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A B S T R A C T   

In traditional homogeneous electrochemical sensing system, methylene blue was stricken with nonspecific 
intercalation and weak stability, inevitably distorting the diagnosis results. Given the unique catalytic activity of 
oxidase- and peroxidase-like nanozymes, it is interesting to develop a nanozyme-based homogeneous electro
chemical biosensor. Whereas, the preparation of nanozymes with dual enzyme-like activities and two dimen
sional (2D) morphology is a great challenge. Herein, a soft template-directed wet chemical approach was 
proposed for preparation of 2D MnO2 nanoflakes, in which the morphology can be easily tuned by the template 
dosage. Interestingly, not only the oxidase-like activity was discovered, but 2D MnO2 nanoflakes also display a 
significant peroxidase-like activity. Noticeably, 2D MnO2 nanoflakes exhibit superior response to single stranded 
deoxyribonucleic acid (ssDNA) over double stranded DNA in the aspect of binding and catalytic activity, which 
triggers a highly sensitive homogeneous electrochemical detection of microRNA. This study about finding 
nanozymes with dual enzyme-like activities and ssDNA with inhibiting effect will set up a new avenue to extend 
the application range of nanozymes and throws a new light on the development of higher-performance elec
trochemical biosensors.   

1. Introduction 

As a simple, rapid and sensitive analytical methodology, electro
chemical biosensor has fascinated substantial concerns in the areas of 
disease diagnosis (Lin et al., 2018; Bai et al., 2020), food safety analysis 
(Jong et al., 2016; Martinfernandez et al., 2017; Silva et al., 2018) and 
environmental safety management (Taylor et al., 2012; Yan et al., 
2013). Very recently, homogeneous electrochemical biosensors have 
attracted more and more interest because of their independence of 
high-cost and complex immobilization, which makes the detection re
action happen in homogeneous solution rather than the electrodes’ 
surface, effectively avoiding the influence of steric hindrance effect of 
electrode on reactive activity of biological receptors, and thus maxi
mally improving the recognition efficiency, as well as the sensing per
formance. In homogeneous electrochemical system, methylene blue 
(MB) is usually applied as a signal indicator through varying the 
configuration of deoxyribo nucleic acid (DNA), subsequently changing 
the exiting form of MB (Chang et al., 2020; Hou et al., 2015). 

Unfortunately, current approaches may distort the results, because MB 
can intercalate into aleatoric double stranded DNA (Li et al., 2020), 
G-quadruplex DNA (Zhang et al., 2014) and others, and the produced 
MB-based composites are weakly stable. Therefore, seeking a 
higher-efficiency strategy for changing the existing forms of MB has 
been placed on the agenda. 

In comparison with previous strategies, reaction-based approach 
may be a potential candidate for ideal homogeneous electrochemical 
biosensors development (Zhao et al., 2013; Wang et al., 2018; Xing et al., 
2011; Wiedmer et al., 2016). However, it needs to be seriously consid
ered how to efficiently eliminate MB. Previously reported works 
demonstrate H2O2-involved catalytic oxidation might be the most pop
ular method (Xing et al., 2011; Wiedmer et al., 2016). It generated 
reactive oxygen species (ROS) in the presence of metal or metal oxide or 
other nanostructures, and the formed ROS could efficiently eliminate 
MB through catalytic oxidation reaction. Besides, for a strategy to be 
suitable trigger for detection application, it must proceed with excellent 
biocompatibility. Nevertheless, H2O2 is poisonous and easily volatile. 
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Looking for an enduring and biocompatible reagent as an alternative to 
H2O2 is highly desirable. O2, existing in the solution, has the superior 
stability and biocompatibility to H2O2, and thus can be acted as an ideal 
candidate. Unfortunately, the elimination efficiency of MB by O2 is ul
tralow, and thus O2 is not conductive to MB-based homogeneous elec
trochemical biosensors. Hence, how to promote the activation of O2 to 
produce ROS is largely important. 

