0.001 ng mL ™" to 100 mg mL ™" 9

Single polyaniline nanowire biosensor 1.4 ng mL ™! 1.4 ng mL ™" to 2.5 pg mL™" 16
Electrochemical aptasensor 0.45 ng mL ™" 1.78-712 ng mL ™" 10
Electrosynthesis of molecularly imprinted polymer 9ng mL ! 17.8 ng mL™ ' to 17.8 pg mL ™" 17

Surface plasmon resonance sensor 87.6 ng mL™* 0.1-10 pg mL ™" 12
Fluorescence 16 ng mL ™" 20-30 ng mL " 18
Colorimetric sensing 0.01 pg mL " 0.91-18.2 pg mL™" 14
Fluorescent biosensor 20 pg mL " 50 pg mL ' to 100 ng mL ™" This method
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Fig. 7 Fluorescence intensity (at the emission wavelength of 517.6
nm) of the sensor in the presence of MB (5 ng mL™Y), CD63 (50 ng
mL™Y), BSA (50 ng mL™Y), EPCAM (50 ng mL™%), VEGF (50 ng mL™%) and
black, respectively. Error bars: SD, n = 3.

concentration of MB in the range from 50 pg mL ™" to 100 ng
mL . The calibration plot of the linear equation is given as y =
105.22 1g ¢ — 71.29 (R*> = 0.9962), where Ig ¢ is the logarithm of
MB concentration and y is the fluorescence intensity. Further-
more, the detection limit is at 20 pg mL™'. Suggesting the
sensitivity of this analytical strategy. As far as we know, the
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Fig. 8 Fluorescence intensity of the sensor for detection of MB in

buffer and blank biological samples (human urine, saliva and serum,
respectively). Error bars: SD, n = 3.

serum
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linear range and the detection limit here we showed was obvi-
ously superior compared with those of previous reports Table 1
demonstrating that the approach we proposed may match the
higher requirement for assaying MB.

In addition, for the specificity study, adding different control
proteins was investigated, including CD63, BSA, EpCAM, and
VEGF, these concentrations of 50 ng mL~". As shown in Fig. 7,
in the presence of other control proteins, the significant
increase of fluorescence signal is observed in the presence of
the MB (5 ng mL™"), indicating that this proposed strategy
exhibited good specificity for MB detection.

3.5. Analysis of MB in real samples

To further verify the potential applicability of this present
strategy in biological samples, the detection of MB in biological
samples by spiking MB to human urine, saliva and serum
diluted to 10% with a buffer solution with the final concentra-
tion of 5 ng mL ™" were performed. As shown in Fig. 8, a signif-
icant increase in various biological samples is observed,
compared with no spiking biological samples. These results
clearly demonstrate that this sensor can be a potential analyt-
ical method to detect MB in real samples sensitively.

4. Conclusions

In summary, a specific and sensitive strategy for assaying MB
using carbon dots and DNase I-aided target recycling signal
amplification sensing platform was proposed. The fluorescence
of the FAM-labeled MB aptamer was quenched efficiently by
CDs in the absence of the target MB. Upon the addition of MB,
the Ap and MB formed complexes that remained away from the
CDs surface, and thereby preserved the fluorescence of FAM. As
to MB, this sensor can detect MB with a linear range from
50 pg mL™" to 100 ng mL™", and the detection limit was low to
20 pg mL~', indicating high sensitivity. Additionally, the fluo-
rescence signals are also obtained when this sensor is used for
biological samples. Aptamer can recognize MB specifically, and
thus provide a promising method for its assay, this promising
strategy might prove feasible as an MB assay for real samples.
We believe that the present work will demonstrate its potentials
for practical applications in cardiac disease diagnostics.
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