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ABSTRACT: The expression level of miRNA is highly correlated

with the pathological process of malignant tumors. Therefore, the
abnormal expression of miRNA in serum is considered as reliable
evidence for the existence of tumor cells. Here, a ratiometric
fluorescent biosensor based on the Forster resonance energy \
transfer between fluorophores is proposed for detecting colorectal
cancer-specific miRNA (miR-92a-3p). The miRNA in serum was

first isolated by carboxyl-modified SiO, microspheres. Then, the
addition of miRNA to the detection system resulted in the distance
change between the donor acridine orange (AO) and the acceptor
fluorescent carbon dots (CDs), which made the fluorescence signal
change. The physicochemical properties, especially the fluores-
cence characteristics of CDs and AO, which enabled the
ratiometric fluorescence detection, were comprehensively studied.

The ratiometric fluorescent biosensor could detect miRNA in the concentration range of 1—9 nM and showed a detection limit of
0.14 nM. Moreover, the ratiometric fluorescent biosensor exhibited high selectivity for the target miRNA. The validity of the
ratiometric fluorescent biosensor was also verified using the serum sample, demonstrating its potential for enzyme-free miRNA
analysis.
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1. INTRODUCTION

The early diagnosis of cancer is of great significance to gain
valuable time for the follow-up therapy. Traditional detection
methods such as computed tomography, magnetic resonance
imaging, endoscopy, and tissue biopsy play an important role
in cancer diagnosis. However, the application of these
traditional methods in early diagnosis is limited by their
sensitivity and damage to tissues. In recent years, an emerging
non-invasive diagnostic technology, liquid biopsy, is booming.
Compared to traditional cancer diagnosis methods, liquid
biopsy has merits in sensitivity, safety, prospectiveness, and
subsequent treatment guidance.'”> The biomarkers of cancer
liquid biopsy involve circulating tumor cells, exosomes,
circulating tumor DNA, and RNA. Among them, miRNAs, a
group of small noncoding single-stranded RNA, are considered
to play key roles in the prediction of cancer progression.*
Thus, it is attractive to develop liquid biopsy technologies
toward cancer-specific miRNA to achieve the early cancer
diagnosis.

So far, medical detection methods for miRNA such as
Northern blot, quantitative real-time polymerase chain
reaction, and microarray analysis have been used for disease
diagnosis based on their high yield, good repeatability, and

© 2021 The Authors. Published by
American Chemical Society

7 ACS Publications

34150

powerful anti-interference ability. Nevertheless, they have
problems in low sensitivity and specificity, poor portability,
and long detection period. A new hotspot in miRNA detection
is the fusion of materials science and medicine.”™” The
feasibility of this hotspot relies on the signal response of
materials and the complementary base pairing between the
probe molecule and the target miRNA. The signal response of
materials is based on various types of principles such as
fluorescence, surface-enhanced Raman spectroscopy, color-
imetry, and electrochemistry.'™"® Comparatively, the fluo-
rescence method has received more attention due to its
characteristics of high sensitivity and convenient analysis.”"*
For instance, Chinnappan et al. reported the detection of
breast cancer miRNA sequences based on the change in
fluorescence intensity caused by the change in the distance
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between the fluorophore and the quencher that was triggered
by the target miRNA."® This sensor was applied to detect the
miRNA incorporated into the total RNA isolated from whole
blood. In another work, Oudeng et al. proposed a one-step
detection probe for in situ detection of the target miRNA in
single live cancer cells based on the fluorescence switch of
MoS, nanosheets.'® The detection ability of this sensor to
endogenous miRNA was demonstrated by using MCF-7 and
HeLa cells. Although the aforementioned fluorescence-based
sensors can detect miRNA, the reliability is affected by the
back%round fluorescence and the stability of excitation
light. 718 Therefore, attention should be focused on reducing
or eliminating the interference of destabilizing factors to
improve the reliability of the fluorescence method.

