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g r a p h i c a l a b s t r a c t
� C60@PAMAM-MOF was first synthe-
sized and applied as redox nanop-
robe and nanocarrier to generate and
amplify detection signal.

� Au@PtNPs decorated CS-AB as
sensing platform further accelerated
electron transfer and enhanced the
response signal.

� The proposed microRNA biosensor
showed wider linear range and lower
detection limit compared with that of
qRT-PCR.

� This method exhibited satisfactory
results for miR-3675-3p detection in
serum samples.
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a b s t r a c t

Idiopathic pulmonary fibrosis (IPF) is an interstitial lung disease with unclear pathogenesis, for which
diagnosis has been a great challenge. Recent researches have revealed that miR-3675-3p is a promising
biomarker for IPF diagnosis. Herein, the present work describes a novel electrochemical microRNA
biosensor for rapid and sensitive detection of miR-3675-3p based on multiple signal amplification
strategies. First of all, fullerene (C60) is doped with poly(amidoamine) (PAMAM)-functionalized metal-
organic framework (MOF) to form a new nanohybrid of C60@PAMAM-MOF, which exhibits more
remarkable redox activity compared with the other two synthesized C60-based nanohybrids when
triggered by tetraoctylammonium bromide (TOAB). C60@PAMAM-MOF also possesses a large specific
surface area and abundant amino groups to anchor Au nanoparticles (AuNPs) for the immobilization of
signal probe (SP) to form tracer label and enhance the electrochemical response signal. In addition,
core@shell AuePt nanoparticles (Au@PtNPs) are absorbed on chitosan-acetylene black (CS-AB) to act as
sensing platform, which can promote electron transfer and increase the loading of capture probe (CP).
Under optimum conditions, the proposed biosensor displays a wide linear range for miR-3675-3p from
10 fM to 10 nM, with a limit of detection (LOD) as low as 2.99 fM. More significantly, this biosensor shows
to this work.
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a lower LOD and wider linear range than that of qRT-PCR, and its trial application in human serum shows
favorable results, which exhibits a promising prospect for IPF diagnosis.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Idiopathic pulmonary fibrosis (IPF) is a severe chronic and
progressive interstitial lung disease caused by fibroblast prolifera-
tion, epithelial injury and extracellular matrix deposition [1]. Up to
now, IPF has afflicted 3 million people and held median survival of
2e3 years, and the incidence andmortality are gradually increasing
[2]. The clinical symptoms, dyspnea and dry cough, are unrepre-
sentative and prone to be ignored, so cautious screening of the
patients with these symptoms is crucial to timely detection of IPF.
At present, high-resolution computed tomography (HRCT) with the
advantages of non-invasive and highly sensitive is extensively used
in the diagnosis of IPF. However, not all patients have typical HRCT
features (approximately 30% of patients present indeterminate
HRCT patterns) and require further diagnostic examinations. Ac-
cording to the guidelines of Diagnosis of Idiopathic Pulmonary
Fibrosis in 2018, surgical lung biopsy (SLB) and a multiple disci-
plinary team are recommended for the diagnosis of these patients
[3,4]. SLB was also recommended especially in the patients with
pattern of unconfident HRCT diagnosis and probable interstitial
lung disease, but its application is restricted by the cost and inva-
siveness [5]. Therefore, it is urgent to develop a non-invasive
diagnostic procedure, such as a biomarker detector, to assist the
diagnosis of IPF.

MicroRNA (miRNA), a group of noncoding short-sequence sin-
gle-strand RNA (approximately 22 nucleotides in length), is the
most common serum biomarker for diagnosis. It has been shown
that aberrant expression of miRNA plays a pivotal role in IPF [6]. It is
reported that miR-3675-3p can be a suitable candidate-specific
biomarker for IPF diagnosis [7] for it is significantly overex-
pressed in IPF patients in comparison to healthy control group [8].
To date, conventional methods for miRNA detection include
quantitative real-time polymerase chain reaction (qRT-PCR),
northern blotting and microarray [9]. Detection of miRNA using
qRT-PCR exhibits high sensitivity but requires professional skills,
specialized equipment and is prone to false-positive results.
Northern blotting and microarray are limited by low efficiency,
expensive cost and lengthy detection time. Therefore, it is neces-
sary to develop a sensitive, cost-effective and fast alternative. Of
late, the electrochemical biosensor is extensively applied due to
high sensitivity and portability. However, electrochemical assay
alone is unfit for quantification of miRNA owing to small molecular
size, low abundance and similar sequence. To solve this defect, a
signal amplification strategy based on nanomaterials is introduced
to enhance the sensitivity of the electrochemical biosensor.

