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Anti-Fouling Magnetic Beads Combined with Signal Amplification
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Electrochemiluminescence Detection of MicroRNAs in Complex
Biological Media
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ABSTRACT: Herein, an electrochemiluminescence (ECL) mi-
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croRNA biosensor based on anti-fouling magnetic beads (MBs) . _ non-specific 4 »
. . . . , | target in the sample * »

and two signal amplification strategies was developed. The newly .- Ve
designed anti-fouling dendritic peptide was wrapped on the m
surfaces of MBs to make them resistant to nonspecific adsorption "0

. . Tl . Mn?z* . ¥ «
of biomolecules in complex biological samples so as to realize o ] 2 F s
accurate and selective target recognition. One of the amplification %& C/z’/c\e * i & K
strategies was achieved through nucleic acid cycle amplification \ ARA,  Output (R

based on the DNAzyme on the surfaces of MBs. Then, the output
DNA generated by the nucleic acid cycle amplification program
stimulated the hybrid chain reaction (HCR) process on the
modified electrode surface to generate the other amplification of
the ECL response. Titanium dioxide nanoneedles (TiO, NNs), as a co-reaction accelerator of the Ru(bpy),(cpaphen)** and
tripropylamine (TPrA) system, were wrapped with the electrodeposited polyaniline (PANI) on the electrode surface to enhance the
ECL intensity of Ru(bpy),(cpaphen)?*. The conducting polymer PANI can not only immobilize the TiO, NNs but also improve the
conductivity of the modified electrodes. The biosensor exhibited ultra-high sensitivity and excellent selectivity toward the detection
of miRNA 21, with a detection limit of 0.13 fM. More importantly, with the anti-fouling MBs as a unique separation tool, this ECL

e # O QY

biosensor was capable of assaying targets in complex biological media such as serum and cell Iysate.

B INTRODUCTION

As a short single-stranded endogenous RNA, the microRNA
(miRNA) plays an indispensable regulatory role in many life
processes. It regulates various life processes, for instance, tissue
differentiation, stem cell self-renewal, and cell growth. The
need for extensive research in various physiological or
pathological processes is very urgent due to its involvement
in the occurrence and metastasis of cancer.' > Many reported
studies have shown that it can serve as a tool for disease
diagnosis or patient prognosis as well as a biomarker or
treatment tool in the clinic.”” However, due to its high
sequence similarity, small size, and low abundance, the
development of simple and efficient analysis strategies still
faces huge challenges.

Classical PCR amplification and microarrays are traditional
miRNA analysis strategies.6_10 In recent years, analysis
strategies for miRNA research such as surface-enhanced
Raman, miRNA imaging, electrochemiluminescence (ECL)
sensors, and electrochemical sensors have also been
reported.'' ~'” However, due to the similarity of homologous
miRNAs and the problems of trace amounts in biological
samples, these methods inevitably suffer from miRNA
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detection errors, low sensitivity, or complicated operations.
Therefore, the introduction of signal amplification design in
the detection system has become a crucial step. So far, most
signal amplification strategies are based on target conversion,
such as nuclease-assisted nucleic acid cycle amplification and
hybrid chain reaction (HCR) without enzyme participa-
%721 Since the suitable reaction conditions for enzymes
are usually very strict, target signal amplification without
enzyme participation has attracted more and more attention
from scientists. As expected, a DNAzyme, as a nucleic acid cut
by metal ions, becomes a perfect choice to replace
nucleases.”* >

As an analysis strategy with simple operation, high
sensitivity, and strong response controllability, ECL has been
extensively used in clinical analysis and research.”**’ In order
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Scheme 1. Modification Process of Anti-Fouling MBs and Nucleic Acid Cycle Amplification Program (A); the Electronic

Sensing Process (B) of the Designed ECL Biosensor
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to further improve the response efficiency of the target, Yuan’s
group prepared many materials to enhance the ECL
intensity.”*~>* In 2019, they reported that TiO, NN, as a
co-reaction promoter of the classic combination of Ru-
(bpy),(cpaphen)** and TprA, can enhance the ECL intensity
greatly. However, the poor electrical conductivity of the TiO,
NNs and the lack of modified groups on the surface limit its
application in ECL sensors.

