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Abstract
A selective and sensitive fluorescence biosensor is described for determination of microRNA-167 using fluorescent resonant
energy transfer (FRET) strategy. The FRET system comprises carbon dots (CDs, donor) labeled with probe DNA (pDNA) and
polydopamine (PDA)-coated Fe3O4 nanoparticles (Fe3O4@PDA NPs, acceptor). The CDs-pDNA can be absorbed onto the
surface of Fe3O4@PDANPs because of the strong π interaction between pDNA and PDA. With the enhanced adsorption ability
of Fe3O4@PDA NPs by Ca2+, the fluorescence intensity of CDs at 445 nm (excitation at 360 nm) is quenched. In presence of
microRNA-167, the hybridized complex of CDs-pDNA-microRNA-167 will be released from the surface of Fe3O4@PDA NPs
due to the weak π interaction of the complex and PDA. This results in the fluorescence recovery of CDs. By application of twice-
magnetic separation, the biosensor shows a wide linear range of 0.5–100 nM tomicroRNA-167with a 76 pMdetection limit. The
methodwas applied to the determination ofmicroRNA-167 in samples of total microRNA extractions fromA. thaliana seedlings,
and the recoveries ranged from 96.4 to 98.3%.

Keywords Fluorescence biosensor . Fluorescent resonant energy transfer .π interaction .Twice-magnetic separation .Hybridized
complex .MicroRNA extractions

Introduction

MicroRNAs in plants have been becoming crucial regulation
factors involving in phytohormone response pathways by af-
fecting phytohormones’ metabolism, distribution, and

perception [1]. They not only regulate the responses to internal
cues but also function in tolerance and responses to
environmental/extrinsic stresses [2, 3]. MicroRNA-167 is
one of few important conserved microRNAs that regulates
auxin (indole-3-acetic acid, IAA) signaling through its targets
[1, 2]. These target genes are positive regulators of root
growth. The expression level of microRNA-167 may be al-
tered under various circumstances during plant growth [4, 5].
For example, the exogenous supply of IAA can upregulate the
expression level of microRNA-167 in root and shoots in
Brassica juncea under arsenic stress. The function of
microRNA-167 was augmented for the regulation of its target
genes and growth of root [5]. Therefore, sensitive and selec-
tive methods for determination/monitoring the expression lev-
el change of a certain microRNA in plants are necessary to
reveal the roles of microRNAs in plant growth under various
circumstances.

The traditional detection methods for microRNAs are
northern blotting [6], real-time quantitative polymerase chain
reaction (RT-qPCR) [7], and microarray assays [8]. Apart
from these conventional methods, various methods including
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electrochemical and optical methods [9, 10] that based on
biosensing have been largely developed for rapid, sen-
sitive, and selective detection of microRNAs. These al-
ternative methods show advantages of ease sample prep-
aration, time saving, cost effectiveness, and portability.
Therefore, the fabrication and application of electro-
chemical [11] and opt ical [12] biosensors for
microRNAs have been widely investigated in the fields
from clinical diagnostics and treatment to biological
science.