Recent studies have shown that ratiometric fluorescent
sensors can determine the concentration of miRNA based on
the fluorescence intensity ratio of different fluorophores, which
is more reliable than the sensors that rely on a single
fluorophore.'”™*' Ratiometric fluorescent sensors can over-
come various factors that single wavelength-based detecting
systems are susceptible to, such as the concentration change of
sensors, drift of light source or detector, optical path length,
and the complex sample or system environment. The change in
fluorescence intensity ratio is based on the distance change
between different fluorescent molecules caused by the
conformational change of the fluorescent probe. To fabricate
a ratiometric fluorescent sensor, several conditions for Forster
resonance energy transfer (FRET) must be met between the
fluorophores (donor and acceptor), that is, the fluorescence
spectra are matched, the distance is in the range of 1—10 nm,
and the dipole spatial orientation is consistent. The challenge
of fabricating a ratiometric fluorescent biosensor lies in the
matching of fluorescent donor—acceptor pairs. Fluorescent
carbon dots (CDs), a class of typical fluorescent nanomaterials,
show bright prospects in the fields of biological detection and
imaging due to their adjustable fluorescence, high brightness
and stability, low biological toxicity, excellent water solubility,
and large Stokes shift.”>™** Given these advantages, the
construction of a CD-based ratiometric biosensor may be a
feasible strategy for sensitive detection of miRNA. Acridine
orange (AO) is a cationic nucleic acid fluorescent dye with a
maximum emission wavelength of about 530 nm.”> AO can be
adsorbed on the phosphate side of single-stranded nucleic
acids through charge attraction. In the presence of double-
stranded nucleic acids, AO is inserted into the base pair gap
through a strong 7 bond. A clever use of the binding state
between AO and single/double-stranded nucleic acids has the
possibility of fabricating a fluorescence detection system based
on molecular surface properties. In addition, detection
strategies that rely on an expensive duplex-specific nuclease
enzyme are extremely costly. Hence, it is cost-effective to
explore enzyme-free miRNA detection strategies.

Herein, a FRET system composed of CDs and AO is
proposed to achieve the enzyme-free ratiometric fluorescence
detection of miRNA. Reliable ratiometric fluorescence
detection is realized by precisely regulating and utilizing the
fluorescence property and surface charge of the component
molecules. The physicochemical properties of the CDs and the
fluorescence characteristics of AO were analyzed to demon-
strate that they met the requirements for forming the FRET
system. The identified colorectal cancer biomarker miRNA
(miR-92a-3p) was used as the target to test the effectiveness of
the ratiometric fluorescent biosensor.”® The sensitivity and
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selectivity of the ratiometric fluorescent biosensor to miR-92a-
3p were investigated. Furthermore, the reliability of the
proposed ratiometric fluorescent biosensor was verified by
measuring the concentration of miR-92a-3p in the serum
sample.

2. EXPERIMENTAL SECTION

2.1. Materials and Apparatus. Citric acid (C4HgO,, AR
grade), formamide (CH;NO, AR grade), acridine orange
(CsH N3, biotechnology grade), tetraethyl orthosilicate
(CgH»0,Si, GC grade), ammonium hydroxide solution
(NH;H,O, AR grade), triethylamine (C¢H;sN, AR grade),
glutaric anhydride (CsHO5, 98%), sodium chloride (NaCl,
AR grade), (3-aminopropyl)triethoxysilane (CoH,3NO;Si,
99%), N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hy-
drochloride (CgH;,N;-HCI, 98.5%), and N-hydroxysuccini-
mide (C,H;NO;, 99%) were purchased from Shanghai
Macklin Biochemical Co., Ltd. Ethanol anhydrous (C,H,O,
AR grade), methanol (CH,O, AR grade), acetone (C;HO, AR
grade), and toluene (C,;Hg, AR grade) were purchased from
Sinopharm Chemical Reagent Co., Ltd. The other reagents
used were of AR grade without further purification, and
ultrapure water was used in all experiments. The miR-92a-3p,
DNA probe, amino-modified DNA (NH,-DNA) probe, and
unmatched targets were purchased from Shanghai Genephar-
ma Co., Ltd. Their sequences are listed in Table S1 of the
Supporting Information. The human serum was isolated from
the healthy sample from the Second Hospital of Shandong
University. The apparatus used are given in the Supporting
Information.

