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Abstract
Detection of microRNA-196a (miRNA-196a) is crucial in cancer research, enabling early diagnosis and providing guid-
ance for individualized treatment. In this work, we employed a naturally occurring negatively charged nano silk fibroin 
(NSF) with high mechanical properties, biocompatibility, and conductivity to be encapsulated with a positively charged 
gold nanoparticles (AuNPs) were used as film-forming materials for electrostatic layer-by-layer self-assembly to modify 
the working electrode of the screen-printed carbon electrode (SPCE). Under the optimized experimental conditions, 
the uniformly distributed AuNPs on the surface of the multilayer film modified SPCE (AuNPs/NSF)5.5/SPCE combined 
with the sulfhydryl-modified capture probe cp-DNA through gold-sulfur bonds. Furthermore, miRNA-196a is specifically 
captured through complementary base pairing to achieve highly sensitive and specific detection. (AuNPs/NSF)5.5/SPCE 
electrode can detect miRNA-196a in a concentration range of 1.0 × 10−13 to 1.0 × 10−6 M, and the calculated detection 
limit is 4.63 × 10−14 M when the signal-to-noise ratio is 3. The obtained results showed that the (AuNPs/NSF)5.5/SPCE has 
excellent selectivity and good stability over time.

Keywords  Electrochemical biosensor · Layer-by-layer self-assembly · Gold nanoparticles · Nano silk fibroin · MiRNA-
196a

1  Introduction

MicroRNAs (miRNAs), typically ranging from 19 to 24 nucleotides in length, are endogenous non-coding RNAs that play 
a pivotal role in post-transcriptional gene expression regulation and serve as crucial biomarkers for diagnosing and 
treating various diseases [1, 2]. Therefore, the establishment of accurate and rapid miRNA detection methods is crucial 
for the early diagnosis and subsequent treatment of related diseases.

Currently, several sensitive miRNA detection methods have been developed, involving microarray techniques, real-time 
reverse transcription polymerase chain reaction (RT-PCR), high-throughput sequencing techniques, fluorescence-based 
biosensors, northern blotting, and electrochemistry [3–9]. While RT-PCR offer high sensitivity and quantitative measurement 
capabilities, they are hindered by their requirements for expensive instrumentation and specialized expertise [10]. Similarly, 
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northern blotting, despite its capacity for multiplexed detection and size determination of miRNAs, is labor-intensive and 
comparatively less sensitive. MiRNA array technologies, though facilitating simultaneous profiling of multiple miRNAs, are 
complex and costly. In contrast, electrochemical detection of miRNAs combined several advantages, including high sensi-
tivity, rapid analysis, cost-effectiveness, portability, and label-free detection [11]. These attributes position electrochemical 
methods as promising alternatives for miRNA analysis, with potential implications for both research and clinical diagnostics.

To enhance sensitivity, selectivity, and reduce detection limits, modifications of bare electrodes are commonly employed. 
The introduction of nanomaterials has played a crucial role in further improving the analytical performance of electrochemi-
cal sensors, specifically in terms of electron transfer rates and electrocatalytic abilities [12–14]. Zhuang et al. developed a 
gold electrode (AuE) modified with gold nanoparticles (AuNPs) and coupled with a DNA capture probe for the detection of 
miRNA-100 in the serum of gastric cancer patients [15]. The study demonstrated uniform deposition of AuNPs on the AuE 
surface, resulting in enhanced conductivity and effective surface area. However, for applications requiring a larger specific 
surface area, AuNPs may have limitations [16, 17]. To address these limitations, researchers often employ composites or 
incorporate additional functional nanomaterials to augment both the specific surface area. Silk fibroin has found widespread 
application in electrochemical biosensors, demonstrating high-performance detection capabilities for glucose, nitroaniline, 
pH, and pressure sensing [18–21]. Notably, the exploration of mildly extracted nano silk fibroin (NSF) in synergy with other 
materials for the fabrication of electrochemical biosensors remains unreported. However, the catalytic activity of NSF may be 
restricted, potentially leading to sensors that are less sensitive than anticipated [22]. NSF may demonstrate reduced catalytic 
efficiency and reaction rates during electrocatalysis.

