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A B S T R A C T   

Carbon dots (CDs)-based biosensors have attracted considerable interest in reliable and sensitive detection of 
microRNA (miRNA) because of their merits of ultra-small size, excellent biosafety and tunable emission, whereas 
complicated labeling procedure and expensive bioenzyme associated with current strategies significantly limit 
their practical application. Herein, we developed a label-free and enzyme-free fluorescence strategy based on 
strand displaced amplification (SDA) for highly sensitive detection of miRNA using sulfydryl-functionalized CDs 
(CDs-SH) as probe. CDs-SH displayed excellent response to G-quadruplex DNA against other DNAs based on 
based on the catalytic oxidation of –SH into –S–S– by hemin/G-quadruplex. Further, CDs-SH were employed to 
detect miRNA, using miRNA-21 as target model, which triggered the SDA reaction of P1 and P2 to generate 
hemin/G-quadruplex, subsequently making CDs-SH transform from dot to aggresome along with the quenched 
fluorescence. Therefore, label-free, enzyme-free, and highly sensitive analysis of miRNA-21 was readily acquired 
with a limit of detection at 0.03 pM. This proposed biosensor couples the advantages of CDs and label-free/ 
enzyme-free strategy, and thus has a significant potential to be used in early and accurate diagnosis of cancer.   

1. Introduction 

With the globally increasing incidence, cancer has become the main 
cause of death and makes millions of people died every year. It is highly 
urgent to find an effective approach for preventing the cancer’s occur
rence (Wang et al., 2019; Hanahan et al., 2011). To this end, the most 
important is to reliably determine tumor as early as possible (Ward et al., 
2020). However, traditional technologies (nuclear magnetic resonance 
imaging, computed tomography and others) cannot meet the need 
because of low sensitivity (Sadighbayan et al., 2019). Tumor marker is a 
substance found in blood, urine, or body tissue, can help doctors to learn 
if people has cancer or learns more about the cancer, and help them to 
plan treatment (Li et al., 2020a, 2020b; Calvaresi and Hergenrother, 
2013). For example, relatively high tumor marker level may imply the 
appearance of cancer; changes in expression level can help doctors 
predict the cancer’s behavior, response to treatment and the chance of 
recovery. Importantly, change in tumor marker level is much higher 

sensitive than that in morphology, hence providing a golden opportunity 
for realizing cancer early diagnosis (Xiong et al., 2019). Among reported 
markers, microRNAs (miRNAs) attract a great deal of concern due to 
their capability of hybridizing with messenger RNA and declining the 
gene transcription (Lorenz and Garner, 2016; Li et al., 2018, 2020). 
Change in expression level of miRNAs has been acknowledged to be 
closely relevant with tumorigenesis and deterioration. Nevertheless, 
sensitive and selective detection of miRNAs is always a great challenge 
because of their low expression level, sequence homology, easy degra
dation, as well as relatively small size (Lee et al., 2020; Zhang et al., 
2016). 

With the aim of acquiring miRNA detection, many techniques 
including colorimetry, fluoremetry, and electrochemistry have been 
employed to develop biosensors (Castaneda et al., 2017; Li et al., 2019). 
Among these protocols, fluorescence biosensors are frequently applied 
as simple, rapid, and still efficient analytical tools due to the fact they do 
not require complicated and strict immobilization of bioreceptors on the 
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surface of electrode compared with electrochemical biosensors and 
exhibit higher sensitivity than that of colorimetric ones (Li et al., 2017; 
Suseela et al., 2018; Zhu et al., 2014; Hong et al., 2016). However, most 
of them require the label of dyes in the skeleton of nucleic acid, which is 
complex, laborious, and expensive. To avoid this, label-free strategy 
emerges and has become the research focus. The commonly used 
approach is based on the intercalation of dyes into dsDNA or G-quad
ruplex DNA rather than ssDNA, subsequently leading to changed fluo
rescence (Lin et al., 2014; Tan et al., 2014). Whereas, these dyes are 
restricted by high price, weak intercalation efficiency, low specificity for 
differencing dsDNA against G-quadruplex DNA, as well as high back
ground. The other method is to design and synthesize positively charged 
organic dyes that electro statically interact with ssDNA (Zhuang et al., 
2016, 2017). Whereas, negatively charged biomolecules in practical 
samples will interfere with the detection progress. Furthermore, bio
enzymes are usually required to amplify the signal, however their price 
is high, their working condition is strict and their activity is easily 
affected by environmental factors. For addressing these issues, we 
attempt, here, to propose a novel strategy for miRNA label-free, enzy
me-free and highly sensitive biosensing. 