Metal-organic framework (MOF), an emerging porous nano-
material, is composed of metal ions/clusters and organic linkers via
coordination bonds [10]. Recently, MOF has attracted great atten-
tion because of large surface area, high porosity, controllable size
and easy functionalization, and has been widely applied in various
fields such as sensors [11], catalysts [12], gas storage [13], drug
delivery [14] and so forth. It is well known that MOF in combination
with carbon nanomaterials remarkably improves the detection
performance of a biosensor. For example, Fu et al. prepared NH2-
MIL-101(Fe)-graphene oxide via FeeO covalent bond, which
enhanced electrical conductivity and stability for simultaneous
detection of uric acid, xanthine and hypoxanthine [15]. Cai et al.
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synthesized flake-like Mn-MOF-single walled carbon nanotubes
(Mn-MOF-SWCNTs) for Pb2þ detection with favorable anti-
interference performance [16]. Hatamluyi et al. used carbon
quantum dots decorated by hexagonal boron nitride (CQDs@HBN)
and UiO-66-NH2 self-assembly modified on the electrodes for
improved sensitivity to detect oxaliplatin [17]. In short, the per-
formance improvement of the aforementioned biosensors is mainly
attributed to the synergistic effect among MOF and carbon mate-
rials, and it is reasonable to hypothesize that MOF in combination
with other carbon materials will also display the similar synergistic
effect and outstanding electrochemical performance.

Fullerene (C60), a common zero-dimensional carbon material,
has the advantages of high conductivity, strong electron receptivity
and large specific surface area [18e20]. Besides, it possesses unique
redox activity compared with other carbon allotropes, and is
considered as an ideal electrical signal material and redox nanop-
robe. In our previous work, we successfully synthesized C60-doped
polyaniline (C60-PAn) [21] and C60NPs-decorated N-CNTs/GO
(C60NPs-N-CNTs/GO) [22] as redox nanoprobes to construct apta-
sensors for ultrasensitive detection of MPT64 antigen. To the best of
our knowledge, designing the nanohybrid of MOF coupled with C60
as redox nanoprobe in electrochemical biosensors has not been
reported.

Based on the above description, we successfully synthesized two
new nanohybrids via two facile methods, whichwere labeled as C60

doped poly(amidoamine)-MOF (C60@PAMAM-MOF) and needle-
like C60 doped poly(amidoamine) conjugated with MOF
(NC60@PAMAM-MOF), respectively. These nanocomposites not
only revealed that large specific surface area to adsorb plenty of
biomolecules, but also exhibited prominent redox activity and
favorable electrical conductivity [23]. More importantly, both the
two nanohybrids exhibited outstanding electrochemical perfor-
mance in comparison to C60 doped poly(amidoamine)
(C60@PAMAM), and C60@PAMAM-MOF showed a superior electro-
chemical signal and was selected as the signal amplifier for appli-
cation in whole experiment.

Acetylene black (AB), another carbon material with prominent
electrical conductivity and adsorption capacity, is a favorable sub-
strate material and has been extensively applied in electrochemical
biosensor. For example, Ibrahim and Shuai’s groups successfully
prepared AB-CeO2NPs [24] and tungsten disulfide/AB (WS2-AB)
[25] nanocomposites which exhibited outstanding conductivity
and used them as sensor platform to improve sensitivity of the
biosensor. Additionally, bimetallic nanoparticles with core@shell
structure, such as bimetallic Au@Pt nanoparticles (Au@PtNPs),
were also widely applied owing to larger specific surface area and
higher conductivity than monometallic [26].

Herein, a facile electrochemical miRNA biosensor for miR-3675-
3p determination was constructed using Au@PtNPs decorated
chitosan-AB (CS-AB) as sensing platform and C60@PAMAM-MOF as
signal amplifier for the first time. First of all, CS-AB was modified
onto the surface of glassy carbon electrode (GCE) to increase the
conductivity and specific surface area of GCE. Then abundant
Au@PtNPs were assembled on CS-AB for the immobilization of
thiol-modified capture probe (CP) via PteS bonds. Meanwhile, the
newly designed C60@PAMAM-MOF nanohybrid was decorated with
AuNPs to attach the signal probe (SP) to form the tracer label. After
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the hybridization among CP, miR-3675-3p and SP, quantitative
detection of miR-3675-3p was realized with the redox activity of
tracer label motivated by tetraoctylammonium bromide (TOAB).
The stepwise fabrication procedure of the miRNA biosensor and
comparison of different tracer labels were illustrated in Fig. 1.
2. Experimental section