The conventional fixation approach for electrochemical biosensors typically involves a mixed coating of various materials. 
This method presents limitations: firstly, it only allows for the control of thin film growth on a two-dimensional plane; secondly, 
it struggles to harness the unique advantages of materials and may even compromise their inherent properties [23–25]. Yin 
et al. prepared a AuNPs/silk fibroin (SF) modified glassy carbon electrode for the immobilization of horseradish peroxidase 
(HRP) [26]. Although this method was able to immobilize HRP and maintain its biological activity to a certain extent, the 
nanoparticles aggregated under some conditions and these aggregations could lead to a significant loss of electrocatalytic 
capacity [27, 28]. In contrast, layer-by-layer self-assembly represents a nanotechnology for constructing intricate structures 
through the sequential stacking of materials. This process encompasses surface modification, the application of layer-by-
layer self-assembled material solutions to a substrate, layer-by-layer interactions, multiple iterations of adding layers, and a 
termination step to ensure the completion of self-assembly. Layer-by-layer self-assembly stands out for its high flexibility and 
precision, effectively amalgamating the exceptional properties of multiple materials to compensate for individual material 
deficiencies while enhancing specific functions [29, 30]. Although spray coating and spin spray methods can expedite the 
deposition of thin film layers within seconds, their reliance on expensive instruments and intricate setup adjustments ham-
pers the widespread application of layer-by-layer self-assembly. Therefore, attaining an equivalent-quality thin layer system 
in a shorter timeframe becomes imperative for practical applications.

In this work, AuNPs and NSF were modified on screen-printed carbon electrode (SPCE) by layer-by-layer self-assembly 
to serve as a sensing interface for the specific detection of miRNA-196a. Scheme 1 showed the modification process of the 
electrochemical sensor. AuNPs and NSF were modified layer-by-layer on the electrode surface by electrostatic interaction 
between the two materials. The platform combines the high electrocatalytic ability of AuNPs and the high active area of 
NSF to improve the adsorption performance of biomolecules. The biorecognition mechanism of this experiment was based 
on the specific interaction between capture DNA and miRNA-196a. When the capture probe was present, miRNA-196a was 
captured onto the modified electrode, hindering electron transfer and reducing the peak response of the DPV current. The 
biosensor developed in this study can be used as a low-cost, specific and sensitive strategy for early clinical cancer detection 
compared to conventional detection methods.

2 � Experimental section

2.1 � Reagents and chemicals

Human serum samples are provided by Shanghai Pudong new area Zhoupu hospital. All reagents except silkworm 
cocoons were used directly in this study. Silkworm cocoons were purchased from Northwest Sericulture Base. Sodium 
hydroxide, urea, anhydrous sodium bicarbonate, potassium ferrocyanide (K4[Fe(CN)6]), potassium ferricyanide 
(K3[Fe(CN)6]), tris(2-carboxyethyl)phosphine (TCEP), mercaptoethanol (MCH) was purchased from Shanghai Titan 
Technology Co., Ltd. Chlorauric acid (HAuCl4·3H2O) and tetraoctylammonium bromide (TOABr) were purchased from 
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Shanghai Acmec Biochemical Co., Ltd. Sodium borohydride (NaBH4) was purchased from Sinopharm Chemical Rea-
gent Co., Ltd. diethyl pyrocarbonate (DEPC) water and phosphate buffer saline (PBS) were purchased from Sangon 
Biotech Co., Ltd. DNA and miRNA were synthesized by Sangon Biotechnology, and the sequences are shown in Table 1.

2.2 � Experimental apparatus

Electrochemical experiments were carried out on CHI660B (Shanghai Chenhua Instrument, China) with a three-
electrode system, which contained carbon, Ag/AgCl and platinum (Pt) as working, reference and counter electrode 
respectively. Scanning electron microscope (SEM, Regulus 8100, Guoyi Quantum Technology Co., Ltd., China) was 
used for microstructure characterization. All electrochemical measurements were conducted in 0.1 M KCl solution 
containing 5 mM [Fe(CN)6]3−/4− used as an electrolyte in the potential range of − 0.2 to 0.6 V.

2.3 � Synthesis of 4‑(dimethylamino)pyridine‑gold nanoparticles composites

4-(Dimethylamino)pyridine (DMAP) capped gold nanoparticles (AuNPs) composites were prepared by phase transfer 
method. Briefly, after adding HAuCl4 aqueous solution to TOABr toluene solution, the HAuCl4 nanoparticles were 
transferred from the aqueous phase to the toluene phase after magnetic stirring for 30 min, and NaBH4 aqueous 
solution was added to the mixed solution to reduce the HAuCl4 nanoparticles to AuNPs. The upper toluene solution 
was taken, and then DMAP solution was added to the toluene phase and stirred for 24 h. At this point, the AuNPs 
were capped by DMAP and transferred to the toluene phase, where the AuNPs were capped by DMAP and transferred 
to the toluene phase. The AuNPs were then capped by DMAP and transferred to the aqueous phase. The aqueous 
solution was collected, and the solution used in the experiment was obtained by diluting this solution 10 times. The 

Scheme 1   Schematic of the 
electrochemical biosensor 
based on (AuNPs/NSF)5.5/SPCE 
for detection of miRNA-196a