Fluorescence-based biosensor is one of the commonly used
optical biosensor for determination of microRNAs. There are
two kinds of fluorescence biosensors, i.e., signal-on (fluores-
cence generation) and signal-off (fluorescence quenching)
biosensors. They can achieve the detection of microRNAs
by recording the signals after the hybridization event hap-
pened between target microRNAs and their complementary
nucleic acids [9]. The fluorescence-based biosensor can gain
high sensitivity and robustness by lowering background signal
[13] and amplifying fluorescence intensity [14, 15]. In terms
of reducing the background signal in fluorescence-based bio-
sensors, the utilization of nanomaterials is a good choice to
make it. These nanomaterials include graphene oxide
(GO) [16], carbon nanotubes (CNTs) [17], gold nano-
particles (AuNPs) [18], transition metal disulfide nano-
sheets [19, 20], and polymer or polymer-coated
nanomaterials [13, 21, 22]. Polydopamine (PDA) nano-
particles, a polymeric nanomaterial polymerized from
dopamine (DA), have been recognized as an efficient
fluorescence quencher in signal-off-based biosensing.
This is mainly because of its outstanding biocompatibil-
ity and strong absorption ability towards single-strand
DNA (ssDNA) by π stacking interaction [13, 21]. Xu
et al. first reported spherical PDA nanospheres (336.0 ±
37.5 nm) showed strong fluorescence quenching ability
with up to 97% quenching efficiency towards four kinds
of fluorophores [21]. The synthesized PDA nanospheres
were then used to construct biosensors based on fluo-
rescent resonant energy transfer (FRET) strategy for de-
termination of target DNA and thrombin. The detection
limits of target DNA and thrombin were 0.1 and
0.5 nM, respectively. These results were close to those
signal-off biosensors using GO-based nanomaterials as
quenchers. An interesting and valuable finding has been
discovered by Liu’s group. They found that ssDNA
strongly adsorbed on the surface of PDA nanospheres
(~ 160 nm) via polyvalent Ca2+-mediated coordination
[22]. Such adsorption showed excellent resistance to
DNA displacement by different biological ligands.
They concluded that the resistance enabled the sensing
platform to possess the advantage in practical applica-
tion in real biological samples without great interference
from the sample matrix. Another way to improve the

sensitivity of fluorescence biosensors was to select fluo-
rescent probes with high intensity and stability combin-
ing with signal amplification strategy. Various kinds of
fluorescent nanostructured reporters like graphene quantum
dots (GQDs) [23], carbon dots (CDs) [24], some other inor-
ganic quantum dots [25], and metal nanoclusters [26, 27] are
synthesized and used in constructing fluorescence biosensors.
For instance, Hamd-Ghadareh et al. [24] described a
ratiometric fluorescence biosensor for microRNA-155. The
sensing platform was based on FRET using fluorescent dye–
conjugated CDs probe and AuNPs as the energy donor-
acceptor and rhodamine B (RB) as signal amplification re-
agent. The biosensor shows excellent sensitivity that it can
work at attomolar concentration level of microRNA-155.
They claimed that superb selectivity was resulted from broad
emissions of CDs and internal reference of RB. Luo et al. [26]
used PDA nanosphere as fluorescence quencher to accept the
fluorescence from gold nanoclusters. By using DNase-I-
assisted target recycling amplification strategy, the sensing
platform can realize sensitive detection of microRNA-21 and
let-7a with detection limits of 4.2 and 3.6 pM, respectively.

Iron oxide (Fe3O4) nanoparticles have been widely used in
biosensing owing to the superparamagnetism, good biocom-
patibility, and ease of preparation and functionalization [28].
Herein, we presented a sensitive and selective fluorescence
biosensor for determination of microRNA-167. The detection
strategy is based on FRET using CDs as a fluorescence donor
and Fe3O4@PDA NPs as a fluorescence acceptor. The sensi-
tive determination for microRNA-167 is achieved by
taking advantages of magnetic separation of Fe3O4, mar-
velous fluorescence quenching ability of PDA, and en-
hanced absorption capability of PDA to ssDNA with
assistance of Ca2+. Scheme 1 displays the fluorescence
tags’ fabrication and detection procedures of the biosen-
sor. Here, carboxy-rich CDs with high fluorescence in-
tensity and good stability were synthesized and then
biofunctionalized with pDNA via covalent bonding. In
presence of Ca2+, the binding pDNA was strongly
adsorbed on Fe3O4@PDA NPs through Ca2+ coordina-
tion and π stacking between the nucleobases and PDA.
The fluorescence of modified CDs can be quenched
significantly due to FRET from CDs to Fe3O4@PDA
NPs. In presence target microRNA-167, pDNA absorbed
on the surface of Fe3O4@PDA NPs can hybridize with
microRNA due to target recognition. Owing to the weak in-
teraction between the hybridized complex and Fe3O4@PDA
NPs [21, 29], the CDs-labeled pDNA and microRNA hybrids
were then liberated from the surface of Fe3O4@PDA NPs.
This leads to the fluorescence recovery of CDs. The biosens-
ing of microRNA-167 without signal amplification steps was
fast and simple. The method can be used for direct determina-
tion of microRNA-167 in total microRNA extractions from
A. thaliana seedlings.
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Experimental