2.1. Materials and chemicals

Fullerene (C60, 99.5%) powder and acetylene black (AB, elec-
tronic grade) were purchased from XianFeng Nano Materials
(Nanjing, China) and Aiweixin Chemical (Tianjin, China) Technol-
ogy Co., Ltd, respectively. Amine-terminated poly(amidoamine)
(PAMAM, G5.0), chloroauric acid (HAuCl4), chloroplatinic acid
(H2PtCl6) and 2-aminoterephthalic acid (99%) were ordered from
Sigma-aldrich (USA). Tetraoctylammonium bromide (TOAB, 98%)
and bovine serum albumin (BSA, 98%) were obtained from Yuanye
Biotechnology (Shanghai, China) and Bailingwei Technology (Bei-
jing, China) Co., Ltd. Tris (2-carboxyethyl) phosphine hydrochloride
(TCEP, 98%) and iron (III) chloride hexahydrate (FeCl3$6H2O, 99%)
were purchased from Aladdin (USA). Chitosan (CS), ascorbic acid
(AA), sodium borohydride (NaBH4) and trisodium citrate dihydrate
were ordered from Chengdu Kelong Chemical Reagent (Chengdu,
China). N, N-Dimethylformamide (DMF) and toluenewere obtained
from Macklin Biochemical (Shanghai, China) and Chuandong
Chemical (Chongqing, China) Co., Ltd, respectively. FastStart Uni-
versal SYBR Green Master (Rox) was obtained from Servicebio
technology Co., Ltd (Wuhan, China). RevertAid First Strand cDNA
Synthesis Kit was ordered from Thermo Scientific (USA). Other
chemicals were of analytical purity. Ultrapure water (with re-
sistivity of 18.2 MU cm) was employed in the whole experiment.
Diethyl pyrocarbonate (DEPC) water and the nucleotides were
provided by Sangon Biotech Co., Ltd (Shanghai, China), and all the
nucleotides were purified by HPLC. Sequences of the nucleotides
are summarized in Table 1.

All miRNAs were dissolved in DEPC water and stored in an
RNase-free tube at �80 �C to avoid degradation. The DNAs were
dissolved in the TES buffer solution containing 0.1 M NaCl, 1 mM
Fig. 1. Schematic diagrams of the preparation process of three tracer labels and the co
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EDTA and 10 mM TCEP and stored at �20 �C.
2.2. Instruments and measurement

The images of scanning electron microscope (SEM) and energy
dispersive spectroscopy (EDS) were recorded with field emission-
scanning electron microscope instrument (Merlin Compact, Ger-
many) at 10.0 kV. Transmission electron microscopy (TEM) images
were collected with Talos F200X instrument (Thermo Fischer, USA).
Fourier transform-infrared (FT-IR) and UVevis absorption spec-
trum were collected with Nicolet iS50 (Thermo Fisher, USA) and
UV-2600 spectrophotometer (Kyoto, Japan). qRT-PCR was per-
formed with Stepone plus (ABI, USA), and RNA concentration was
measured with NanoDrop 2000 spectrophotometer (Thermo Sci-
entific, USA). The electrochemical procedure was performed with
CHI660E electrochemical workstations (Shanghai, China) using the
classical three-electrode system which included the reference
electrode (saturated calomel electrode, SCE), the auxiliary electrode
(platinum wire) and the working electrodes (GCE). The measure-
ment methods included differential pulse voltammetry (DPV), cy-
clic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS). The DPV experiments were measured in 0.1 M
PBS solution (containing 10 mM KCl and 2 mMMgCl2), which were
performed from �0.4 V to 0.3 V (with a scan rate of 20 mV s�1, a
potential step of 4 mV, an amplitude of 50 mV and a pulse width of
50 ms). The CV experiments were performed in 5 mM [Fe(CN)6]3-/4-

containing 0.1 M KCl from �0.2 V to 0.6 V with a scan rate of
100 mV s�1 for 6 cycles. The EIS measurements were performed in
[Fe(CN)6]3-/4- containing 0.1 M KCl at frequencies ranging from
0.1 Hz to 0.1 MHz (with an amplitude of 50 mV and quiet time of
2 s).
2.3. Preparation of MOF

MOF was synthesized with the solvothermal method based on
previously reports with slight improvements [27]. Typically, 15 mL
of DMF containing 0.187 g of FeCl3$6H2O (0.692 mmol) and 0.126 g
of 2-aminoterephthalic acid (0.692 mmol) were transferred to the
vial, and 207 mL of acetic acid (3.45 mmol) was added into it. Then,
nstruction of the electrochemical miRNA biosensor for detection of miR-3675-3p.



Table 1
List of the oligonucleotide sequences employed in this work.

Nucleotide name Nucleotide sequence (5’/30)

miR-3675-3p (Target) CAUCUCUAAGGAACUCCCCCAA
Capture Probe (CP) CCTTAGAGATG-(CH2)6-SH
Signal Probe (SP) SH-(CH2)6-TTGGGGGAGTT
Let-7d-5p AGAGGUAGUAGGUUGCAUAGUU
Single base mismatch (SBM)a CAUCUCUAAGGAACUCACCCAA
Forward primer ACACTCCAGCTGGGCATCTCTAAGGAACT
Downstream primer TGGTGTCGTGGAGTCG
Reverse primer CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAG TTGGGGAG

a The underlined part of the sequence represented the mismatch site of the target miRNA.
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the mixture was moved to the oil bath and stirred for 4 h at 120 �C.
When cooled to room temperature, the brown-red solution was
sequentially washed with DMF and ethanol (10000 rpm, 8 min) to
remove excrescent impurities and dried to obtain MOF.