In addition to sensing strategy, signal element also play a critical part 
in affecting the analytical performance of a biosensor. An ideal fluo
rescence element must emit brightly, disperse or dissolve homoge
neously in water, and possess excellent biocompatibility. In comparison 
with organic dyes, Cd-based quantum dots and others, carbon dots (CDs) 
show a significant potential in fluorescence analysis because they can 
homogeneously disperse in water without need of any organic solvent; 
they possess the ultra-small size and do not contain any noxious ele
ments; they can be easily prepared with tuned fluorescence (Pirsaheb 
et al., 2019; Kundu et al., 2020; Deb et al., 2020). Therefore, CDs have 
been widely applied in development of fluorescence biosensors (Lv 
et al., 2019; Devi et al., 2019; Liu et al., 2015), and we believe that CDs 
are competent for miRNA highly sensitive biosensing. Unfortunately, as 
far as we are aware, all CDs-based miRNA assays suffered from the 
complex labeling process (Xia et al., 2018; Zhang et al., 2015; Liu et al., 
2020; Mohammadi and Salimi, 2018; Noh et al., 2013). Besides the 
disadvantages above-mentioned, the labeling of CDs with DNA also 
suffered from the uncontrollable amount of linked DNA with CDs and 
difficult purification. 

Herein, we proposed a sulfydryl-functionalized CDs (CDs–SH)–based 
fluorescence strategy with label-free and enzyme-free merits for highly 
sensitive determination of miRNA based on strand displacement 
amplification (SDA) reaction. In comparison with biological enzymes- 
assisted signal amplification reaction, SDA reaction possessed the ad
vantages of low cost and easy design, and could be carried out under 
harsh conditions, consequently being widely employed to amplify the 
output signal for developing high-performance sensors. In this work, 
CDs-SH were prepared through a hydrothermal carbonization of malic 
acid and subsequent modification with mercaptopropylamine (MPAm), 
and displayed bright blue-green emission. Noticeably, CDs-SH showed a 
specific response to G-quadruplex DNA against other DNAs based on 
hemin/G-quadruplex-induced catalytic oxidation on CDs-SH. This 
excellent property enabled CDs-SH to sensitively detect miRNA based on 
target-initiated in-situ generation of abundant hemin/G-quadruplex. 
This work couples the advantages of CDs and label-free/enzyme-free 
strategy to achieve miRNA highly sensitive detection, and thus will 
provide more application in early diagnosis of cancer. 

2. Experimental 

2.1. Reagents 

All DNA were synthesized by Sangon Biological Engineering Tech
nology and Services Co., Ltd. (Shanghai, China). miRNA-21, miRNA- 
26a, miRNA-122, and miRNA-141 were prepared and HPLC-purified by 
Shanghai GenePharma Co., Ltd. (Shanghai, China). Hemin, and tris 

(hydroxymethyl) methyl aminomethane were obtained from Shanghai 
Sangon Biotechnology Co., Ltd. (Shanghai, China). 1-(3-dimethylami
nopropyl(-3-ethylcarbodiimide hydrochloride) (EDC)), N-hydrox
ysuccinimide (NHS) and malic acid were obtained from Sigma-Aldrich 
(St. Louis, MO, U.S.A.). Glucose, tryptopha, GSH, isoleucine and others 
were purchased from Solarbio Science and Technology Co., Ltd. (Bei
jing, China). Ultrapure water was obtained by a Milli-Q water purifi
cation system (Millipore Corp., Bedford, MA, U.S.A.). 