In biological real samples, false positives or false negatives
caused by nonspecific adsorption of impurities such as proteins
are also an important problem in many sensor analysis systems.
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Therefore, the concept of anti-fouling has become an
important part of the sensor analysis strategy. So far, there
have been many reports on materials with anti-fouling
properties such as betaine polymers, peptides, and BSA
composite anti-fouling layers.”™** Among them, peptides as
natural amphiphiles with excellent biocompatibility have
become a research hotspot. Due to the strong hydration
capacity of the peptide, it can resist nonspecific adsorption in
complex biological environments. By adjusting the type and
quantity of amino acids to make the peptide neutral, the
nonspecific adsorption of proteins due to electrostatic
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Figure 1. SEM image of TiO, NNs/GCE (A) and TiO, NNs/PANI/GCE (B). The EDX element analysis (C). SEM—EDX element mapping (D—

G) of TiO, NNs/PANI/GCE.

attraction can be avoided.***° In recent years, our group has
developed a series of quantitative biosensors with anti-fouling
properties based on peptides for detecting biomolecules in real
samples.*' "

Herein, we proposed an ECL biosensor based on a newly
designed sequence of dendrimer peptide and dual signal
amplification mechanism for analysis of miRNA 21, as depicted
in Scheme 1. Magnetic beads (MBs) were modified with the
hairpin structure DNAzyme and dendritic peptides. In the
presence of miRNA 21, the hairpin structure of the DNAzyme
is opened through the hybridization between miRNA and its
complementary part of the DNAzyme modified on the surface
of the anti-fouling MBs. Then another part of the single-
stranded region of the opened DNAzyme chain hybridizes with
the substrate to become a three-chain structure, including a
folding recognition sequence and a cleavage site related to
Mn*. In the presence of Mn**, the substrate strands were
cleaved and dissociated from the three-chain structure to
produce a short single strand as output DNA. Then, another
substrate chain could hybridize with the single-stranded region
dissociated from the old substrate to form a new three-chain
structure and so on. Due to the first amplification of the
DNAzyme-based nucleic acid cycle amplification program, a
lot of output DNA was obtained to open HI1 on the sensing
interface of the modified electrode, and subsequently, the HCR
process occurred with the participation of the H2 and H3 to
form a long double-stranded DNA. Next, the positively
charged Ru(bpy),(cpaphen)** was inserted into double-
stranded DNA with a large amount of negative charge by
electrostatic adsorption to generate the ECL signal to realize
the second signal amplification. In addition, the electrode
surface was modified with TiO, NNs/PANI to enhance the
ECL signal and improve the conductivity of the modified
electrode. Due to the double amplification of the strategy, the
biosensor realized high-sensitivity analysis of miRNA 21 and
also showed a satisfactorily high anti-fouling analysis perform-
ance in the actual sample analysis.

B EXPERIMENTAL SECTION

Modification of Anti-Fouling MBs. 20 pL of MBs
modified with the carboxyl group was washed three times, and
then 40 pL of imidazole hydrochloric acid buffer containing

0.8 M EDC and 0.2 M NHS was added to activate the carboxyl
groups for 1 h. After magnetic separation, 20 yL of dendritic
peptide (0.2 g¢/mL) was added and incubated overnight. The
dendritic peptide-modified MBs were dispersed in 40 uL of
PBS including EDC (1 mg/mL) and NHS (1 mg/mL) for 1 h
to activate the carboxyl group of the dendritic peptide. At last,
20 uL of DNAzyme was added and reacted overnight to
connect it to the peptide by amide bonds.

Cycle Amplification Reaction Based on the DNA-
zyme. After cleaning the modified MBs three times, 20 uL of
different concentrations of target was added and incubated for
2 h. After magnetic separation and washing three times, 20 uL
of substrate (107 M) was added for cyclic hybridization
reaction for 5 h. The DNA buffer for this process contained 5
mM Mn*". Then the MBs were discarded through magnetic
separation to obtain a solution containing the output DNA.