2.4. Preparation of C60@PAMAM-MOF, NC60@PAMAM-MOF and
C60@PAMAM

The nanohybrid of C60@PAMAM-MOF was prepared with the
phase-transfer method. Briefly, 5 mg of MOF was dissolved in 5 mL
of ultrapure water, resulting in a brown-red solution, and after
addition of 200 mL of PAMAM, the brown-red color changed into
bright-yellow. After stirring overnight, the product was washed by
ultrapure water for several times and was re-dispersed in 5 mL of
ultrapure water to obtain PAMAM-MOF, and then 20 mL of ethanol
was added. Next, the mixture was added into 5 mL of toluene-
soluble C60 (1 mg mL�1) with magnetic stirring for 30 h at room
temperature. The resultant mixture was subjected to centrifuga-
tion, and the sediment was washed successively with ethanol and
ultrapure water, and dispersed into 5 mL of ultrapure water to gain
C60@PAMAM-MOF (1 mg mL�1) and stored at 4 �C in a refrigerator.

For comparison, C60@PAMAM (1 mg mL�1) was prepared
following the same steps in the absence of MOF, and NC60@PA-
MAM-MOF was prepared via a direct-mixing method with the
same substrates. To prepare NC60@PAMAM-MOF, 5 mL of MOF
(1 mg mL�1) was added into 5 mL of C60@PAMAM with stirring for
30 h. The excess reactant was removed by centrifugation, and the
product was washed with ultrapure water for several times and
dispersed in ultrapure water to obtain NC60@PAMAM-MOF
(1 mg mL�1).

2.5. Preparation of the three tracer labels

AuNPs were loaded on the surface of C60@PAMAM-MOF by
reduction of HAuCl4 with NaBH4. Concretely, 1 mL of HAuCl4 (1%)
was put into 5mL of C60@PAMAM-MOFwith stirring for 15min and
followed by addition 2 mL of NaBH4 (4 mg mL�1) for 40 min, in
which process AuNPs were immobilized via AueN bonds to obtain
C60@PAMAM-MOF-AuNPs. After that, the signal probe (SP, 2 mM)
was pretreated with TES buffer containing 10 mM TCEP and then
added to the mixture at 4 �C and kept for 12 h to obtain
C60@PAMAM-MOF-AuNPs-SP (Tracer label 1). Analogously,
NC60@PAMAM-MOF-AuNPs-SP (Tracer label 2) and C60@PAMAM-
AuNPs-SP (Tracer label 3) were prepared likewise.

2.6. Preparation of CS-AB and core@shell Au@PtNPs

CS-AB suspension was prepared on the basis of a reported
method [28]. 1 mg of AB was dispersed in chitosan-acetic acid so-
lution (0.5 wt%) with ultrasound treatment to obtain a suspension
of CS-AB. Core@shell Au@PtNPs were synthetized by the reduction
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method according to our previous work [29]. In the first step,
2.5 mL of trisodium citrate was put into 100 mL of boiled HAuCl4
solution for 15 min. When the mixture was cooled to room tem-
perature, the color changed from blue to claret, and colloidal AuNPs
was successfully synthesized. In the next step, 20 mL of colloidal
AuNPs was added in 30 mL of ultrapure water and was heated to
80 �C. Then 2.5 mL of H2PtCl6 was quickly poured and 1.75 mL AA
was slowly dripped into the mixture respectively, and the mixture
was heated until the color turned black and remained so. The ob-
tained Au@PtNPs were transferred to a brown bottle and stored at
4 �C for future use.
2.7. Fabrication of the electrochemical miRNA biosensor

GCE (F ¼ 4 mm) was polished with alumina powder (0.3 and
0.05 mm) and sonicated in ultrapure water and ethanol several
times prior to use. Firstly, 6 mL of CS-AB suspension and 6 mL of
Au@PtNPs were successively dripped onto the mirror-like GCE and
naturally dried in the air. Then 20 mL of CP (2 mM) containing 10mM
TCEP was thrown onto the electrode surface and kept at room
temperature for 12 h, and the electrode was incubated with 20 mL
BSA (0.25 wt%) blocked the non-specific sites for 45 min and then
cleaned with ultrapure water. Next, 20 mL of target miR-3675-3p in
various concentrations and 20 mL of as-prepared Tracer label 1 were
dropped onto the surface and each hybridized at 37 �C for 2 h, and
then the electrode was rinsed with DEPC water to remove non-
hybridized nucleic acid. Finally, 10 mM TOAB was pipetted onto
the modified electrode to provoke the intrinsic redox activity of
Tracer label 1, and the electroactivity was recorded in DPV.
3. Results and discussion