2.2. Instruments 

F-4600 spectrophotometer (HITACHI, Japan) was employed to 
characterize the fluorescence property of CDs and CDs-SH, and the 
response of CDs-SH to DNA and microRNA. Nicolet iS10 spectropho
tometer (Thermo Electron Co., U.S.A.)， energy-dispersive spectroscopy 
(EDAX PW9900) and X-ray photoelectron spectroscopy ESCALAB 250Xi 
(Thermo Fisher Scientific, USA) were employed to confirm the prepa
ration of CDs-SH. JEOL JEM-2100 instrument (JEOL Ltd., Japan) was 
used to conduct the morphology measurement of CDs-SH. 

2.3. Preparation of CDs-SH 

Twenty milliliter of water containing 0.90 g malic acid was placed in 
a 200 ◦C environment for 5.0 h. Subsequently, the solution was centri
fuged (8000 rpm, 3.0 min) and the supernate was dialyzed for 24 h to 
acquire the CDs’ solution. CDs (0.15 mg/mL) were activated by 1-(3- 
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC), N- 
hydroxysuccinimide (NHS) for 30 min. Then MPAm (5.2 mg) was added 
to react with CDs for 4.0 h. The prepared CDs (CDs-SH) were purified 
through dialyzing for 24 h. 

2.4. Fluorescence detection of G-quadruplex DNA 

The response of CDs-SH to G-quadruplex DNA was performed in one 
hundred microliter of 10 mM Tris-HCl buffer (100 mM KCl, 2 mM 
MgCl2, pH 7.5) containing 2.0 μg/mL CDs-SH, 1.0 μM hemin and G- 
quadruplex DNA (T1) with different dose. After reacting for 45 min, the 
solution was measured by fluorescence. 

2.5. Fluorescence detection of miRNA 

The solution containing P1 or P2 was heated to 95 ◦C for 10 min, and 
then cooled down to room temperature to form hairpin structure. The 
miRNA-triggered SDA reaction was performed in a 50 μL of 10 mM Tris- 
HCl buffer (50 mM NaCl, 10 mM MgCl2, pH 7.5) comprising 800 nM P1, 
800 nM P2, and target miRNA with different dose for 60 min. Subse
quently, the solution was treated at 90 ◦C for 5 min. Then one hundred 
50 μL of 10 mM Tris-HCl (150 mM KCl, 2 mM MgCl2, pH 7.5) containing 
2.7 μg/mL CDs-SH and 1.35 μM hemin was added, and the mixture was 
incubated for 45 min before fluorescence measurement. 

3. Results and discussion 

3.1. Design and characterization of CDs-SH 

The diagram of fabrication of CDs-SH was depicted in Fig. 1A. 
Through 200 ◦C/5 h treatment, malic acid was first transformed into 
polymer, which subsequently underwent the carbonization, nucleation 
and growth to form CDs. Compared with malic acid, the generated CDs 
displayed a very different Fourier transform infrared (FT-IR) spectrum 
(Fig. 1B). The prepared CDs then reacted with MPAm to produce CDs-SH 
under the activation of EDC and NHS. In comparison with CDs, CDs-SH 
possessed three new characteristic peaks at 2494, 1593 and 1490 cm− 1, 
respectively, which can also be found in FT-IR curve of MPAm, strongly 
judging the linkage of MPAm with CDs. Further, energy dispersive 
spectrometer (EDS) and X-ray photoelectron spectroscopy (XPS) were 
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explored to study the elements in CDs and CDs-SH (Fig. 1C and 
Fig. S1A). CDs displayed two significant characteristic peaks corre
sponding to C and O elements. Whereas in the curve of CDs-SH, not only 
the C and O elements were determined, but also they exhibited new 
peaks attributable to N and S elements. The newly emerged peaks 
justified the triumphant modification of MPAm on the surface of CDs 
too. Meanwhile, in the transmission electron microscope (TEM) image of 
CDs-SH, uniform nanoparticles with diameter at about 3.1 nm were 
obviously observed (Fig. 1D). The ultra-small size is beneficial to their 
excellent dispersion and good stability in water, and thus a highly 
transparent water solution of CDs-SH was acquired (inset in Fig. 1D). 