2.2. Preparation of CDs. The CDs were prepared based
on a previously reported work.”” Typically, 10 mmol of citric
acid was dissolved in 30 mL of formamide, transferred to a
Teflon-lined reactor with a volume of 50 mL, and then reacted
at 180 °C for 6 h. The reaction between citric acid and
formamide is shown in Scheme 1. After the solution was

Scheme 1. Chemical Reaction Formula for the Synthesis of
CDs Using Citric Acid and Formamide as Raw Materials
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cooled to room temperature, 100 mL of acetone was added
and kept at —20 °C for 24 h to obtain CD precipitation. Then,
the CD precipitate was washed several times with acetone and
10% methanol/acetone solution in turn and redispersed in 10
mL of methanol. The above solution was filtered with a
membrane with a pore size of 0.22 ym to remove large
particles, and acetone was added and centrifuged to obtain
purified CDs. Finally, a CD powder was obtained by vacuum
drying at 40 °C for 6 h.

2.3. Preparation of Carboxyl-Modified SiO, Micro-
spheres (COOH-SiO,). 2.3.1. Preparation of SiO, Micro-
spheres. Five milliliters of tetraethyl orthosilicate was
dispersed in 20 mL of absolute ethanol and stirred for 30
min to obtain solution A. Solution B was composed of 25 mL
of ethanol, 10 mL of ultrapure water, and S mL of ammonia.
Solution A was added dropwise to solution B under stirring
and reacted at 40 °C for 6 h. The product was washed with
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Scheme 2. Schematic Illustration of the Ratiometric Fluorescence System®
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%(a) Isolation of miRNA from serum by COOH-SiO,. (b) Ratiometric fluorescence detection of miRNA.

ethanol and the SiO, microspheres were obtained by drying at
40 °C for 12 h.

2.3.2. Preparation of Silane-Modified SiO, Microspheres.
SiO, microspheres (0.5 g) were ultrasonically dispersed in 20
mL of toluene, and then 1 mL of (3-aminopropyl)-
triethoxysilane and 15 uL of triethylamine were added. The
mixture was refluxed at 110 °C for 6 h. The product was
washed with acetone and dried at 40 °C for 12 h to obtain
silane-modified SiO, microspheres.

2.3.3. Carboxyl Modification of Silane-Modified SiO,
Microspheres. Silane-modified SiO, microspheres (0.25 g)
were ultrasonically dispersed in 10 mL of absolute ethanol, and
then 10 mL of absolute ethanol solution containing 1 g of
glutaric anhydride was added dropwise. The mixture was
stirred at 37 °C for 5 h. The product was washed with 0.1 M
NaCl solution and ethanol and dried at 40 °C for 12 h to
obtain COOH-SiO,.

2.4, Isolation of the Target miRNA from Serum.
COOH-SiO, (0.2 mg), 0.01 mmol of N-(3-dimethylamino-
propyl)-N'-ethylcarbodiimide hydrochloride, and 0.02 mmol
of N-hydroxysuccinimide were ultrasonically dispersed in 200
uL of MES buffer solution (pH 5.5, 1 mM) and reacted at 25
°C for 15 min. Then, the dispersion was washed by
centrifugation and the substrate was dispersed in 150 uL of
PBS buffer (pH 7.4, 1 mM). Subsequently, SO L of NH,-
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DNA probe (10 uM) was immediately added and reacted at 25
°C for 2 h. After that, the substrate was washed several times
with ultrapure water. Next, the substrate was ultrasonically
dispersed in 175 pL of ultrapure water and 25 uL of serum
with a preset miR-92a-3p concentration of 10 uM and
incubated at 37 °C for 1.5 h. The incubated product was
washed several times with ultrapure water. Subsequently, 25
uL of ultrapure water was added to the incubation product and
kept at 90 °C for 10 min. The concentration of miR-92a-3p in
the supernatant after centrifugation was theoretically equal to
that in the serum.