3.1. Morphological and elemental characterization of different
nanocomposites

The morphology of the as-prepared nanocomposites was char-
acterized by SEM. Pure MOF (Fig. 2A) displayed regular octahedral
structures in accordance with previous report [30]. The dispersive
octahedrons were aggregated with the addition of PAMAM due to
physical absorption of PAMAM on the MOF surface (Fig. 2B). After
doping with C60 (Fig. 2C), the irregular spheres with different di-
ameters tightly connected with PAMAM-MOF through the amino
groups reacted with C60, exhibiting large specific surface area [31].
Simultaneously, TEM mapping (Fig. 2F) displayed uniform distri-
bution of C (red), Fe (yellow), O (blue) and N (green) elements in
C60@PAMAM-MOF. These results indicated the successful prepara-
tion of C60@PAMAM-MOF. As shown in Fig. 2D, a large number of
shining AuNPs could be found on the surface of C60@PAMAM-MOF,
and the existence of Au elements was corroborated with EDS
(Fig. 2E).



Fig. 2. The SEM images of (A) MOF, (B) PAMAM-MOF, (C) C60@PAMAM-MOF, (D) C60@PAMAM-MOF-AuNPs. (E) The EDS images of C60@PAMAM-MOF-AuNPs. (F) The TEM element
mapping images of C60@PAMAM-MOF.

Fig. 3. (A) FT-IR spectra of (a) MOF, (b) PAMAM-MOF and (c) C60@PAMAM-MOF. (B) UVevis spectra of (a) MOF, (b) PAMAM-MOF, (c) C60@PAMAM-MOF and (d) C60@PAMAM-MOF-
AuNPs. (C) CV and (D) EIS of characterization step by step of various electrodes in 5 mM [Fe(CN)6]3-/4- containing 0.1 M KCl: (a) bare GCE, (b) CS-AB/GCE, (c) Au@PtNPs/CS-AB/GCE,
(d) CP/Au@PtNPs/CS-AB/GCE, (e) BSA/CP/Au@PtNPs/CS-AB/GCE and (f) miR-3675-3p/BSA/CP/Au@PtNPs/CS-AB/GCE.
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3.2. Structural characterization of different nanocomposites

FT-IR spectrum was used to verify the structure of the nano-
materials, and the results were shown in Fig. 3A. Curve a showed
the characteristic bands of MOF in accordance with other previous
reports [32e34]. Concretely, the 3464 cm�1 and the 3355 cm�1

bands were attributed to the symmetrical and asymmetric vibra-
tions of the terminal amino groups [32], and the 1655e1384 cm�1

bands were mainly derived from carboxylate [33]. The 769 cm�1

band illustrated the formation of FeeO, which indicated the suc-
cessful synthesis of MOF [34]. After modification with PAMAM, a
great deal of characteristic peaks of MOF vanished and the
remaining two peaks shifted to 1632 and 1541 cm�1, which proved
that PAMAM-MOF was successfully synthesized [35,36]. After
doping with C60, the bands of PAMAM-MOF displayed a slight blue-
shift and exhibited four new peaks (1428, 1182, 576 and 526 cm�1)
on curve c, which confirmed the formation of C60@PAMAM-MOF
[22].

Simultaneously, synthesis of nanomaterials was also confirmed
with UVevis absorption spectrum. As shown in Fig. 3B, MOF (curve
a) exhibited three characteristic peaks at 240, 268 and 338 nm [37].
After functionalization with PAMAM, the peak of PAMAM-MOF
(curve b) was shown at 229 nm, which was attributed to the
Fig. 4. The SEM and TEM images of C60@PAMAM-MOF (A and D), NC60@PAMAM-MOF (B and
three biosensors were shown in the right picture.
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strong absorption peak of PAMAM because the characteristic peaks
of pure PAMAM were approximately at 230 and 283 nm [38].
C60@PAMAM-MOF (curve c) showed three strong absorption peaks
at 224, 275 and 363 nm, which indicated the formation of
C60@PAMAM-MOF. The wide absorption peak was attributed to
C60/C60

þ and the peak at 363 nmwas attributed to p-p* electronic
transition [39,40]. After the modification with AuNPs (curve d), the
characteristic peak of AuNPs at 520 nm can be clearly observed,
which was mainly the result of surface plasmon resonance [41].
Meanwhile, the changed in color also proved the successful syn-
thesis of the nanomaterials (see in the inset).