In the wake of developments in enzyme engineering and nanotech
nology, nanomaterials with the capability of mimicking the natural 
enzymes’ function emerge (called as nanozymes), and can act as sub
stitutes of natural enzymes because of the stronger stability, higher 
catalytic activity, as well as lower price and simpler preparation (Wu 
et al., 2019; Huang et al., 2019; Qiu et al., 2018; Zhang et al., 2019; Han 
et al., 2018; Li et al., 2019; Xi et al., 2019; Wang et al., 2017; Fu et al., 
2019; Chen et al., 2019; Weerathunge et al., 2019; Singh et al., 2017; 
Kang et al., 2019; Palomo, 2019; Kim et al., 2020). However, most works 
exist on the use of nanozymes in colorimetric biosensing (Han et al., 
2018; Li et al., 2019; Liu et al., 2012), antibiosis (Xi et al., 2019; Liu 
et al., 2019), and disease treatment (Wang et al., 2017; Fu et al., 2019; 
Chen et al., 2019). The research of nanozymes in homogeneous elec
trochemical system remains blank. Recently, it was found that nano
zymes could activate O2 into ROS. While most nanozymes possess the 
single enzyme-like activity (Li et al., 2019; Weerathunge et al., 2019) 
rather than dual/multiple enzyme-like activities (Han et al., 2018; Liu 
et al., 2019). Dual/multiple enzyme-like activities endow nanozymes 
with higher activation efficiency of O2. Besides, an effective 
reaction-based homogeneous electrochemical biosensor must respond 
specifically to its intended analyte, and thus the elimination process of 
MB must proceed selectively. Profiting from the deep investigation of 
interaction of two dimensional (2D) nanomaterials and bioreceptors, it 
revealed that 2D nanomaterials could selectively adsorb ssDNA against 
dsDNA (Weerathunge et al., 2019; Liu et al., 2012). Furthermore, 2D 
nanomaterials possess ultrathin thickness and high surface area. If there 

is a nanozyme with 2D morphology (2D nanozyme), selective elimina
tion of MB will be assured through adjusting the amount of ssDNA 
adsorbed. Moreover, most nanozymes have the morphologies of nano
cluster (Singh et al., 2017; Kang et al., 2019) and nano/micro-particle 
(Palomo, 2019) rather than 2D morphology. Therefore, discovery of a 
2D nanozyme with dual/multiple enzyme-like activities becomes 
essential, but remains a great challenge. 

Herein, we develop a soft template-directed wet chemical approach 
for controllable preparation of 2D MnO2 nanoflakes with dual enzyme- 
like activities, and we further apply them in construction of a homoge
neous electrochemical biosensing system. Soft template-directed wet 
chemical synthesis is beneficial for one-step and large-scale production 
of uniform-sized nanomaterials and has the advantages of low cost, 
environmental friendliness, and wide applicability (Zhou et al., 2014). 
The morphologies and enzyme-like activities of MnO2 can be tuned by 
varying the molar ratio between KMnO4 and 2-(N-morpholino) etha
nesulfonic acid (MES). The 2D MnO2 nanoflakes behave superior effi
ciency to activate the dissolved O2 into ROS because of the oxidase- and 
peroxidase-like activities. Furthermore, by van der Waals interaction, 
Plet-7a was adsorbed on the surface of 2D MnO2 nanoflakes, and more 
interestingly, Plet-7a obviously declined the enzyme-like activities 
through masking the surface active sites and prohibiting them from 
coming into contact with substrates. Synergy with the superior binding 
to ssDNA over dsDNA, 2D MnO2 nanoflakes was exploited to homoge
neously electrochemical detect microRNA (miRNA), using let-7a as the 
proof-of-concept analyte. 

2. Results and discussion 

2.1. Characterization of 2D MnO2 nanoflakes 

Fig. 1a gives the illustration of fabrication of 2D MnO2 nanoflakes 
through a soft template-directed wet chemical approach. Concisely, 25 