2.5. Fluorescence Detection of miRNA. First, 3 yL of
DNA probe solution (1 M) and 3 pL of target miRNA
solution were added to 290 uL of ultrapure water and
incubated at 37 °C for 1.5 h. Then, 2 uL of AO solution (11
uM) was added and kept for 10 min. Subsequently, 2 uL of
CD solution (0.08 mg/mL) was added and kept for 20 min.
Finally, the fluorescence spectra were collected by a
fluorescence spectrophotometer under the following instru-
ment settings: the excitation wavelength was 492 nm, the
excitation slit and emission slit were both 10 nm, and the
emission spectra were collected in the range of 512—675 nm.
Each fluorescence intensity data point represents the average of
three independent experiments.

https://doi.org/10.1021/acsomega.1c05901
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Figure 1. Characterization of CDs and COOH-SiO,. (a) TEM image of CDs. (b) Size distribution of CDs calculated according to panel (a). (c)
XRD pattern, (d) FTIR spectrum, and (e) zeta potential of CDs. (f) FTIR spectrum of COOH-SiO,.

3. RESULTS AND DISCUSSION

3.1. Principle of the Ratiometric Fluorescent Bio-
sensor. Before the detection, the target miRNA was isolated
from the serum to avoid the interference of other nucleic acids
on the fluorescence signal. The miRNA isolation process is
shown in Scheme 2a. First, the NH,-DNA probe modified on
the surface of COOH-SiO, and the target miRNA in the serum
were incubated at 37 °C for 1.5 h to form a complementary
strand. Then, the serum was washed away with ultrapure water.
Finally, the hydrogen bonds between the complementary
strands were broken by maintaining the solution temperature
at 90 °C for 10 min, and the NH,-DNA probe-modified
COOH-SiO, and miRNA were separated by centrifugation.

Scheme 2b depicts the detection principle of the ratiometric
fluorescent biosensor. For nucleic acids, the phosphate side is
negatively charged due to the ionization of hydrogen ions.
When the cationic dye AO and CDs with negative surface
charge are added to the DNA probe solution, AO is adsorbed
on the phosphate side due to charge attraction, and CDs are
adsorbed on the base side due to 7—n conjugation and
hydrogen bonding.” In detail, the acridine ring nitrogen atom
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of acridine orange is combined with the phosphate oxygen ion
of the probe through electrostatic attraction. The internal
graphitization structure, carbonyl, hydroxyl, and amide of CDs
are combined with the carbocyclic, amino, and carbonyl groups
of the base through 7—7 conjugation and hydrogen bonding.
The close distance results in the FRET between AO and CDs.
As a result, the fluorescence intensity of AO decreases, while
the fluorescence of CDs increases. The adsorption of CDs on
the base side of the DNA probe was verified by zeta potential.
As shown in Figure S1 and Figure le, the presence of the DNA
probe reduced the zeta potential due to the exposure of the
phosphate of the DNA probe after adsorption. When the target
miRNA is presented, the DNA probe and target miRNA form
the complementary strand by complementary base pairing. In
the case of double-stranded nucleic acids, the base is wrapped
and the phosphate is exposed to exhibit a negative charge in
aqueous solution. AO is inserted into the base pair gap of the
complementary strand by the strong 7 bond, while the CDs are
far away from the complementary strand due to the base being
wrapped and charge repulsion. In this case, the decrease or
disappearance of FRET leads to the recovery of the
fluorescence of AO and the decrease of the fluorescence

https://doi.org/10.1021/acsomega.1c05901
ACS Omega 2021, 6, 34150—34159


https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c05901/suppl_file/ao1c05901_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05901?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05901?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05901?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05901?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c05901?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

(a) Ex. Em.

UV-Vis

Absorbance (a.u.)

300 400 500 600 700

Wavelength (nm)
(c) 4001 —— Fluorescence delay
—— Fitted curve
3004 —— Residuals
z
S 2001
=
)
&}
100+
04
0 10 20 30 40 50
t (ns)
——pH4
200004

16000+

12000+

8000+

Fluorescence intensity (a.u.)

4000+

i 5 & 7 8 5 10
pH value

Fluorescence intensity (a.u.) “ep

575 600 625 650 675

Wavelength (nm)

(‘n"e) L)1sud)uI IUIISAION]

(b) CDs QY,,~4.75%
CDs
CDs
CDs
CDs

CDs A

CDs L

CDs

Intensity (a.u.)

Blank

200 300 400 500 600 700 800 900
Wavelength (nm)

(d) 100

» [-2] =]
o o o

Relative intensity (%)
N
o

0 600 1200 1800

t(s)

2400 3000 3600

—
)

——Blank

20000

16000

12000

8000

4000

Fluorescence intensity (a.u.)