Step-by-Step Assembly of the Biosensor. All GCEs
were polished with alumina before use according to reported
studies. First, S uL of TiO, NNs (the synthesis steps were
provided in the Supporting Information) was applied to the
GCE and dried naturally. Next, the PANI film was coated on
the TiO, NN surface by galvanostatic electrodeposition
technology at a constant current density of 0.01 mA/cm? for
10 min in 5 mL of an aqueous solution containing 406 uL of
HCIO,, 45.6 uL of aniline, and 0.05 g of PSS as the stabilizer.
Next, the carboxyl groups of H1 (1075 M) were activated with
EDC and NHS for 1 h. Finally, it was dropped onto the
modified GCE surface and incubated overnight to connect to
PANI by amide bonds.

ECL Analysis Procedures of miRNA 21. The output
DNA produced by the above cyclic amplification process was
added to the formed GCE surface for 2 h for hybridization
reaction. After rinsing the electrode, the mixed solution
containing H2 and H3 (107® M) was dripped onto the
modified GCE for 2 h for HCR reaction. Then 1 uM
Ru(bpy),(cpaphen)*" was dripped onto the sensing interface
and incubated for 4 h, and the electrode was washed with PBS.
The voltage range of ECL detection was 0 to 1.25 V, and the
photomultiplier tube voltage was 800 V.

Polyacrylamide Gel Electrophoresis (PAGE) Analysis.
All DNA (1075 M) were heated to 95 °C, maintained for 5
min, and then slowly cooled to room temperature before use.
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PAGE experiments were performed with 17.5% PAGE (4.256
mL H,0, 3.5 mL 40% Acry/Bis, 160 uL 50 X TAE, 80 uL Aps
(10%), 4 uL TEMED). In 1 X TAE solution, the voltage was
maintained at 170 V for S min and then at 110 V for 90 min.
Next, the gel was stained with EB solution (0.585 g NaCl, 100
mL H,0, 30 uL EB) for 40 min, and then photographs were
taken under an electrophoresis apparatus.

B RESULTS AND DISCUSSION

Morphology Characterization and Optimization of
New Composite TiO, NNs. The acicular nanomaterial was
characterized by TEM and SEM. As shown in Figure S1, TiO,
NNs had a standard needle-like structure and a uniform length
of about 400 nm, which was consistent with the reported
research. This indicated the successful synthesis of TiO, NNs.
Irregular protrusions appeared on the surface of TiO, NNs
coated with PANI (Figure 1A,B). The appearance of C and N
elements in Figure 1C proved the formation of PANI on the
surface of TiO, NNs. Meanwhile, the visual distribution of C,
N, O, and Ti elements shown in Figure 1D—G also illustrates
the successful uniform packing of PANIL Therefore, the new
composite nanomaterials had been successfully prepared and
the composite materials still maintained the standard needle-
like structure.

Characterization of the MB Modification Process and
Nucleic Acid Cycle Program. The modified MBs were
characterized by TEM and zeta potential. A layer of obvious
adhesion was observed on the surface of the MBs modified
with dendritic peptide (Figure S2B) and the further
modification of DNA (Figure S2C) compared with bare
MBs (Figure S2A). At the same time, the successive
appearance of N and P elements in the corresponding EDX
element analysis spectrum also proved the successful
modification of dendritic peptide and DNA on MBs (D, E).
As displayed in Figure S3, the bare MBs were electronegative
due to the carboxyl groups on the surface. Then they became
electrically neutral when the dendritic peptide was modified.
With the further modification of DNA, the modified MBs were
in an electronegative state due to the negative charge of DNA.
These results further proved the successful modification of
dendritic peptide and DNA on MBs.