Fig. 1. (a) Scheme illustration of the fabrication of 2D MnO2 nanoflakes. (b)–(f) TEM images of the MnO2 nanomaterials by using different dosages of MES: 0.001, 
0.01, 0.1, 1.0 and 2.0 M. (g) AFM image of 2D MnO2 nanoflakes. 
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mL of water solution containing 0.01 M KMnO4 was added into 25 mL of 
water solution containing 0.1 M MES under ultrasonic condition. MES 
served as both of the soft template and reducing agent. To acquire a well- 
defined 2D morphology, the amount of MES was cautiously discussed 
ranging from 0.001, 0.01, 0.1, 1.0 to 2.0 M, and the morphologies of 
MnO2 samples were evaluated by transmission electron microscope 
(TEM) and atomic force microscope (AFM). Irregular shape was 
observed at a low MES dosage (0.001 and 0.01 M in Fig. 1b and c), and a 
well-defined 2D morphology was determined when increasing MES 
concentration to 0.1 M (Fig. 1d). The lateral dimension and thickness of 
2D MnO2 nanoflakes were calculated to be 300 nm and 5 nm, respec
tively (Fig. 1g). Nevertheless, with MES dosage further increasing, the 
morphology transformed nanoflakes to sphere-like nanostructures 
(Fig. 1e and f), probably due to the reason that too many MES supplied 
profuse nucleation sites and prevented the interconnection of MnO2 
phase. These information clarified that 2D MnO2 nanoflakes could be 
precisely fabricated by adjusting the dosage of MES. 

To research the compositions and valence states of the products, 
energy-dispersive X-ray spectroscopy (EDS), X-ray photoelectron spec
troscopy (XPS), and power X-ray diffraction (PXRD) were carried out. 
Sharp peaks in EDS and XPS curves implied that Mn and O elements are 
the main components (Fig. 2a and b). Besides, a EDS peak located at 
0.27 keV, corresponding to C element, was also observed, judging the 
presence of MES. Further, Mn 2p peaks were deconvoluted into two 
constituents, 2p 1/2 peak (654.02 eV) and 2p 3/2 peak (642.23 eV), and 

the spin energy separation was calculated to be 11.79 eV (Fig. 2c). For 
Mn 3s peak, the energy separation was determined to be 4.69 eV 
(Fig. 2d); for O 1s, the XPS peak was recorded at 530 eV, proving Mn–O 
bonds (Fig. 2e). Both measured peaks and energy separations justified 
the existence of MnO2 in the fabricated nanostructures. Meanwhile, 
three sharp peaks at 12.30◦, 37.10◦ and 66.15◦ appeared in PXRD curve 
(Fig. 2g), which were ascribed to (002), (006), and (109) crystal planes 
of birnessite-type MnO2 (PDF 80–0802), respectively. Fourier transform 
infrared spectra (FT-IR) spectra demonstrated that 2D MnO2 nanoflakes 
displayed the peak at 1382 cm− 1 and 992 cm− 1, which were typical 
values for sulfonic group and could also be found in the curve of MES, 
suggesting the existence of MES on the surface (Fig. 2f). The existed MES 
made the negative zeta potential increase to − 30.30 mV (Fig. 2h), which 
indicated the excellent dispersibility. As expected, 2D MnO2 nanoflakes 
were uniformly dispersed in phosphate-buffered saline (PBS) without 
any precipitates for 2.0 h (Fig. 2i–I). Meanwhile, the obvious negative 
potential facilitated their high affinity to positive substrates, such as 
3,3′,5,5′-tetramethylbenzidine (TMB), methylene blue (MB), and o- 
phenylenediamine (OPD), further enhancing the enzyme-like activities. 

2.2. Discovery of enzyme-like activities 

To discover the dual enzyme-like activities of as-fabricated 2D MnO2 
nanoflakes, enzymatic substrates including TMB, OPD, and 2,2-azinobis 
(3-ethylbenzthiazoline-6-sulfonic acid (ABTS) were individually added 

Fig. 2. EDS (a) and XPS (b) spectra of 2D MnO2 nanoflakes. High-resolution XPS pattern of Mn 2p (c), Mn 3s (d) and O 1s (e). (f) FT-IR spectra of MES and 2D MnO2 
nanoflakes. (g) PXRD curve of 2D MnO2 nanoflakes and PDF 80–0802. (h) Zeta potential value of 2D MnO2 nanoflakes (І) and Plet-7a/MnO2 (П). (i) Images of 26 μg/ 
mL 2D MnO2 nanoflakes (І) and Plet-7a/MnO2 (800 nM Plet-7a and 26 μg/mL 2D MnO2 nanoflakes, II) dispersed in PBS. 
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into the reaction solution under different conditions. The oxidase-like 
activity was first evaluated. As illustrated in Figs. 2 and 3a D MnO2 
nanoflakes-catalyzed reaction solution displayed a highly significant 
peak of oxidized TMB (oxTMB) at 652 nm, however slight absorbance 
could be determined without 2D MnO2 nanoflakes. For an oxidase- 
involved catalytic oxidation reaction, O2 acts as an indispensable 
component. To validate this, the reaction solution was deoxidized by N2. 
Owing to the absence of O2, the reaction solution exhibited inappre
ciable absorbance at 652 nm in the presence of 2D MnO2 nanoflakes. To 
verify the matter capable of catalyzing oxidation of TMB into oxTMB is 
the 2D MnO2 nanoflakes rather than released free manganese ions, 2D 
MnO2 nanoflakes were soaked in PBS for 4.0 h, and subsequently, the 
supernatant was gotten through centrifugation and replaced 2D MnO2 
nanoflakes to react with TMB. Ultraviolet and visible (UV-vis) spectrum 
demonstrated that the supernatant-catalyzed reaction solution dis
played ultralow absorbance at 652 nm, which was approximately 