Materials and reagents

Citric acid (CA), ethylenediamine (EDA), and calcium chlo-
ride anhydrous (CaCl2) were purchased from National
Medicine Group Shanghai Chemical Reagent Co., Ltd.
(Shanghai, China). N-(3-Dimethylaminopropyl)-N′-
e t h y l c a r b o d i im i d e h y d r o c h l o r i d e ( EDC ) , N -
hydroxysuccinimide (NHS), Fe3O4 NPs, and dopamine hy-
drochloride (DA) were bought from Aladdin (Aladdin
Industrial Co. Ltd., Shanghai, China, www.aladdin-e.com).
Tris-(hydroxymethyl)aminomethane (Tris) , 4-(2-
hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES),
RNase inhibitor, diethypyrocarbonate (DEPC), and DNA
and microRNA sequences were provided by Sangon
(Sangon Biotech (Shanghai) Co. Ltd., Shanghai, China,
www.sangon.com). The DNA and microRNA sequences
were used as received. Their sequences are listed in Table 1.
The total microRNA extractions from A. thaliana seedlings
were kindly provided by Prof. Y. Han’s lab at Hefei University
of Technology. The DNA stock solution was prepared using
Tris-HCl buffer (10 mM pH 7.4 Tris-HCl, 1.0 mM EDTA).

The solutions used in all experiments were prepared using
DEPC-treated water.

Instruments and measurement

The transmission electron microscopy (TEM) image was re-
corded by JEM-1400 flash (JEOL Ltd., Tokoyo, Japan, www.
jeol.co.jp). X-ray photoelectron spectroscopy (XPS) measure-
ments were performed on an ESCALAB250 X-ray photoelec-
tron spectrometer (Thermo Fisher Scientific, CA, USA,
www.thermofisher.com). Fourier transform infrared
(FTIR) spectra were recorded with Nicolet 67 spectrom-
eter (Thermo Fisher Scientific, CA, USA, www.
thermofisher.com) in the range of 4000–500 cm−1. Zeta
analysis was measured with a Zetasizer Nano-ZS90 system
(Malvern Instruments Ltd., Worcestershire, UK, www.
malvernpanalytical.com). The UV-vis spectra were obtained
on UV-4802 ultraviolet-visible spectrophotometer (Unico
Shanghai Instrument Co., Ltd. Shanghai, China, www.
unicosh.com.cn). Fluorescence measurements were
performed using a F97pro fluorescence instrument
(Shanghai Lengguang Tech. Co., Ltd., Shanghai, China,
http://www.lengguang.com).

Table 1 DNA and microRNA
sequences employed in the
present work

Name Sequences (from 5′ to 3′)

Target microRNA167 UGA AGC UGC CAG CAU GAU CUA

Probe DNA (pDNA) TAG ATC ATG CTG GCA GCT TCA-(CH2)6-NH2

Single-base mismatched microRNA (SM microRNA) UGA AGC UGC GAG CAU GAU CUA

Double-base mismatched microRNA (DM microRNA) UGA CGC UGC GAG CAU GAU CUA

Three-base mismatched microRNA (TM microRNA) UGA CGC UGC GAG CAU GAC CUA

Non-complementary microRNA (NC microRNA) CGG CUA CUG AGA CUG AUG UCA

Scheme 1 Schematic
representation of the fabrication
of fluorescence tags and detection
procedures of the biosensor
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Synthesis of Fe3O4@PDA nanoparticles