The nucleic acid cycle hybridization process was verified by
PAGE. Considering the poor stability of RNA in vitro, a
synthetic DNA target was used instead of miRNA 21 for PAGE
experiments. As shown in Figure 2A, the DNAzyme, target
DNA, and substrate strand correspond to lane 1 to lane 3,
respectively. A significantly higher band representing the
hybridization of the DNAzyme and target DNA was observed
in lane 4. Two obvious bands were observed in the mixture of
the DNAzyme and substrate (lane S) and the mixture of the
substrate and target DNA (lane 6), proving that no
hybridization reaction occurred. This proved that the
calculation cycle cannot be performed without target DNA.
When the three strands were mixed, a higher band representing
the hybridization of the three strands was observed, and the
other band was the redundant DNAzyme (lane 7). Compared
with lane 7 without Mn**, the highest band of triple-strand
hybridization in lane 8 with Mn?* disappeared and a band with
the same height as lane 4 appeared. More importantly, a band
representing the output DNA generated by the cutting of the
substrate strand appeared in the lowest position. This proved
the success of the nucleic acid cycle amplification program
based on the DNAzyme. Next, the HCR process was verified

5

Figure 2. Gel electrophoresis image of the nucleic acid cycle process
(A): lane 1, DNAzyme; lane 2, target DNA; lane 3, substrate; lane 4,
DNAzyme + target DNA; lane S, DNAzyme + substrate; lane 6,
substrate + target DNA; lane 7, DNAzyme + target DNA + substrate;
lane 8, DNAzyme + target DNA + substrate + Mn?*; and the HCR
process (B): lane 1, H1; lane 2, H2; lane 3, H3; lane 4, H1 + H2 +
H3; lane S, H1 + H2 + H3 + output DNA.

by the PAGE experiment. As depicted in Figure 2B, H1, H2,
and H3 correspond to lanes 1 to 3, respectively. No new bands
were observed for the mixture of three hairpin DNA:s,
indicating that the HCR process cannot occur without the
target DNA (lane 4). When the output DNA generated by the
nucleic acid cycle amplification process was added, a large
ladder-like band appeared in lane S, which proved the success
of the HCR process. Therefore, the results of PAGE
experiments proved the perfect feasibility of the designed
nucleic acid cycle amplification program and HCR process.
This allowed our strategy to have lower background and
detection limits.

Anti-Fouling Performance of Dendritic Peptide-
Encapsulated MBs. The most basic requirements for a
peptide to have anti-fouling properties are to be electrically
neutral and have good hydrophilicity. The hydrophilic
property of the dendritic peptide was explored through static
water contact angle experiments (Figure 3A,B and Table 1).
Since the MBs are modified with carboxyl groups, a lower
water contact angle appeared. The water contact angle value
was still small after the peptide was wrapped, which proved
that the dendritic peptide can form a surface with electrical
neutralization and good hydrophilicity. To evaluate the anti-
fouling property of the sensing strategy, protein attachment to
the dendritic peptide modified MBs was carried out by using
FITC-fluorescein-modified BSA (BSA-FITC) as an attachment
model. The fluorescence intensities of the BSA-FITC solution
before and after the incubation with the dendritic peptide
modified MBs and naked MBs were measured. As depicted in
Figure 3A, the fluorescence signal intensity of the MBs/peptide
supernatant (curve b) decreases by only 5.5%, which was very
similar to the fluorescence signal intensity of the BSA-FITC
stock solution (curve a). However, the fluorescence signal of
the supernatant of the bare MBs decreases by nearly 41.8%
compared with the original solution. These results show that
after the MBs were modified with dendritic peptide, the ability
to prevent nonspecific adsorption of impurities was signifi-
cantly enhanced.

To verify the anti-fouling ability of the MBs/peptide in real
complex samples, the recovery rates of standard addition in
three different complex environments of FBS, human serum,
and HeLa cell lysate were also researched. As depicted in Table
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Figure 3. Water contact angle diagrams of MBs (A) and MBs/peptide (B); characterization of the anti-fouling performance of dendritic peptide-
coated MBs by using BSA-FITC as an attachment model (C), the fluorescence intensities of the BSA-FITC solution before (a) and after incubation

with the modified MBs (b) and naked MBs (c).