identical with that of TMB alone. Similar variation phenomena for OPD 
and ABTS at 417 nm and 413 nm were also recorded (Fig. 3c and e). 
Taken together, the prepared 2D MnO2 nanoflakes possessed distin
guished oxidase-like activity and substrate versatility, keeping good line 
with those of reported nanozymes with oxidase-like activity and natural 
oxidase. 

Further, the peroxidase-like property of 2D MnO2 nanoflakes was 
investigated using H2O2 as the substitute for O2 in the reaction of TMB, 
OPD, and ABTS oxidation. The UV-vis spectra in Fig. 3b demonstrated 
that TMB was obviously oxidized under the catalysis of 2D MnO2 
nanoflakes rather than released free manganese ions. For OPD and 
ABTS, similar changes in absorbance were also gotten (Fig. 3d and f). 
These data evidenced the outstanding peroxidase-like activity of 2D 
MnO2 nanoflakes. On the basis of the dual enzyme-like activities, i.e., 
oxidase activity and peroxidase activity, the interaction mechanism 
between 2D MnO2 nanoflakes and enzymatic substrates was deduced as 

Fig. 3. Typical UV-vis spectra of TMB (a), OPD (c), and ABTS (e) catalyzed oxidation based on oxidase-like activity of 2D MnO2 nanoflakes and contrasts. Typical UV- 
vis spectra of TMB (b), OPD (d), and ABTS (f) catalyzed oxidation based on peroxidase-like activity of 2D MnO2 nanoflakes and contrasts in deoxidized PBS. (g) 
Schematic illustration of interaction of 2D MnO2 nanoflakes and enzymatic substrates based on oxidase-like and peroxidase-like activities. The concentrations of 
TMB, OPD, and ABTS are 0.5 mM, and the concentration of 2D MnO2 nanoflakes is 2.6 μg/mL. 
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manifested in Fig. 3g. 2D MnO2 nanoflakes catalyzed oxidation of TMB/ 
OPD/ABTS into oxTMB/oxOPD/oxABTS in the presence of O2 by mak
ing full use of the oxidase-like activity, as well as O2 was reduced into 
H2O2; the yielded H2O2 was applicable for subsequent peroxidase- 
initiated catalytic oxidation; thus, the reaction solution transformed 
colorless into blue, yellow, and green for TMB, OPD, and ABTS, 
respectively. In this context, the dual enzyme-like activities of 2D MnO2 
nanoflakes facilitate their high efficiency to catalyze oxidation of 
enzymatic substrates, benefiting the highly efficient elimination of MB. 

For advanced application of 2D MnO2 nanoflakes in analytical field, 
the effect of temperature and pH value on catalytic activity was 
researched. As depicted in Fig. S1, MnO2 nanoflakes displayed >90% of 
the relative activity when the temperature was ≤50 ◦C, whereas 
significantly declined activity was observed with the temperature 
further elevating. Changing pH value from 1.0 to 10.0, it was found from 
Fig. S2 that 2D MnO2 nanoflakse exhibited >80% of the relative activity 
in the pH range of 3.0–7.0. When the pH value was smaller than 3.0 or 
larger than 7.0, the catalytic activity abruptly decreased. The reduce 
caused by high temperature and excessively low/high pH value might be 
due to the decomposition of 2D MnO2 nanoflakes, which can be 
confirmed by TEM characterizations (Fig. S3). Overall, the prepared 2D 
MnO2 nanoflakes possessed more splendid thermal and pH stability than 
bioenzymes. 