We further research the fluorescence behavior of CDs-SH under the 
irradiation of different wavelength (Fig. 1E). As the excitation wave
length increased from 330 to 455 nm, the position of fluorescence peak 
was gradually shifted to red spectrum region (from 442 to 565 nm). In 
the meantime, fluorescence intensity was improved from 50.3 a.u. to 
460.2 a.u. ranging from 330 to 405 nm, and abruptly declined when the 
excitation wavelength was larger than 405 nm. It is not surprise to us 
that many works have reported the fluorescence emission of CDs was 
mainly dependent on the excitation wavelength. Furthermore, the 

fluorescence peak and intensity of CDs-SH are approximately identical 
with that of CDs, indicating the linkage of MPAm caused little affect on 
CDs (Fig. S2). Since optical stability exerts an important influence in 
accurate detection of target object, thus the affect of pH, salt and bio
molecules on fluorescence emission of CDs-SH were successively stud
ied. The curves in Fig. S3 demonstrated that CDs-SH possess high 
stability in pH range of 6.0–8.5; commonly used salts and biomolecules 
also caused a small variation on emission intensity. More importantly, in 
diluted serum sample, only a slight decrease in fluorescence was 
observed. Taken together, CDs-SH possess high stability and strong anti- 
interfering ability. 

3.2. Fluorescence response of CDs-SH to G-quadruplex DNA 

Prior to detect miRNA, the fluorescence response of CDs-SH to G- 
quadruplex DNA against other DNAs was researched. The diagram 
illustration for CDs–SH–assisted G-quadruplex DNA biosensing was 
manifested in Fig. 2A. With target G-quadruplex DNA (T1, Table S1) 
being added into CDs–SH–existed solution, hemin intercalated into T1 to 
form hemin/G-quadruplex, which like HRP catalyzed oxidation of –SH 

Fig. 1. (A) Diagram of fabrication of CDs-SH through a hydrothermal carbonization and post-processing modification method. (B) FT-IR curves of different testing 
samples. (C) EDS curves of different testing samples. (D) TEM morphology of CDs-SH dispersed in Tris-HCl, and the inset is the visible image of CDs-SH in Tris-HCl. 
(E) Emission curves of CDs-SH under the irradiation of varying wavelengths. 
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into –S–S–, consequently causing homogeneously dispersed CDs-SH into 
CDs-SH aggresome, accompanied by the quenched fluorescence. 

To testify the role of CDs-SH in analysis of G-quadruplex DNA, T1 
with the dose of 20 nM and 100 nM was separately added into the 
sensing system (Fig. 2B). Blank experiment implied that hemin and T1 
slightly affect the emission intensity of CDs-SH. Upon the addition of 20 
nM T1 into hemin-existed solution, the emission intensity declined from 
441.1 a.u. to 369.6 a.u.; with the dose of T1 further being raised, the 
fluorescence signal continued to decrease, corresponding well to the 
working principle and justifying the unique response to G-quadruplex 
DNA. To study the reason, CDs-SH, following their reaction with 100 nM 
T1, were characterized by TEM (Fig. 2C) and XPS (Fig. S1B and C). The 
homogeneously dispersed dot morphology of CDs-SH was damaged by 
T1 and larger-diameter aggregates were found; new XPS peak 

corresponding to –S–S– at 164.24 eV emerged. These information sug
gested that T1 could trigger the aggregation of CDs-SH through cata
lyzing oxidation –SH into –S–S– with the aid of hemin and significantly 
reduced the fluorescence emission. Besides, the reaction time only 
required 45 min (Fig. 2D). Further, after storing for 1, 2, 3, 4, and 5 days, 
CDs-SH displayed approximately the same signal as that of untreated 
CDs-SH (Fig. S4A), and there was almost no fluorescence intensity 
changes determined for five differently prepared CDs-SH (Fig. S4B), 
showing the strong stability and high repeatability. To confirm the 
universality of CDs-SH for selectively recognizing G-quadruplex DNA, 
T2, T3, T4 and T5 were respectively employed to replace T1 to conduct 
the experiment (Fig. 2E). Among them, T2 and T3 like T1 can be 
transformed into G-quadruplex DNA under the induction of K+, whereas 
T4 and T5 cannot be transformed into G-quadruplex DNA. Upon the 

Fig. 2. (A) Diagram of the response of CDs-SH to G-quadruplex DNA in the presence of hemin and K+. (B) Fluorescent curves of CDs-SH under different conditions. 
(C) TEM morphology of CDs-SH after the incubation with 100 nM T1 for 45 min. (D) Fluorescent signal of CDs-SH in the presence of 100 nM T1 versus the reaction 
time. (E) Emission intensity of CDs-SH in the presence of different analytes. The amounts of them are all 100 nM. 
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addition of T2 or T3, the sensing system exhibited approximately 70 
%-declined intensity, which was about the same as that of T1; however, 
the addition of T4 or T5 made the emission intensity negligibly change. 