Table 1. Static Water Contact Angles of Different Surfaces

surface contact angle (°)

point MBs MBs/peptide
1 15.96 15.70
2 15.15 16.02
3 16.43 15.11
average 15.85 15.61

2, the MBs/peptide experimental group obtained very ideal
recovery rates in FBS and human serum samples in contrast

Table 2. Comparison of the MBs Modified with or without
Peptide in Complex Matrices

MBs MBs/peptide
added found recovery added found recovery
eM)  (pM) (%) (M) (M) (%)

FBS (40%) 01 008 80.0 0.1 0.09 90.0
1.0 0.81 81.0 1.0 0.93 93.0

10.0 7.63 76.3 10.0 91.5 91.5

human 0.1 0.07 70.0 0.1 0.09 90.0
?231021) L0 076 76.0 1.0 0.92 92.0
10.0 8.21 82.1 10.0 9.28 92.8

cell lysate 0.1 0.09 90.0 0.1 0.11 110.0
1.0 0.92 92.0 1.0 1.12 112.0

10.0 9.36 93.6 10.0 10.81 108.1

with the bare MBs. This difference may be ascribed to the
adhesion of impurities on the bare MBs, which increased steric
hindrance and hindered the nucleic acid recognition process
on the surface. Because there is a few amount of miRNA 21
existing in HeLa cells, the recovery rates of the two sets of
experiments conducted in the HeLa cell lysate are both higher,
especially the recovery rate of the anti-fouling MB group,
exceeding 100%. In summary, these results indicated that the
MBs/peptide had good anti-fouling performance due to the
presence of the dendritic peptide layer.

Characterization of Electrode Construction and ECL
Enhancement of TiO, NNs. The step-by-step construction
of the biosensor was verified by cyclic voltammetry (CV) as
exhibited in Figure 4A. Due to the poor conductivity of TiO,
NNs, the redox peak current signal of the TiO, NNs/GCE
(curve b) is lower than that of the bare GCE (curve a). After
the formation of the PANI film on the surface of TiO, NNs/
GCE, the current signal enhanced significantly (curve c)
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because of the excellent conductivity of PANI. With the further
modification of negatively charged DNA, the current signal has
a further decrease (curve d). This is due to the mutual
repulsion of the same charges, which prevents the electron
transition between [Fe(CN)¢]>~/* and sensing surface.

The stepwise construction of the biosensor was also verified
through electrochemical impedance spectra (EIS). As dis-
played in Figure 4B, the electrode modified with TiO, NNs
(curve b) showed a larger semicircle in the EIS spectrum in
contrast with the bare GCE (curve a). After the electro-
deposition of the PANI film, the diameter of the semicircle in
the spectrum decreased significantly (curve c). When the DNA
strand was assembled on the electrode, the diameter of the
semicircle increased (curve d). This result completely matches
with the result of CV and further proves the successful
construction of the designed ECL sensor.

Figure 4C shows that the current signal of the 50th circle
decreased by only 9.1% compared with the first circle after 50
consecutive CV scans of the assembled sensor, which proves
the high stability of the designed biosensor.

In order to verify the performance of the synthesized TiO,
NN for ECL signal enhancement, we compared the responses
of sensors with (curve b) and without (curve a) TiO, NNs in
the same concentration target. As displayed in Figure 4D, the
ECL strength of curve b is almost twice as strong as that of
curve a, showing great enhancement of TiO, NNs.

Optimization of the Experimental Conditions. The
polymerization time of PANI was optimized as shown in
Figure 3F. The ECL signal of the modified electrode increased
at the first 10 min and then decreased slightly to an
equilibration step. The significant signal increase describes
the excellent conductivity of PANIL Nevertheless, with the
continuous increase of the thickness of the PANI film, the ECL
enhancement of TiO, NNs is hindered and the ECL signal
decreases. Therefore, 10 min is chosen as the best electro-
polymerization time for PANL