Blank  KCl  KH:PO« NaHCO3 MgSO«

Fluorescence intensity (a.u.)

575 600 625 650 675
Wavelength (nm)

Figure 2. Fluorescence properties of CDs. (a) UV—Vis absorption spectrum and fluorescence excitation and emission spectra of CDs. (b) Absolute
quantum efficiency and (c) fluorescence lifetime of CDs. (d) Fluorescence intensity of CDs under continuous irradiation for 1 h. (e) Influence of

pH and (f) inorganic salt ions on the fluorescence intensity of CDs.

intensity of CDs. The AO/CD fluorescence intensity ratio is
proportional to the concentration of the target miRNA.

3.2. Characterization of CDs and COOH-SiO,. It can be
seen from Figure la that CDs were monodispersed and
uniform in size. The statistics from over 20 CDs showed that
the size of CDs was in the range of 2.25—3.50 nm with an
average size of 2.94 nm (Figure 1b). Figure lc demonstrates
that the CDs exhibited both graphitic and amorphous forms.
The incomplete graphitization of CDs was also confirmed by
the Raman spectrum in Figure S2. This is in line with the
recognition that the synthesized carbon-based materials under
solvothermal conditions mainly show an amorphous edge
modified by functional groups and the graphitized core.””*
FTIR analysis was performed to determine the functional
groups of CDs (Figure 1d). The broad absorption bands with
peaks at 3695 and 3140 cm™" indicated the existence of N—H
and —OH bonds, respectively. The absorption peaks at 2998
and 2820 cm™' were attributed to the stretching vibrations of
methyl and methylene. The absorption band with a peak at
1584 cm™' was attributed to the C=0 stretching vibration
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and N—H bending vibration. The absorption peak at 1356
! was attributed to the C—N stretching vibration. The
absorption peaks at 1219 and 1098 cm ™" were attributed to the
C—O stretching vibration. The FTIR spectrum demonstrated
that the carboxyl that was attributed to the precursor citric acid

cm™

was not presented in CDs. This was because the carboxyl of
citric acid and the amino of formamide underwent an
amidation reaction under solvothermal conditions.”” The
surface charge of CDs in aqueous solution determines the
attraction/repulsion property of CDs and nucleic acids. The
zeta potential of —29.5 mV leads to the repulsion between CDs
and double-stranded nucleic acids (Figure le). Moreover, the
morphology and functional groups of COOH-SiO, were
characterized. As shown in Figure S3, the monodispersed
COOH-SiO, exhibited an average size of about 300 nm. In
addition to Si—O and —OH, the absorption bands attributed
to C—H and —COOH appeared in the FTIR spectrum of
COOH-SiO,, indicating that the carboxyl was successfully
modified on SiO, (Figure 1f).%!
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AO + CDs + DNA probe + target miRNA. Fluorescence lifetime of (c) AO and (d) AO + CDs.

3.3. Fluorescence Properties of CDs. The UV-Vis
spectrum of CDs was measured to determine the electronic
transition mechanism. The intense absorption band of CDs at
Amax & 537 nm could be attributed to the n — #* transition of
the 7 system (Figure 2a). In addition, the fluorescence
excitation and emission peaks of CDs were identified as 551
and 634 nm, respectively. As shown in Figure 2b, the average
absolute quantum efficiency of CDs in ultrapure water
measured under the optimal excitation wavelength (551 nm)
was 4.75%. To further understand the fluorescence properties
of the CDs, the time-resolved fluorescence spectrum under
excitation at 551 nm was measured, and an average lifetime of
4.46 ns was determined according to the fitting of the
fluorescence decay curve (Figure 2c). The lifetime of
nanosecond level means the singlet state nature of CD
emission.”” The fluorescence stability of CDs was measured by
continuous irradiation at 551 nm for 1 h, and the fluorescence
intensity curve is shown in Figure 2d. The fluorescence
intensity of CDs fluctuated slightly under continuous light and
maintained 99.24% of the initial value, which proved that CDs
had excellent fluorescence stability. To further understand the
stability of CDs, the effects of solution pH and inorganic salt
ions on the fluorescence of CDs were measured. Figure 2e
indicates that CDs showed the highest fluorescence intensity in
neutral aqueous solution and that the increase in H" or OH™
concentration led to the decrease in fluorescence intensity.
Figure 2f shows the fluorescence spectra of CDs in different
inorganic salt solutions with a concentration of 1 mM. The
fluorescence intensities of CDs in KCl, KH,PO,, NaHCO;,
and MgSO, solutions were 98, 100.2, 95.9, and 97.7% of that
in ultrapure water, respectively. The inorganic salt ions have a
slight effect on the fluorescence intensity of CDs. In addition,
the long-term storage stability of the CD solution was also
determined. As shown in Figure S4, the CD solution stored for
3 months kept a clear state without precipitation and its
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fluorescence intensity was 99.63% of the fresh one, proving
that the CDs could be stored for a long term without affecting
its fluorescence performance.