3.3. Working principle for miRNA biosensing 

On the basis of the unique response of CDs-SH to G-quadruplex DNA, 
we propose a brand-new CDs–SH–mediated strategy with label-free and 
enzyme-free merits for miRNA sensitive biosensing based on SDA 
(Fig. 3). To achieve this aim, two hairpin DNA probes, P1 and P2, were 
ingeniously designed. In P1, the black region is completely hybridized 
with target miRNA-21. Meanwhile, the green and yellow regions are 
partially embedded in the stem of P1. For P2, the sequences of purple 
region are complementary to that of yellow and black parts in P1. In 
addition, P1 did not react with P2 in the absence of miRNA-21. Thus, 
when miRNA-21 was absent, the fluorescence emission of CDs-SH was 
not affected. Upon the addition of miRNA-21, it hybridized with P1 to 
disclose the yellow region and black region. The generated P1@miRNA- 
21 then hybridized with P2 to produce P1@P2 complex through the 
toehold-mediated chain displaced reaction. Meanwhile, target miRNA- 
21 was released and further hybridized with unreacted P1 to initiate 
another chain displaced reaction. In this manner, large numbers of 
hemin/G-quadruplex complexes were formed and catalyzed oxidation of 
CDs-SH into aggresome. As a consequence, obviously declined fluores
cence was observed. Since the fluorescence emission was dependent on 
the amount of hemin/G-quadruplex, which was subsequently relied on 
the concentration of miRNA-21, sensitive and selective detection of 
miRNA was readily achieved based on CDs-SH in a label-free and 
enzyme-free manner. 

3.4. Feasibility investigation for miRNA biosensing 

To authenticate our proposal, the fluorescence emission of CDs-SH 
under different conditions was investigated (Fig. 4A). P1, P2 and 
hemin caused little influence in emission intensity of CDs-SH compared 
with that of CDs-SH alone. With 20 pM miRNA being added, the emis
sion intensity significantly declined from 444.9 a.u. to 386.2 a.u., 
attributable to target miRNA-triggered in-situ generation of abundant 
hemin/G-quadruplex and high catalytic oxidation capability of hemin/ 
G-quadruplex on CDs-SH. When the dose of miRNA further raised, a 
much lower signal was observed, keeping good line with the sensing 
principle that more miRNA triggered the generation of more hemin/G- 
quadruplex, thus catalyzing oxidation of more luminous CDs-SH into 
nonluminous aggresome. In this context, it is completely feasible to 

realize label-free, enzyme-free and highly sensitive detection of miRNA 
based on CDs-SH. 

To acquire the highest sensitivity for miRNA assay, the doses of P1 
and P2 were successively researched. As manifested in Fig. S5A, the 
emission intensity gradually declined along with the dose of P1 
increasing from 50 to 200 nM, and subsequently leveled off when P1’s 
dose was larger than 200 nM, indicating 200 nM was the best amount to 
obtain the maximum decrease in emission intensity. According to the 
same changing trend, the amount of P2 was optimized to be 200 nM 
(Fig. S5B). Since the reaction time between P1, P2 and miRNA decided 
the generation of P1–P2, which was directly relevant with hemin/G- 
quadruplex, it is requisite to study the affect of reaction time on fluo
rescence emission of CDs-SH upon the addition of miRNA. The curve in 
Fig. S5C showed that the emission intensity sharply reduced with the 
reaction time prolonging and reached equilibrium at 60 min. As a 
consequence, 60 min was chosen as the best reaction time to completely 
finish the target-triggered signal transduction and amplification 
reaction. 