The Fe3O4@PDA core–shell nanoparticles were synthesized
according to the reported method [30] with minor modifica-
tion. Specifically, 50 mg of Fe3O4 NPs (~ 100 nM, Fig. S1 A)
was dispersed in 50 mL Tris-HCl buffer (pH 8.5, 10 mM)
containing 2 mg mL−1 of dopamine. The mixture was left
reacting for 8 h at room temperature under stirring. The resul-
tant product was separated and collected with a magnet.
Subsequently, the obtained Fe3O4@ PDA NPs were washed
with water several times, followed by drying at 40 °C under
nitrogen atmosphere. Finally, the Fe3O4@PDA nanoparticles
were dispersed in 10 mMHEPES buffer (pH 7.8, 2 mMCa2+)
to a desired concentration and kept at 4 °C in refrigerator. The
TEM image of Fe3O4@PDA nanoparticles shows that Fe3O4

nanoparticles are wrapped within thin films of PDA (Fig. S1
B), indicating successful preparation of Fe3O4@PDA nano-
particles. The prepared Fe3O4@PDA NPs also possess good
magnetic property. This shows that there is no obvious nega-
tive effect of PDA on Fe3O4 magnetic property.

Preparation of CDs-labeled probe DNA

The synthesis of CDs was according to the method that de-
scribed in the literature [31] with some modifications. Briefly,
2.5 g of citric acid and 1.5 mL of ethylenediamine were dis-
solved in 30 mL of water. Then, the mixture was transferred
into a Teflon-lined autoclave and heated at 200 °C for 5 h.
When the reaction was over, the reactor was naturally cool
down to room temperature, and the obtained product of CDs
was purified by dialyzing (12 times in 24 h) in a dialysis bag
(retained molecular weight of 1 kDa).

The fluorescence tags of CDs-labeled probe DNA (CDs-
pDNA) were prepared using well-established carbodiimide
method. The –COOH groups in CDs were activated by
mixing the CDs (2 mL) with a mixture (2 mL) of EDC
(20 mg m L−1) and NHS (10 mg mL−1) in 10 mM HEPES
buffer (pH 7.8), followed with sonication for 5 min. The mix-
ture was then kept incubating for 1 h at 37 °C. After the
addition of 50 μL of 100 μM pDNA, the mixture was incu-
bated for another 1 h at 37 °C. The obtained CDs-pDNAwere
stored in the refrigerator at 4 °C for future use. Agarose gel
electrophoresis analysis for CDs-pDNAwas conducted (Fig.
S2) and the details are described in ESM.

Determination of microRNA-167

For determination of microRNA-167, 50 μL of Fe3O4@PDA
suspension (2 mg mL−1 in pH 7.8 of 10 mM HEPES buffer
contained 2 mM Ca2+) was added into 200 μL of CDs-pDNA
solution. The mixture was diluted to a final volume of 1.5 mL
using HEPES buffer (pH 7.8, 10 mM, 2 mM Ca2+) with 20 U
RNase inhibitor. It was then incubated for 1 h to quench the

fluorescence. Afterward, the free CDs and excessive pDNA
were removed by magnetic separation. The CDs-pDNA-
Fe3O4@PDA complex was gathered and redispersed after
three washes. Subsequently, 20 μL of microRNA-167 with
various concentrations was added into the mixture. The incu-
bation lasted for 30 min at 37 °C with continuous shaking.
Finally, the released CDs-pDNA-microRNA-167 complex
was magnetically separated from unhybridized CDs-pDNA-
Fe3O4@PDA. The recovered fluorescence spectra were mea-
sured on a fluorescence spectrometer. The emission intensity
at 445 nm under the fixed excitation wavelength of 360 nm
was recorded. The output signal was calculated according to
the equation as follows:

output signal ¼ F−F0ð Þ
F0

where F and F0 represent the fluorescence intensities of the
proposed assay after magnetic separation with or without tar-
get microRNA-167, respectively.

Results and discussion

Characterization of CDs and CDs-pDNA

The shape and size of CDs were characterized by TEM. As
can be seen from Fig. 1a, the spherical particles are distributed
uniformly. The particle size of a majority CDs is 3.0 ± 0.3 nm,
and the average diameter of 104 particles in Fig. 1a is about
2.8 ± 0.7 nm (Fig. 1b).