The concentration of capture DNA is crucial for detection,
so the concentrations of DNAzyme modified on the surface of
MBs and H1 modified on the surface of the electrode were
optimized. With the increase of DNA concentration, the ECL
signals gradually increased at first and then decreased a little
and got a flat eventually as shown in Figure SSA,B. The
optimal concentrations of DNAzyme and H1 were 20 and 1
UM, respectively. Considering that the density of DNA
connected to the electrode surface will affect the recognition
process and thus the response of the sensor, the density of
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[Fe(CN)4]*~+ (C); ECL signal response of Ru(bpy),(cpaphen)** with and without TiO, NN modification in PBS (0.1 M, pH = 7.4) containing

10 mM TPrA (D).
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Figure S. ECL response to different concentrations: 1 fM, 10 fM, 100 fM, 1 pM, 10 pM, 100 pM, and 1 nM targets in 0.1 M PBS containing 10
mM TPrA (A) and calibration plot of the ECL signal strength and the logarithmic value of Czna 21 (B)-

DNA connected to the electrode surface and its influence were
further explored. To calculate the density of DNA probes on
the capture DNA modified electrode surface, H1* (H1 tagged
with the FAM fluorophore) was employed to replace H1 and
the density of the H1* immobilized onto the GCE/TiO,
NNs/PANI was calculated to be about 2.30 X 10'* strands/
cm? (Supporting Information, Part 9). Obviously, the density
of the DNA probes on the capture DNA modified electrode
surface was consistent with the concentration of the HI used
to immobilization on the electrode. As shown in Figure SS in
the Supporting Information, the ECL intensity increased upon
increasing the concentration from 1.0 X 1078 t01.0 X 107 M,
and then it started to decline. The density at the optimal
concentration is about 107 M. The possible reason is that
increasing the density of the capture probe could capture more
output DNA to open Hl on the sensing interface and
subsequently obtain more long double-stranded DNA through
the HCR process with the participation of the H2 and H3. The
ECL intensity increased consequently. However, too much H1
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will hinder the recognition and binding processes on the
electrode surface due to the steric hindrance, which will reduce
the ECL signal obtained by the high concentration (density) of
H1.

Analytical Performance of the Highly Sensitive
Biosensor. Figure SA shows the ECL intensities of different
concentrations of miRNA 21 from 1 fM to 1 nM. We can see
that the ECL response strength increases significantly with the
increase of the amount of target. The ECL signal intensity had
a satisfactory linear correlation with the logarithm of C_zna 21
(Figure SB). The linear equation was I = 31552.96 + 1750.77
lg C with a detection limit (LOD) of 0.13 fM based on 3.36/k.
Compared with the reported works on miRNA 21 analysis as
exhibited in Table 3, the designed analysis strategy has a wider
response range and lower detection limit.

In order to highlight the superiority of the dual signal
amplification strategy, we evaluated the biosensor response
performance of the single signal amplification strategy. Because
the ECL signal source Ru(bpy),(cpaphen)** generates signals

https://doi.org/10.1021/acs.analchem.1c02186
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Table 3. Comparison of This Analysis Strategy with
Reported Works for miRNA 21 Detection

detection method linear range LOD ref
electrochemical 0.10 nM to 10.0 nM S pM 48
fluorescence 20 pM to 10 nM 8 pM 49

ECL 2 fM to 100 pM 0.4 M S0
photoluminescence 10 fM to 500 fM 3.0 M 51

ECL 1fM to 1 nM 0.13 fM this work

by intercalating into the dsDNA, if there is no HCR process,
too short dsDNA cannot load enough Ru(bpy),(cpaphen)*,
which makes the sensor unable to respond effectively.
Therefore, although the HCR reaction is also a kind of
amplification process, the control experiment with and without
the HCR process was not carried out in the comparative
experiment. In the experimental group with only TiO, NNs
and no DNAzyme cycle amplification, we designed a cycle-free
nucleic acid hybridization sequence (Scheme S1). First, the
DNA hybridization reaction of the process was verified by gel
electrophoresis experiments. As shown in Figure S8, the H1’
can be opened only when the target exists and the HCR
process was initiated, which proved the feasibility of the
designed DNA hybridization process. The two single
amplification mode sensors with only DNAzyme cyclic and
only TiO, NN enhanced amplification had linear responses in
ranges of 40 fM to 25 pM and 50 fM to 13 pM, respectively
(Figures S9A and Figures S10A). The linear equations were I =
22979.6 + 1579.4 1g(c/M) and I = 25573.1 + 1640.92 1g(c/M),
with LODs of 4.2 and 5.6 fM (S/N = 3), respectively (Figures
S9B and Figures S10B). Compared with the single signal
amplification strategy, the biosensor of the dual signal
amplification strategy can respond in a wider linear range
and obtain a lower detection limit. This enables the