3.3. Electrochemical characterization of the miRNA biosensor

The stepwise fabrication of the biosensor and the electron
transfer of the interfacewasmonitoredwith CV and EIS. The CV plot
exhibited redox behavior of the as-prepared biosensor in 5 mM
[Fe(CN)6]3-/4- solution containing 0.1 M KCl. As shown in Fig. 3C, the
bare GCE (curve a) displayed a couple of reduction and oxidation
peaks, which was attributed to the redox reaction of K3[Fe(CN)6]
and K4[Fe(CN)6] ([Fe(CN)6]3- þ e� 4 [Fe(CN)6]4-) [42,43]. After
modification with CS-AB (curve b) and Au@PtNPs (curve c), the
peak current evidently increased because of the outstanding
E), C60@PAMAM (C and F). (G) Three tracer labels were characterized in 0.1 M PBS and



Fig. 5. Effect of (A) concentration ratio of MOF:C60 and (B) pH in 0.1 M PBS. Effect of (C) hybridization temperature and (D) hybridization time in the 5 mM [Fe(CN)6]3-/4- containing
0.1 M KCl. Error bars represent the standard deviation (n ¼ 3).
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conductivity of AB and the bimetallic synergistic conduction effect
of Au@Pt. In contrast, the capture probe (curve d) was immobilized
and the peak current reduced due to the repulsive interaction be-
tween the negative charge of DNA and [Fe(CN)6]3-/4-. Subsequently,
non-conductive BSA (curve e) was applied to block non-specific
binding sites and hindered the electron transfer, resulting in the
decrease of peak current. Finally, miR-3675-3p (curve f) was hy-
bridized and caused the peak current decreased again.

EIS is used to further verify the electronic transmission effi-
ciency of the interface and plotted as Nyquist diagram (Z’: real
impedance; Z’’: imaginary impedance). As showed in Fig. 3D, the
straight line expressed the diffusion-limited process in the solution
and the diameter of semicircle represented the electron transfer
resistance (Ret). The semicircular diameter sharply reduced after
immobilization of CS-AB (curve b) and Au@PtNPs (curve c),
compared with bare GCE (curve a), owing to accelerated electron
transfer with the large surface area. The increase of the semicircular
diameter indicated successful assemble of the capture probe (curve
d) and BSA (curve e) onto the modified electrode and the conse-
quently impeded electron transfer. When miR-3675-3p (curve f)
was hybridized with DNA, the semicircular diameter increased
again owing to the formation of double strands that make electron
transport slower and steric hindrance larger. In addition, the
equivalent circuit (inset, Fig. 3D) was obtained by fitting the EIS
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data with ZSimDemo software, which consisted of electrolyte
resistance (Rs), constant phase element (Q), electron transfer
resistance (Ret) and Warburg impedance (Zw) [42]. The fitting
values of these parameters were illustrated in Table S1 (see in
Supplementary Material).

3.4. Comparison of the three tracer labels

To investigate the signal amplification of C60@PAMAM-MOF,
NC60@PAMAM-MOF and C60@PAMAM were successfully prepared
as controls and characterized by SEM and TEM. As shown in Fig. 4,
the SEM image of C60@PAMAM-MOF (Fig. 4A) was strikingly
different from that of NC60@PAMAM-MOF (Fig. 4B) in that the
morphology of C60 changed from spherical to needle-like, and it
was obvious that MOF changed themorphology of C60 in the direct-
mixing method. Meanwhile, the topical SEM image of C60@PAMAM
(Fig. 4C) exhibited spherical C60 nanoparticles stacked together to
form an irregular structure with a dendritic distribution. These
results were confirmedwith TEM images, as shown in Fig. 4D, E and
F.

In order to further illustrate signal amplification of the tracer
labels, the role and optimal amount of AuNPs in the three tracer
labels were studied firstly. AuNPs with excellent conductivity are
capable of binding with amino and sulfhydryl groups via strong



Fig. 6. (A) DPV response of biosensor for detection of miR-3675-3p with different concentrations (a/h: blank, 10 fM, 100 fM, 1 pM, 10 pM, 100 pM, 1 nM and 10 nM) in the 0.1 M
PBS. (B) The calibration curve between current and concentration logarithm. The error bars represent the standard deviation of three parallel determinations.
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covalent bonds and high affinity [43e48]. In this work, three
nanohybrids in virtue of abundant amino groups can adsorb AuNPs
via AueN bonds, which not only enhanced electron transfer, but
also immobilized SP via AueS bonds to form tracer labels. In
addition, the dosages of HAuCl4 (1%) to produce different amounts
of AuNPs in the three tracer labels were also investigated. As shown
in Fig. S1 (see in SupplementaryMaterial), the peak current reached
a maximum at 1 mL of HAuCl4, indicating that the optimal amount
of AuNPs was obtained by reduction of 1 mL HAuCl4 (1%) with
NaBH4. Accordingly, three tracer labels were hybridized with miR-
3675-3p (10 nM) under optimal conditions and results were shown
in Fig. 4G. Tracer label 1 (11.20 mA, curve a) and Tracer label 2
(7.59 mA, curve b) displayed higher current value than Tracer label 3
(3.90 mA, curve c), which was attributed to the synergetic reaction
betweenMOF and C60 enhancing the redox activity of C60 to achieve
signal amplification. Furthermore, the current value of Tracer label
1 was about 1.5 times higher than that of Tracer label 2, which
indicated that the phase-transfer method was superior to the
direct-mixing method. Consequently, with the above factors, Tracer
label 1 was selected for subsequent experiment.
Table 2
Comparison with others proposed electrochemical biosensor for miRNA detection.