3.4. Feasibility of the Ratiometric Fluorescent
Biosensor. Besides the distance change due to the charge
interaction described in Sections 3.1 and 3.2, the fluorescence
conditions that the FRET system should meet were also
measured. As shown in Figure 3a, the maximum excitation
wavelength of AO was 492 nm. Thus, the excitation
wavelength of 492 nm was used in verifying the feasibility of
the ratiometric fluorescent biosensor and the subsequent
miRNA detection. There was a small overlap in the
fluorescence excitation spectra of AO and CDs, and the
fluorescence excitation peaks of CDs and AO were 60 nm
apart. Hence, excitation under 492 nm would not result in
significant fluorescence emission of CDs. On the other hand,
there was a large proportion of overlap between the emission
spectrum of AO and the excitation spectrum of CDs, which
was beneficial to the FRET between AO and CDs.”> The
distance between the fluorescence peaks of CDs and AO was
104 nm, which made it easy to distinguish them in the miRNA
detection.

The above analysis is confirmed by the fluorescence spectra
in Figure 3b. In the AO + CDs + DNA probe system, the
fluorescence intensity of AO decreased, while that of CDs
increased compared to the individuals, indicating that the
FRET occurred between AO and CDs. When the target
miRNA was presented in the system, the fluorescence intensity
of AO increased, while that of CDs decreased, indicating that
the FRET was attenuated. Since FRET can shorten the
fluorescence lifetime of the donor, the FRET was further
verified by measuring the fluorescence lifetime of AO.* As
shown in Figure 3c¢,d, the fluorescence lifetimes of AO in the
absence and presence of CDs were 2.262 and 2.117 ns,
respectively, which proved the occurrence of FRET. In short,
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Figure 4. (a) Fluorescence spectra of the ratiometric fluorescent biosensor under different target miRNA concentrations. (b) Linear relationship
between the AO/CD fluorescence intensity ratio and the target miRNA concentration.

the proposed ratiometric fluorescent biosensor could be used
for the detection of miRNA.

3.5. Sensitivity of the Ratiometric Fluorescent
Biosensor. The sensitivity of the ratiometric fluorescent
biosensor was investigated by measuring the fluorescence
spectra with different target miRNA concentrations. Figure 4a
shows that the fluorescence intensity of AO increased as the
concentration of the target miRNA increased from 0 to 9 nM.
The slight change in the fluorescence intensity of CDs was
attributable to the increase in the fluorescence intensity of AO,
offsetting the decrease in the fluorescence intensity of CDs. As
shown in Figure 4b, a highly fitted linear relationship (R* =
0.983) was presented between the AO/CDs fluorescence
intensity ratio and the concentration of the target miRNA in
the range of 0—9 nM, indicating that the concentration
measurement of the ratiometric fluorescent biosensor was
highly repeatable. The detection limit of the ratiometric
fluorescent biosensor based on the 3¢ method was 0.14 nM.
Table 1 lists some representative works of detecting miRNA

Table 1. Representative Works of miRNA Detection Based
on the FRET Principle

linear range detection limit

fluorophore target (nM) (nM) ref.
FAM/ miRNA-21 0-20 0.073 21
TAMRA
eosin Y miRNA-21 0.2-20 0.098 34
2- MiRNA-21 0—400 0.5 35
aminopurine
UCNPs miRNA-21 4-500 4 36
FAM MiRNA-21 10-50 16
CuNPs miRNA let- 0.5—100 0.2 37
7a
AgNCs miRNA-141 0-200 0.297 38
CdSe/ZnS miRNA 10—-2000 42 +03 39
QDs
CDs/AO miR-92a-3p 0-9 0.14 this

work

based on the FRET principle. In terms of detection limit, the
sensitivity of our proposed enzyme-free ratiometric fluorescent
biosensor is satisfactory.