3.5. Fluorescence detection of miRNA 

Under the best conditions, we challenge the sensing ability of 
CDs–SH–based biosensor to probe miRNA through adding miRNA-21 
with different doses (0.1 pM–500 pM) into the reaction system. 
Fig. 4B depicted the corresponding fluorescence spectra. In comparison 
with the control sample (in the absence of miRNA-21), the emission 
intensity gradually declined with miRNA-21 amount raising, exhibiting 
an obviously negative relationship. To quantitatively evaluate the 
detection sensitivity, a curve was plotted by using fluorescence intensity 
at 525 nm (F525) and miRNA-21 dose (CmiRNA) as ordinate and abscissa, 
respectively. It was seen from Fig. 4C that F525 was negative to CmiRNA. 
More interestingly, F525 was found to be linearly correlated to CmiRNA in 
the range of 0.1–100 pM with a coefficient of 0.9948 (Fig. 4D). The 
working equation was calculated to be F525 = 439.1–3.047 CmiRNA and 
the limit of detection (LOD) was estimated to be 0.03 pM based on 
signal-to-noise ratio of 3. Further, the CDs–SH–based biosensor was 
compared with other miRNA fluorescence ones that were mainly 
dependent on complex and high-cost label procedure and bioenzyme- 
assisted signal transduction/amplification strategy (Table S2). The 
LOD was comparable or lower than them, which might be attributable to 
CDs-SH’ bright emission and multiple surface sulfydryl, allowing for a 
significant quenching fluorescence of CDs-SH when only a small number 
of miRNA-21 existed. Taken together, this CDs–SH–based fluorescence 
biosensor demonstrates the obvious merits of simple operation, label- 

Fig. 3. Working principle of CDs–SH–based fluorescent biosensor for sensitively detection of miRNA based on SDA reaction.  
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free, enzyme-free and high sensitivity. 3.6. Selectivity and anti-interference ability of CDs–SH–based 
fluorescence biosensor 

Taking account of the importance of selectivity, miRNA analogues 

Fig. 4. (A) Fluorescence curves of CDs-SH under different conditions. (B) Emission spectra of CDs-SH corresponding to miRNA-21 at increasing doses. (C) Fluo
rescence signal of CDs-SH versus different miRNA-21 concentrations. (D) Linear relationship between F525 and CmiRNA in the range of 0.1–100 pM. 

Fig. 5. (A) Emission intensity of the sensing solution containing different substances: (a) CDs-SH, (b) CDs-SH + miRNA-21, (c) CDs-SH + miRNA-26a, (d) CDs-SH +
miRNA-122, (e) CDs-SH + miRNA-141, (f) CDs-SH + miRNA-21 + miRNA-26a, (g) CDs-SH + miRNA-21 + miRNA-122, (h) CDs-SH + miRNA-21 + miRNA-141. (B) 
The affect of GSH in analysis of miRNA-21 by CDs-SH under different conditions: (a) CDs-SH + P1 + P2 + hemin, (b) CDs-SH + P1 + P2 + hemin + miRNA-21, (c) 
CDs-SH + P1 + P2 + hemin + miRNA-21 + GSH, (d) CDs-SH + P1 + P2 + hemin + miRNA-21 + GSH (1 min), (e) CDs-SH + P1 + P2 + hemin + miRNA-21 + GSH (3 
min), (f) CDs-SH + P1 + P2 + hemin + miRNA-21 + GSH (5 min), (g) CDs-SH + P1 + P2 + hemin + miRNA-21 + GSH (7 min). 
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including miRNA-26a, miRNA-141, and miRNA-122 were selected as 
the interfering substances to substitute miRNA-21 to conduct the fluo
rescent experiments. As illustrated in Fig. 5A, the emission intensity was 
calculated to be 440.5 a.u., 452.5 a.u., and 431.2 a.u. for miRNA-26a, 
miRNA-141, and miRNA-122, respectively, which are much higher 
than that of 136.2 a.u., justifying the good discrimination ability. In the 
meantime, mixing one of the interfering miRNAs with miRNA-21 caused 
little affect on the fluorescence emission of CDs-SH compared with that 
in the presence of miRNA-21 alone, further assessing the high selectivity 
for differencing miRNA-21 against other miRNAs. 