Detection method Target linear range LOD Ref.

ECL miR-182 0.1 pMe100 pM 33 fM [54]
ECL miR-141 10 fM~100 pM 3.3 fM [55]
EIS miR-21 10 fM~100 pM 4.3 fM [56]
CV Let-7a 50 fM~0.9 pM 16 fM [57]
SWV Let-7d-5p 1 pMe10 nM 0.17 pM [58]
SWV miR-21 1 pMe10 nM 0.26 pM [59]
DPV miR-21 10 fM~100 pM 3.5 fM [60]
DPV miR-182 10 fM~10 pM 0.01 pM [61]
DPV miR-3675-3p 10 fM~10 nM 2.99 fM This work

ECL: electrochemiluminescence; SWV: square wave voltammetry.
3.5. Optimization of experimental parameters

The concentration ratio of MOF:C60. The ratio of MOF and C60
was critical to the signal response of the biosensor. In order to find
the optimal concentration ratio, various concentration ratios
(MOF:C60 ¼ X:1, X ¼ 0.25, 0.5, 1, 2, 4) were tested for detection of
miR-3675-3p (1 nM). As observed from Fig. 5A, the current value
arrived at the maximum and the material evenly dispersed at a
ratio of 1:1. At higher ratios, the current value decreased, whichwas
mainly due to the combination saturation of C60 with MOF, and
excrescent MOF would hinder electron transfer. Consequently, the
optimum doping concentration ratio of MOF:C60 was 1:1.

The pH of PBS buffer. To obtain higher sensitivity, the different
pH levels (3, 5, 7, 9, 11) were investigated by DPV for detection of
miR-3675-3p (10 pM). As shown in Fig. 5B, the current value
gradually increased in the range of 3e7 and reached the peak at pH
of 7. Under the high acidic and basic conditions, the buffer system of
the human body will be broken and the structures/sequences of
nucleotides will be affected [49], resulting in a decrease of current
response. Therefore, pH of 7 was selected as the most suitable pH
and used in the subsequent experiments.
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Hybridization temperature and time. The hybridization pro-
cess between the miRNA and Tracer label 1 is important for the
detection of miR-3675-3p. Therefore, different temperatures (25,
30, 35, 37, 40, 45 �C) and reaction times (0.5, 1.5, 2.0, 2.5, 3.0 h) of
hybridization were investigated by CV for detection of miR-3675-
3p (10 nM). As depicted in Fig. 5C, the current value increased as
the hybridization temperature increased and rose to peak value at
37 �C, which was also the physiological temperature of the human
and can maintain miRNA activity, while high temperatures will
cause denaturation of nucleic acids [50,51]. Therefore, 37 �C was
selected as optimum hybridization temperature. As for hybridiza-
tion time, the maximum current response was reached at 2 h in the
range of 0.5 he3 h (Fig. 5D). Thus, the optimum hybridization time
was 2 h.

3.6. Performance evaluation of the miRNA biosensor

3.6.1. DPV response and calibration curve
Under the optimal experiment parameters, DPV was used to

record signal response at different concentrations of miR-3675-3p
in 0.1 M PBS. As shown in Fig. 6A, the miRNA biosensor displayed
a good linear range from 10 fM to 10 nM, and the calibration curve
was I ¼ 1.1301 lgc þ 3.2623 with a correlation coefficient of 0.9976
as illustrated in Fig. 6B (three parallel experiments were tested,
n ¼ 3). The limit of detection (LOD) as calculated with M þ 3s (M:
the average of DPV signal response; s: the standard deviation of
blank solution) was 2.99 fM [52,53]. As shown in Table 2, the pro-
posed biosensor displayed a wider linear range and a lower LOD
compared with other biosensors.



Fig. 7. (A) Stability of the biosensor with continuously scanned for 30 CV cycles in the 0.1 M PBS. (B) Specificity of the biosensor with various interfering substances (a/e: miR-
3675-3p, the mixture miRNA, SBM, Let-7d-5p and blank). Error bars represented the standard deviation of three parallel values. (C) DPV responses and (D) histogram of five
electrodes incubated with miR-3675-3p (10 pM) in the same batch (inter-assay).

Table 3
Detection of miR-3675-3p in human serum samples with the as-prepared biosensor.