3.6. Selectivity of the Ratiometric Fluorescent
Biosensor. Selectivity is another important evaluation index
of a sensor. The single-base mismatch target (SMT), two-base
mismatch target (TMT), and noncomplementary target (miR-
223-3p) were applied as control targets to evaluate the
selectivity of the ratiometric fluorescent biosensor. Figure Sa
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shows the AO/CD fluorescence intensity ratio of the target
miRNA and the mismatched miRNAs at a preset concentration
of 5 nM. The concentrations of miR-223-3p, TMT, and SMT
calculated according to the linear fitting curve were close to 0.
They were much lower than the measured target miRNA
concentration of 5.12 nM. Therefore, the proposed ratiometric
fluorescent biosensor has high selectivity.

3.7. Detection of miRNA in Serum. The miRNA
concentrations in serum were measured to verify the
practicality of the proposed ratiometric fluorescent biosensor.
Before the detection, the target miRNA was isolated from the
serum by COOH-SiO, to avoid the interference of other
nucleic acids. The modification of nucleic acids can increase
the surface electronegativity of COOH-SiO, due to the
negative surface charge of nucleic acids.”” The zeta potentials
of COOH-SiO,, DNA probe-modified COOH-SiO,, and
target miRNA-conjugated COOH-SiO, are shown in Figure
SS. The modification of the DNA probe and the conjugation of
the target miRNA caused the increasing negative zeta potential
of COOH-SiO, from —54.4 mV to —57.3 and —61.2 mV,
respectively, indicating that COOH-SiO, captures the target
miRNA. The effectiveness of the miRNA isolation by COOH-
SiO, was tested by 10% nondenaturing polyacrylamide gel
electrophoresis. As shown in Figure S6, the position and
brightness of the electrophoretic bands of the isolated miRNA
and the control were almost the same, indicating that the
hybridization of the capture probes and miRNA was effectively
initiated, and there was almost no loss in the isolation process.
The serum miRNA concentrations of 1, 5, and 9 nM were
preset. As shown in Figure Sb, the average recovery rates at the
preset serum miRNA concentrations of 1, 5, and 9 nM were
95.19, 95.52, and 97.89%, respectively. The measured serum
miRNA concentrations using the ratiometric fluorescent
biosensor were close to the preset values. Thus, the ratiometric
fluorescent biosensor can accurately detect serum miRNA. In
addition, the measured values of serum miRNA at different
concentrations were slightly lower than the preset values,
which was probably due to the loss or degradation of miRNA
in the isolation procedure.

4. CONCLUSIONS

In this work, a ratiometric fluorescent biosensor composed of
carbon dots and acridine orange was fabricated based on the
FRET principle, and its performance was tested with colorectal
cancer-specific miRNA miR-92a-3p as the target. The charge
properties of the DNA probe, target miRNA, CDs, and AO
and the fluorescence characteristics of CDs and AO are the
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Figure S. (a) Selectivity of the ratiometric fluorescent biosensor toward miR-92a-3p and mismatched miRNAs at a preset concentration of S nM.
(b) Comparison of the measurement of miRNA concentration in ultrapure water and isolated from serum.

factors that ensure the feasibility of the ratiometric fluorescent
biosensor. The ratiometric fluorescent biosensor showed a low
detection limit of 0.14 nM for the target miRNA. Control
experiments demonstrated that the ratiometric fluorescent
biosensor had high selectivity to distinguish target miRNA
from other miRNAs. In terms of reliability, the designed
isolation—detection strategy can accurately reflect the concen-
tration of serum miRNA. Furthermore, the proposed
ratiometric fluorescent biosensor can also been applied to
detect other miRNA biomarkers in theory by simply replacing
the DNA probe according to the target miRNA sequence. Our
research contributes to designing an “all-in-one” testing kit in
the future to realize accurate miRNA analysis in clinical
practice.
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