constructed biosensor to realize more sensitive analysis and
detection of miRNA 21 and is expected to realize early
diagnosis of diseases.

Stability and Selectivity of the Biosensor. For the
purpose of evaluating the stability of the ECL signal response,
the signal strength was first evaluated by continuous ECL
measurement in 0.1 M PBS containing 10 mM TPrA. As
shown in Figure 6A, the ECL signal remained nearly
unchanged after 25 cycles and the relative standard deviation
(RSD) was 2.4%. In addition, the biosensor remained >90% of
its original ECL response after being stored at 4 °C in PBS for
20 days and the RSD was 3.1% (Figure 6B). The above results
proved that the assembled sensor had very high stability in
both signal response and long-term storage. To investigate the
selectivity, the ECL response analysis of different miRNAs, one
base and two bases mismatched miRNA-21 (M-1 and M-2),
and their mixture was carried out under the same conditions. It
can be seen from Figure 6C that the interfacial ECL responses
are significantly lower than that of the specific response to the
target miRNA, indicating excellent specificity of miRNA 21.

Detection of miRNA 21 in Different Cell Lysates. Due
to the resistance to nonspecific adsorption of biomolecules in
complex biological samples of the anti-fouling MBs, the
designed analysis strategy can be used for detection of miRNA
21 in MCF-7 and HelLa cell lysate with different cell numbers.
As shown in Figure 6D, the intensity of the ECL response
increases with the increase of the amount of cells (10, 10% 10°,
104, and 10° cells) and a good correlation is obtained,
indicating the acceptable accuracy for miRNA detection in real
complex samples. In addition, from the results, we can see that
MCEF-7 cells show higher expression than HeLa cells, which is
consistent with previous research conclusions. The concen-
trations of the target substance in 10 MCF-7 cells and 10 HeLa
cell Iysates obtained with a Trizol reagent are about 1.52 X
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Figure 6. (A) ECL response after 25 consecutive scans. (B) ECL signal changes of the constructed sensor after storage for different days: 0, S, 10,
15, and 20 days. (C) Selectivity of the constructed sensor to different interfering substances: M-1, M-2, miRNA 141, miRNA 155, and miRNA let-
7a. (D) ECL response of this constructed biosensor to the cell Iysate of different numbers: 10, 10 10% 10% and 10° of HeLa and MCEF-7.
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107" and 1.40 X 1077 M, respectively. Thus, the double signal
amplification ECL analysis strategy based on anti-fouling MBs
has potential application for analysis of miRNA 21 in other
biological samples.

B CONCLUSIONS

In conclusion, we proposed a signal amplification ECL
biosensor based on anti-fouling MBs and TiO, NNs/PANI
composite nanomaterials for the detection of miRNA in
complex biological samples. The double signal amplification
broadens the detection range and improves the sensitivity. The
introduction of PANI with excellent conductivity makes up for
the poorly conductive TiO, NNs, which can greatly enhance
the ECL signal of Ru(bpy),(cpaphen)**. The newly designed
dendrimer peptide exhibits pretty good resistance to non-
specific adsorption of biomolecules in complex biological
samples’” performance, so the modified MBs could realize anti-
fouling magnetic separation and the subsequent ECL analysis
shows high sensitivity and accuracy even in different cell
lysates. We believe that the design principle presented herein
represents a very promising advancement to construct anti-
fouling biosensors and may be readily extended to a broad
range of sensing devices for determination of targets in
complex media.
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