To protrude the advantage of 2D MnO2 nanoflakes in oxidation 
catalysis, other MnO2 materials prepared from different MES dosage 
were employed as contrast substances to react with TMB under the same 
conditions with 2D MnO2 nanoflakes (Fig. S4). After the reaction, the 
absorbance at 652 nm raised to 0.178, 0.233, 0.268 and 0.207 for 0.001, 
0.01, 1.0, and 2.0 M of MES, respectively, which are smaller than that of 
0.1 M of MES, suggesting the lower catalytic efficiency of other MnO2 
materials than 2D MnO2 nanoflakes. The reason might be ascribed to the 
ultrathin thickness, large surface area and high negative surface charge, 
permitting rapid electron transfer, sufficient contact and interaction 
with TMB. Moreover, with the dosage of 2D MnO2 nanoflakes elevating, 
the absorbance gradually accelerated, suggesting the catalytic oxidation 
was mainly relied on the amount of 2D MnO2 nanoflakes; with the re
action time increasing, the absorbance gradually raised and levelled off 
at 100 s, implying a rapid response (Fig. S5). 

2.3. Development of 2D MnO2 nanoflakes-based homogeneous 
electrochemical biosensor 

As is well known, nanozymes are mainly applied as colorimetric 
sensors for sensitive detection of H2O2 (Kim et al., 2020), glucose (Han 
et al., 2018), and metal ions (Liu et al., 2017). In comparison with 
colorimetric sensors, homogeneous electrochemical sensors have 
attracted more attention due to their higher sensitivity and faster 
response. It is of significant interest to explore nanozymes-based ho
mogeneous electrochemical sensors, but remains a challenge. The main 
reasons was ascribed to the following aspects: how to selectively elim
inate MB, how to have the recognizable units, and how to broaden the 
application scope. With this in mind, we first investigate whether 2D 
MnO2 nanoflakes can eliminate MB. The experiment was performed by 
incubating MB with 2D MnO2 nanoflakes at different dosages (Fig. 4a). 
After the reaction, the blue color became shallow. The DPV curves in 
Fig. 4b demonstrated that the peak current gradually declined with the 
dosage of 2D MnO2 nanoflakes elevating. Similar variation trend of 
absorbance was also be found in Fig. S6. These results indicated the 
elimination of MB and justified the catalytic oxidation ability of 2D 
MnO2 nanoflakes on MB. 

The response of 2D MnO2 nanoflakes to ssDNA was researched 
through the incubation of Plet-7a with 2D MnO2 nanoflakes (Plet-7a/ 
MnO2), and Plet-7a was closely adsorbed on the surface of 2D MnO2 
nanoflakes due to the hydrogen bond and π-π stacking, thus causing 
negligible color variation for MB (Fig. 4a). As illustrated in Fig. 4c and 
S7a, the absorbance at 655 nm and DPV current at − 0.219 V were low in 
the reaction solution comprising 2D MnO2 nanoflakes and MB. In sharp 
contrast, after the addition of Plet-7a, the absorption and DPV peak in
tensities significantly heightened, and with the dosage of Plet-7a 
elevating, the output signals gradually raised. Similar results could also 
be gotten for TMB, OPD and ABTS in Fig. S7b-d, respectively. These 
variations in absorbance and DPV current obviously evidenced that 
ssDNA could decline the catalytic activity of 2D MnO2 nanoflakes 
through masking the surface active sites and prohibiting them from 
coming into contact with substrates. Besides, Plet-7a/MnO2 also has the 
unprecedented dispersibility obtained from the high negative potential 
(− 33.33 mV) and image in Fig. 2i–II. Furthermore, the optimum incu
bation time and dosage of Plet-7a were calculated to be 30 min and 160 
nM, respectively (Fig. S8). 