The optical features of the CDs were investigated by UV-
vis absorption and fluorescence spectra (Fig. 1c). In UV-vis
spectrum of CDs, a broad and strong absorbance at 357 nm
corresponding to n–π* [32] is observed. The strong absorp-
tion that leads to strong emission is owing to the
excited-state energy trapping by the surface state [33].
The optimal excitation (EX) and emission (EM) wave-
length of CDs in the fluorescence spectra are at 360 and
445 nm, respectively. The color of the CDs is light brown with
high transparency under daylight (Fig. 1c, inset: left). It
changes into deep blue when exposed to ultra-violet light at
360 nm (Fig. 1c, inset: right).

The elemental components of CDs and CDs-pDNA
were analyzed by XPS (Fig. 1d). The XPS patterns
show the presence of C, N, and O elements in both
CDs and CDs-pDNA. The percentage of N in CDs-
pDNA is ~ 18.4%, which is higher than that in CDs
of 14.7%. Another peak in CD-pDNA is observed at
197.08 eV, which is assigned to the binding energy of
P2s [34]. The increased percentage of N and the pres-
ence of P element indicate the successful preparation of
CDs-pDNA.
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Characterization of Fe3O4@PDA NPs

The FT-IR spectra of Fe3O4 NPs, PDA, and Fe3O4@PDA are
shown in Fig. 2a. In the spectrum of Fe3O4 NPs, the charac-
teristic absorption peak at about 586 cm−1 relates to the Fe–O
stretching vibration [35]. Four characteristic peaks at 1608,
1508, 1445, and 1274 cm−1 can be observed in the spectrum
of PDA. The peaks located at 1608, 1508, and 1445 cm−1 can
attribute to the vibration of C=C in the benzene ring of PDA
[30, 36], and the peak at 1274 cm−1 to the stretching vibration
of C–O in phenolic groups [36]. These typical absorption
peaks in Fe3O4 NPs and PDA are also found in the spectrum
of Fe3O4@PDA NPs. This indicates the successful coating of
PDA on the surface of Fe3O4 NPs.

The successful preparation of Fe3O4@PDA was fur-
ther proved by using zeta potential measurement. As

can be seen from the results displayed in Fig. 2b, the
zeta potential of Fe3O4 NPs is measured to be −
31.9 mV. The zeta potential of Fe3O4@PDA in aqueous
solution is − 49.2 mV, which is much more negative
than that of Fe3O4 NPs. Because PDA is an ampholyte
polymer containing amine and phenolic hydroxyl
groups, it is negatively charged in neutral/basic condi-
tion [37]. This leads to the decrease of zeta potential of
Fe3O4@PDA. Such decrease also indicates the success-
ful preparation of the core-shell nanostructure of
Fe3O4@PDA. The zeta potential of Fe3O4@PDA NPs
increased from − 49.2 to − 31.2 mV after incubating
with Ca2+, and subsequently decreased again to a value
of − 35.0 mV after incubating with pDNA. These chang-
es demonst ra te the at tachment of pDNA onto
Fe3O4@PDA with the assistance of Ca2+.
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The feasibility of biosensing method

The principle of the biosensing method for microRNA-167 is
based on Ca2+-assisted FRET. The fluorescence stability of
CDs in Ca2+-contained aqueous solution was evaluated first,
and the results are shown in Fig. S3. It is obvious that Ca2+