Serum sample Added miR-3675-3p (pM) Found miR-3675-3p (pM)a RSD (%) Recovery (%)

S1 0.01 0.0096 3.13 96.0
S2 0.1 0.0942 2.34 94.2
S3 0.5 0.488 2.04 97.6
S4 500 518.43 5.32 103.7

a The mean value of measurement (n ¼ 3).
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3.6.2. Stability, specificity and reproducibility of the designed
biosensor

Stability was a pivotal parameter for the designed biosensor,
which was evaluated with continuous CV scanning and tested after
long-term storage test at 4 �C. As depicted in Fig. 7A, the electrode
with 10 nMmiR-3675-3p was continuously scanned for 30 cycles in
0.1 M PBS (pH ¼ 7.4), and the current remained at 93.73% of the
original value. In addition, the biosensor was incubated with miR-
3675-3p (1 nM) and stored at 4 �C for 14 days, and the current
remained at 97.92% and 82.11% of the original value after 7 days and
14 days, respectively. As shown in Table S2 (see in Supplementary
Material), the designed biosensor exhibited acceptable stability
compared with other literatures.

Specificity and reproducibility are also important for a
biosensor. Specificity of the biosensor was assessed by the target
miRNA (100 pM), a miRNA mixture of miR-3675-3p (100 pM) and
Let-7d-5p (100 pM) (v/v ¼ 2:1), a single base mismatch sequence
(SBM, 100 pM), another miRNA (Let-7d-5p, 100 pM) and a blank
solution. As depicted in Fig. 7B, the signal of target miRNA was
significantly higher than that of other samples, and there was no
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significant difference between Let-7d-5p and the blank. Addition-
ally, the reproducibility was evaluated bymeasuring five electrodes
incubated with miR-3675-3p (10 pM) in the same batch (inter-
assay) and in the different batches (intra-assay). As depicted in
Fig. 7C and D, the current values are relatively close among the
electrodes, and the relative standard deviation (RSD) of inter-assay
was 2.35%. Moreover, the results of intra-assay were provided in
Fig. S2 (see in Supplementary Material) with an RSD of 3.05%. These
results indicated outstanding specificity and excellent reproduc-
ibility of the proposed biosensor.

3.7. Detection of clinical serum samples

To assess the clinical utility of the designed biosensor for
detection of miR-3675-3p, a recovery test was performed in the
standard addition method. Healthy human serum samples were
diluted 50-fold with DEPCwater and were added into miR-3675-3p
to prepare standard solution with various concentrations (10 fM,
100 fM, 500 fM and 500 pM). Recovery ranged from 94.2% to 103.7%
and RSD from 2.04% to 5.32% as shown in Table 3, indicating
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acceptable recovery of the biosensor. Besides, the clinical serum
samples of healthy donors and IPF patients were assayed to verify
the clinical practice of the biosensor further. As shown in Fig. S3
(see in Supplementary Material), the serum samples from IPF pa-
tient presented higher the current responses than that of the
healthy donors, indicating the emergence of a hopeful detection
method for IPF diagnosis.

In addition, a qRT-PCR experiment was employed to further
explore the feasibility of clinical application of themiRNA biosensor
and was described in Supplementary Material. First of all, the
standard curve was established and showed a narrower linear
range (from 16 nM to 2 mM, Figs. S4A and B) compared with our
biosensor (from 10 fM to 10 nM). Secondly, the extracted total RNA
samples were extracted from the serum of five healthy donors, and
were subjected to detection with qRT-PCR and the biosensor. As
shown in Fig. S4C, the high Ct value was attributed to the fact that
the concentration of miR-3675-3p in serum samples of healthy
people was lower than the detection limit of qRT-PCR, so it is
difficult to carry out quantitative determination. However, the as-
proposed biosensor exhibited satisfactory results as shown in
Fig. S4D. In conclusion, the biosensor showed a wider linear range
and lower LOD than that of qRT-PCR, and had great potential in
detection of miR-3675-3p.

4. Conclusions

In summary, the new nanohybrid of C60@PAMAM-MOF was
successfully prepared and served as redox nanoprobe and nano-
carrier for the construction of an electrochemical miRNA biosensor
to detect miR-3675-3p. It is of note that C60@PAMAM-MOF has
displayed prominent redox activity and good conductivity, attrib-
uting to the synergistic effect and the active electron transfer be-
tween MOF and C60. Furthermore, C60@PAMAM-MOF coupled with
AB and Au@PtNPs to amplify electrochemical signals, which
improved the sensitivity of the biosensor and lowered the detection
limit to femtomolar level. The proposed biosensor exhibited
outstanding reproducibility and specificity. More significantly, it
showed good recovery (from 94.2% to 103.7%) in the spiked serum
and satisfactory results in the detection of healthy serum samples,
which opened up new avenues for detection of miR-3675-3p and
provided a promising detection platform for other miRNA bio-
markers and biological samples.
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