Fig. 4. (a) Effect of Plet-7a on the catalytic activity of 2D MnO2 nanoflakes toward MB. (b) DPV curves of MB (1.4 μM) catalyzed oxidation by 2D MnO2 nanoflakes 
with different concentrations: 0, 0.5, 1.0, 1.6, 2.2, 2.8, 3.4, 4.0, 4.6, and 5.2 μg/mL. (c) DPV curves of MB (1.4 μM) catalyzed oxidation by 2D MnO2 nanoflakes (5.2 
μg/mL) with different concentrations of Plet-7a: 2, 5, 10, 16, 24, 40, 60, 80, 120, 160, and 200 nM. 
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On the basis of the above-described information, Plet-7a/MnO2 was 
employed to sensitively detect microRNA (miRNA), using let-7a as the 
target object. To our best knowledge, there has been no documented 
example of nanozymes-based homogeneous electrochemical analysis for 
miRNA. The working mechanism for miRNA assay was illustrated in 
Fig. 5a. In the absence of let-7a, Plet-7a was compactly adsorbed on the 
surface of 2D MnO2 nanoflakes, and thus the catalytic activity was 
remarkably inhibited, which led to existence of abundant MB in the 
solution, subsequently contributing to a high DPV peak current. 
Whereas, upon the addition of let-7a, it hybridized with Plet-7a to form 
Plet-7a@let-7a and subsequently departed from 2D MnO2 nanoflakes due 
to phosphate groups-initiated shielding effect of nucleobase pairs. The 
removal of Plet-7a resulted in a significant increase in surface active sites, 
and thus allowed 2D MnO2 nanoflakes to sufficiently react with MB. 
Given this reason, large amounts of MB was eliminated and further, a 
remarkably declined DPV current was acquired. Therefore, sensitive 
detection of let-7a can be readily achieved based on 2D MnO2 
nanoflakes-mediated homogeneous electrochemical biosensor. 

To show the critical role of Plet-7a/MnO2, let-7a with the concentra
tions of 30 nM and 100 nM were separately poured into the sensing 
solution, and the measured DPV curves were manifested in Fig. 5b. If no 
let-7a existed, the DPV peak current was recorded to be 140 nA, whereas 
the DPV peak current declined to 90 nA upon the addition of 30 nM let- 
7a, corresponding well to the sensing principle that let-7a hybridized 
with Plet-7a to form dsDNA to recover the enzyme-like activities of 2D 
MnO2 nanoflakes. With the amount of let-7a further increasing to 100 
nM, a lower DPV current at − 0.219 V was determined, certifying that 
let-7a indeed give rise to decreased DPV current. Besides, the incubation 
time was optimized to be 15 min (Fig. S9). Similar variation can also be 
observed in Fig. 5c. These data firmly justified the feasibility of this 
proposed homogeneous biosensor for sensitively probing let-7a. 

To appraise the analytical performance of Plet-7a/MnO2, a plentiful of 
experiments were carried out and the DPV curves subjected to let-7a 
with different dosages were manifested in Fig. 5d. In comparison with 
that of blank sample (Plet-7a/MnO2), DPV peak currents decreased 
significantly with let-7a amounts elevating in the range of 0.4–140 nM. 

Fig. 5. (a) Sensing principle of Plet-7a/MnO2-based homogeneous electrochemical biosensor for miRNA assay. DPV (b) and UV-vis (c) curves of MB catalyzed 
oxidation by Plet-7a/MnO2 in the presence of let-7a with different concentrations. (d) Typical DPV curves of MB catalyzed oxidation by Plet-7a/MnO2 corresponding to 
let-7a with different dosages: 0.4, 2, 6, 12, 20, 30, 44, 60, 80, 100, 120 and 140 nM. (e) Linear relationship between DPV peak current and let-7a dosage. (f) 
Selectivity experiment of Plet-7a/MnO2-based homogeneous electrochemical biosensor. The concentrations of all miRNAs were 100 nM. (g) DPV curves of MB 
catalyzed oxidation by Plet-7a/MnO2 upon the addition of cell extract. 
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As a result, a standard working curve between DPV current (I) and let-7a 
amount (Clet-7a) was acquired with high correlation (R2 = 0.9853) 
(Fig. 5e). The resultant equation was calculated to be I = − 1.0686Clet- 