barely show unwelcomed influence on the fluorescence inten-
sity of CDs. This indicates good fluorescence stability of CDs
in Ca2+-contained aqueous solution. The sensing strategy is
well described in Fig. 3 by fluorescent measurement.
Figure 3A explains the quenching ability of Fe3O4@PDA
and the recovered intensity of CDs without magnetic separa-
tion. In presence of Ca2+, the initial fluorescence intensity of
CDs-pDNA is about 1938 (curve a). It decreases dramatically
to 634 (F0′, curve b) after quench with Fe3O4@PDANPs. The
fluorescence intensity of CDs-pDNA is quenched ~ 67.3% by
Fe3O4@PDA NPs compared with the initial intensity of CDs-
pDNA. This shows good quenching ability of Fe3O4@PDA
NPs. The intensity afterward increases to 1363 (F′, curve c)
after incubating with 50 nM of target microRNA-167. In

presence of the target microRNA-167, pDNA can hybridize
with microRNA-167 to form double chains of CDs-pDNA-
microRNA-167. Because of stronger affinity between pDNA
and target microRNA-167, the hybridization event can break
π stacking interaction between pDNA and Fe3O4@PDANPs.
As a result, the hybridized complex of CDs-pDNA-
microRNA-167 will release from the surface Fe3O4@PDA
NPs and transfer into solution. This is the reason for the re-
covery of CDs intensity at 445 nm. The florescence intensity
recovers back to ~ 70.3% of the initial intensity of CDs-
pDNA, demonstrating an excellent intensity recovery of CDs.

The intensities of CDs under various conditions were mea-
sured (Fig. 3B) and the relative fluorescence intensities [(F −
F0)/F0] (Fig. 3B, inset) were calculated. The merit of the bio-
sensing platform with twice magnetic separations can be ex-
plained by Fig. 3B. The fluorescence intensity (F0, Fig. 3B,
curve a) of CDs decreases sharply (compared with curve b in
Fig. 3A) after separating and removing free CDs from CDs-
pDNA/Fe3O4@PDA. After incubating CDs-pDNA/
Fe3O4@PDA in solution containing 50 nM microRNA-167
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and 2 mM Ca2+, the second magnetic separation was per-
formed. It can separate Fe3O4@PDA from CDs-pDNA and
microRNA complex (hybridization complex). The corre-
sponding intensity of CDs increases and recovers notably
(Fig. 3B, curve b). The calculated (F − F0)/F0 is about 3.49,
which is much more higher than (F′ − F0′)/F0′ (1.15, without
magnetic separation). This indicates the twice-magnetic sepa-
ration improves the sensitivity of the biosensing method. The
improved intensity from magnetic separation is resulted from
relatively low F0 and high F. The decreased background sig-
nal is due to the first magnetic separation. The increased re-
covery intensity is because of eliminating the absorption and
scattering effects from Fe3O4@PDA using the second mag-
netic separation. Moreover, it is clear that with the assistance
of Ca2+, the value of (F − F0)/F0 is the largest among those
values without recovery of target microRNA, quenched with
Fe3O4 NPs, and without assistance of Ca2+ (Fig. 3B, inset).
This result demonstrates further sensitivity improvement of
the biosensing system from Ca2+. The good quenching ability
of Fe3O4@PDA NPs, the excellent recovered intensity of
CDs, and the assistance of Ca2+ prove the feasibility of our
biosensing method.

Analytical performance of the biosensor

The following parameters of microRNA-167 biosensor were
optimized: (a) concentration of Fe3O4@PDA, (b) concentra-
tion of Ca2+, (c) pH value of hybridization buffer, (d) concen-
tration of pDNA, (e) hybridization time, and (f) hybridization
temperature. The data are given in Fig. S4. It is clear that the
following experimental conditions give the best results: (a)
Fe3O4@PDA concentration of 2 mg mL−1, (b) Ca2+ concen-
tration of 2 mM, (c) pH value of 7.8, (d) pDNA concentration
of 120 nM, (e) hybridization time of 30 min, and (f) hybridi-
zation temperature of 37 °C.