In addition, it is reported that glutathione (GSH) is usually found in 
biological samples like serum, urine, cell lysis solution and others, and 
thus the influence of GSH in fluorescence analysis of miRNA-21 based on 
CDs-SH was researched (Fig. 5B). Individual GSH did not trigger the 
quenched fluorescence. After mixing GSH with miRNA-21, the sensing 
system exhibited a significantly increased emission intensity at 525 nm 
compared with that of the control system (in the absence of GSH). This is 
not surprise to us that GSH has the capability of prohibiting hemin/G- 
quadruplex from catalyzing oxidation on CDs-SH, hence recovering 
the fluorescence emission. To overcome the affect of GSH in analysis of 
miRNA-21, a thermal treatment at 90 ◦C for different minutes was 
employed. As the heat-treatment time raised, the emission intensity of 
CDs-SH at 525 nm gradually declined and leveled off at 5.0 min. This 
strongly judged that 90 ◦C/5.0 min can effectively overcome the inter
ference from sulfhydryl agents for accurate determination of target 
miRNA-21, and our proposed biosensor has the strong anti-interference 
ability for miRNA-21 practical biosensing in biological samples. 

3.7. Fluorescence analysis of miRNA-21 in human serum 

To evaluate the practicality and accuracy of the established 
biosensor for miRNA, we researched the fluorescence behavior of CDs- 
SH corresponding to miRNA-21 in serum sample through a spiking 
experiment. The human serum was acquired from a breast cancer pa
tient and could be sufficiently diluted to reduce the affect of interfering 
substances on fluorescence emission of CDs-SH because of the relatively 
low LOD. In view of this, the serum was 1000-fold diluted to conduct the 
present experiment. Further, 20, 40, and 60 pM miRNA-21 was sepa
rately added into the above diluted serum sample. It can be clearly seen 
from Fig. 6 that the addition of serum made the emission intensity of the 
sensing system significantly decline, indicating the presence of miRNA- 
21 in serum of breast cancer patients. With additional miRNA-21 being 
added, the output signal further reduced with the dose of miRNA-21 
raising. According to the working equation, the concentration value in 
breast cancer patient serum was calculated to be 19.8 nM, which was far 
much larger than that in the serum of healthy adult and in good 
agreement with that in the serum of breast cancer patients reported by 
other groups, demonstrating the good practicality and high accuracy. 
Therefore, the proposed CDs–SH–based fluorescence biosensor dis
played a great potential for miRNA practical biosensing. 

4. Conclusions 

In summary, a brand-new label-free and enzyme-free fluorescence 
biosensor has been triumphantly proposed for highly sensitive detection 
of miRNA based on sulfydryl-functionalized CDs. With CDs and sulfydryl 
taken as luminophor and recognizer, CDs-SH were fabricated with bright 
yellow-green emission and underwent a catalytic oxidation by hemin/G- 
quadruplex to become nonluminous aggresome, suggesting the high 
response of CDs-SH to G-quadruplex DNA against other DNAs. In view of 
this, CDs-SH were further employed to detect miRNA. Owing to hemin/ 
G-quadruplex complexes’ specific catalytic oxidation on CDs-SH, and 
CDs-SH’ bright emission and abundant surface sulfydryl groups, the 
CDs–SH–based biosensor displayed high sensitivity for miRNA-21 bio
sensing with LOD at 0.03 pM, which was comparable or lower than those 
of other fluorescence biosensors that were mainly dependent on 

complex and high-cost label procedure and bioenzyme-assisted signal 
transduction/amplification strategy. Furthermore, the CDs–SH–based 
biosensor possessed the excellent selectivity and strong anti-interference 
ability, and was successfully applied in detection of miRNA-21 in the 
serum of a breast cancer patient. Moreover, highly sensitive detection of 
other tumor markers can be readily acquired by plainly varying the 
recognizable DNA probes, hence offering an universal fluorescent plat
form for highly sensitive analysis of diverse objectives. We believe this 
fluorescence biosensor will find more application in reliably diagnosis of 
cancer as early as possible, and this work will tremendously broaden the 
application scope of CDs. 
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Fig. 6. Fluorescence spectra of CDs-SH under different conditions: (a) blank 
sample, (b) 1000-fold diluted serum, (c) 1000-fold diluted serum + 20 pM 
miRNA-21, (d) 1000-fold diluted serum + 40 pM miRNA-21, and (e) 1000-fold 
diluted serum + 60 pM miRNA-21. 
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