7a+139.06, and the detection limit (LOD) was determined to be 0.25 nM 
based on 3σ, which is comparable to or lower than those of previous 
colorimetric biosensors that were developed by nanozymes and elec
trochemical biosensors that were based on the bioenzymes-assisted 
signal amplification (Table S1). This low LOD was presumably origi
nated from 2D MnO2 nanoflakes’ dual enzyme-like activities allowing 
the efficient elimination of abundant MB, 2D MnO2 nanoflakes’ superior 
binding to ssDNA over dsDNA and the exceptional inhibition effect of 
ssDNA granting a significant recovery of catalytic activity of 2D MnO2 
nanoflakes upon the addition of only a handful of let-7a. Furthermore, 
the batch-to-batch repeatability was explored by applying five different 
batches of Plet-7a/MnO2 to probe 100 nM let-7a, and the maximum 
amplitude was calculated to be only 8 nA, which is very small, 
demonstrating the outstanding repeatability (Fig. S10). 

Selectivity is a critical consideration for validating the diagnosis 
accuracy, and thus was inquired by using let-7b, let-7c, let-7d, miRNA- 
429, miRNA-21 and miRNA-16 as the interfering objects (Fig. 5f). For 
let-7a, the ΔI (ΔI = I1 - I0, where I1 is the DPV peak current of the system 
in the presence of one of the analytes, and I0 is the DPV current of the 
blank sample) was − 96 nA, which is about 2.7, 2.4, 8, 13, 16, and 11- 
fold higher than that of the solution in the presence of let-7b, let-7c, 
let-7d, miRNA-429, miRNA-21 and miRNA-16, respectively. Obviously, 
both let-7b and let-7c had a greater affect on output signal than let-7d, 
miRNA-429, miRNA-21 and miRNA-16, but also caused little interfer
ence in selective analysis of let-7a. This is not strange to us that only let- 
7a can hybridize with Plet-7a to form dsDNA and subsequently depart 
from 2D MnO2 nanoflakes to recover the enzyme-like activities. Thus, 
2D MnO2 nanoflakes-based homogeneous electrochemical biosensor 
possessed the good selectivity for discriminating let-7a against other 
miRNAs. 

For a newly developed biosensor, another challenge is to apply it in 
analysis of target object in biological liquids. With this in mind, cell 
extract gotten from Hela cells was chosen as a representative to validate 
the practical application of 2D MnO2 nanoflakes-based homogeneous 
electrochemical biosensor. As illustrated in Fig. 5g, upon the addition of 
cell extract into the sensing system (the final concentration of Hela cell is 
1.0 × 104 cell/μL), the output signal negligibly varied compared with 
the blank sample and indicated that the expression level of let-7a in cell 
extract is too low to be detected by our biosensor, corresponding well to 
previously reported work (Shi et al., 2019). With 5 nM let-7a being 
added, the sensing system emitted declined fluorescence; with the 
amount of let-7a further raising, the fluorescence signal continued to 
decrease. According to the linear equation, the measured values by our 
biosensor were 5.27 nM, 14.45 nM and 30.63 nM, respectively, the mean 
recoveries were calculated to be 105.4%, 96.3%, and 102.1%, and the 
relative standard deviations (RSDs) were calculated to be 5.48%, 3.82% 
and 2.47%, respectively (Table S2). More importantly, the measured 
values kept high line with that of reverse transcription-polymerase chain 
reaction (RT-PCR). These data justified the great potential application of 
our biosensor for practical miRNA analysis in medical field. 

3. Conclusions 

In summary, 2D MnO2 nanoflakes with ultrathin thickness were 
successfully prepared through a soft template-directed wet chemical 
approach. After the catalytic activity and morphology tests, 2D MnO2 
nanoflakes were found to have the oxidase- and peroxidase-like activ
ities, and the activity and morphology can be easily tuned by varying the 
dosage of MES. Profiting from the dual enzyme-like activities, 2D MnO2 
nanoflakes demonstrated a high activity to catalyze oxidation of O2 into 
ROS and significantly decrease the DPV peak current through elimi
nating MB. Moreover, 2D MnO2 nanoflakes displayed a unique response 
to ssDNA. Owing to ssDNA-sensitivity and dual enzyme-like activities, a 

2D MnO2 nanoflakes-based homogeneous electrochemical biosensor for 
miRNA was developed with a good linear range from 0.4 to 100 nM for 
let-7a. This typical 2D nanozyme sets up a new avenue for developing 
higher-performance homogeneous electrochemical biosensors, supply
ing significant prospects for further construction of MB-based homoge
neous electrochemical system. 
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