The biosensor for microRNA-167 determination was
conducted under optimized conditions. The fluorescence
intensities of CDs recovered by various concentrations
of target microRNA-167 are shown in Fig. 4a. With
increasing amount of target microRNA-167, the fluores-
cence intensity of CDs enhances as expected due to the
increasing released complex of CDs-pDNA-microRNA-
167. The relative fluorescence intensity (F − F0)/F0

shows good linear relationship to the common logarithm
of the target microRNA-167 concentration in range of
0.5–100 nM. Such relationship is written as a linear
equation of (F − F0)/F0 = 1.48lgC (M) + 14.20, R =
0.997 (Fig. 4b). The limit of detection is calculated to
be 76 pM (S/N = 3). The biosensing can be finished in
less than 2 h. The analytical performances regarding
detection time, linear range, and detection limit of the
microRNA-167 biosensor and other FRET-based
microRNA [25, 26, 38, 39] or DNA [22] biosensors
are listed Table 2. As can be noticed from the table,
our biosensor also shows good analytical performance
in detecting microRNA.

The selectivity and specificity of the biosensor towards
microRNA-167 over other microRNA sequences were inves-
tigated. These measurements were conducted under optimal
conditions, and the concentrations of these mismatched se-
quences including SM microRNA-167, DM microRNA-167,

Table 2 FRET biosensors for DNA/microRNA detection

Strategy Target Detection time Linear range (nM) Detection limit (pM) Ref.

FRET from FAM to PDA nanospheres
mediated by metal coordination

DNA (24 bases) Less than 2 h 0–50 400 [22]

FRET from MoS2 QDs to FAM PDA microRNA-21 In 1 h 5–150 380 in aqueous solution
520 in artificial

cerebrospinal fluid

[25]

FRET from AuNCs to PDA nanospheres
with DNase-I-assisted target recycling amplification

microRNA-21
Let-7a

Less than 2 h 0.01–2.0
0.01–2.5

4.2
3.6

[26]

MnO2 nanosheet-mediated ratiometric fluorescence
biosensor using catalyzed hairpin assembly (CHA)
signal amplification

microRNA-21 In 1 h 0.1–20 73 [38]

FRET from CDs to Black hole quencher 1 microRNA-21 In 1 h 5–160 300 [39]

FRET from CDs to Fe3O4@PDA in presence of Ca2+ microRNA-167 Less than 2 h 0.5–100 76 This work
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Fig. 5 The selectivity of the biosensor
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TM microRNA-167, and NC microRNAwere 100 nM (10×
higher than the target microRNA). The calculated (F − F0)/F0

values related to the mismatched sequences are much more
lower than that related to target microRNA (Fig. 5). The fluo-
rescence intensities recovered by mismatched microRNA-167
sequences is slightly increased compared with the blank sig-
nal. The results suggest that only target microRNA-167 can
trigger the signal recovery strategy perfectly. These results
show that the biosensor has good selectivity towards
microRNA-167.

The method was applied to determination of
microRNA-167 in total microRNA extractions from
A. thaliana seedlings. The results are listed in
Table S1. The method was validated by standard addi-
tion method. The recoveries are 96.4% and 98.3% (n =
6), respectively, and with the relative standard deviation
(RSD) of 7.0% and 5.9%. This indicates good detection
accuracy of our detecting method.

Conclusions

In conclusion, we successfully developed a rapid, sensi-
tive, and selective FRET-based biosensor for determina-
tion of microRNA-167 using CDs as donor and
Fe3O4@PDA NPs as acceptor. The recovered fluores-
cence intensity by target microRNA-167 is because of
different affinity of Fe3O4@PDA NPs to ssDNA se-
quences and hybridized complex. The good sensitivity
of the biosensor is achieved through (1) lowering the
background signal by application of twice-magnetic sep-
aration, (2) excellent quenching ability of Fe3O4@PDA
NPs, and (3) strong adsorbing ability of Fe3O4@PDA
NPs enhanced by Ca2+. The biosensor possesses good
selectivity, sensitivity, and reliability that can be used in
determination of microRNA-167 in microRNA extrac-
tions from A. thaliana seedlings. We anticipate a deep-
going application of this method, making clear the rela-
tionship between the expression level of microRNA-167
and the treated amount of phytohormone IAA in model
plants.
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