Table 1   DNA and miRNA 
sequences

Name Sequence (5′ to 3′)

cp-DNA SH-CCC​AAC​AAC​ATG​AAA​CTA​CCTA​
miRNA-196a UAG​GUA​GUU​UCA​UGU​UGU​UGGG​
miRNA-21 UAG​CUU​AUC​AGA​CUG​AUG​UUGA​
miRNA-155 UUA​AUG​CUA​AUC​GUG​AUA​GGGGU​
miRNA-210 AGC​CCC​UGC​CCA​CCG​CAC​ACUG​
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UV–Vis absorption spectra confirmed the successful preparation of AuNPs, and the absorption band around 520 nm 
indicated the reduction of AuNPs.

2.4 � Extraction of NSF

The extraction of NSF involves several steps: silk degumming, dissolution, dialysis, ultrasonication, centrifugation, and 
freeze-drying [31] (Fig. S1).

Initially, 2 L of Na2CO3 aqueous solution, characterized by a mass fraction of 0.5 wt%, is heated to its boiling point. 
Subsequently, 15 g of silkworm cocoons, free from silkworm chrysalis and impurities, are excised and immersed in the 
aforementioned solution. The mixture is then subjected to 30 min of heating, with concurrent stirring facilitated by a 
glass rod to facilitate silk degumming. The silk was then thoroughly washed three times and wrung dry. The primary 
degummed silk is introduced into the boiling Na2CO3 aqueous solution for a subsequent 30 min heating cycle, employ-
ing identical conditions for the second degumming phase. The silk is then washed thrice with ultrapure water and left 
to dry at room temperature for 24 h, resulting in the acquisition of degummed silk. Weigh 3 g of degummed silk and add 
it to 100 g of pre-cooled NaOH/urea aqueous solution in a − 20 °C refrigerator. Stir the solution at room temperature for 
10 min every 12 h, repeating this process for 3 days to achieve complete silk dissolution. Transfer the dissolved silk solu-
tion into a dialysis bag and place it in a beaker filled with 1 L of ultrapure water for 3 days, changing the water every 12 h 
to remove salt ions. Subsequently, subject the dialyzed silk fiber mixture to a 30-min ultrasonic treatment in ice water 
(400 W) to extract NSF. Centrifuge the mixture at 6000 r/min for 20 min, retaining the supernatant. Freeze 20 mL of the 
supernatant at − 80 °C for 8 h, followed by freeze-drying for 48 h to obtain the freeze-dried NSF.

2.5 � Preparation of (AuNPs/NSF)n modified SPCE

The (AuNPs/NSF)n film is assembled through electrostatic layer-by-layer self-assembly on SPCE. Prior to use, the SPCE 
undergo treatment with a plasma cleaning agent to render their surfaces hydrophilic, incorporating negatively charged 
hydroxyl groups. The subsequent electrostatic interaction between the electrode surfaces and the electrolyte propels 
the self-assembly process. Initiating the procedure involves the meticulous addition of 3 μL of a tenfold diluted AuNPs 
solution (pH 11.0) dropwise onto the working electrode, followed by a rinse with deionized water after 10 min. Subse-
quently, the NSF solution (pH 9.0) is added dropwise, and after 10 min, it is rinsed with deionized water of the same pH 
to ensure proper rinsing. The electrodes are then dried with N2. Repetition of this sequence results in sixteen-channel 
SPCE modified with multi-thin films. Concurrently, to establish a binding site between cp-DNA and AuNPs, an additional 
layer of AuNPs is constructed atop the (AuNPs/NSF)n multilayer film, denoted as (AuNPs/NSF)n.5.

2.6 � Fabrication of biosensing platform

Coupling of cp-DNA to AuNPs in this experiment was achieved through gold-sulfur bonding. Cp-DNA (1 μM) is applied to 
the prepared working electrode, stored in a humid box at 4 °C for 12 h, and then gently washed with DEPC water, followed 
by drying with N2. Subsequently, 3 μL of a 2 mM MCH solution (containing 2 mM TCEP) is added to the electrode, stored 
in a humid box at room temperature for 1 h to block unbound sites and prevent non-specific adsorption. Unbound MCH 
is gently washed off with 10 mM PBS, followed by drying with nitrogen. MiRNA solutions of various concentrations are 
added dropwise, and the system is incubated in a refrigerator at 4 °C for 5 h to facilitate hybridization. Finally, unhybrid-
ized miRNA strands are gently washed off with DEPC water, and the electrode is dried using N2.

3 � Results and discussion

3.1 � Characterization and electrochemical behavior of electrodes

The surface morphology of the modified electrodes was characterized by scanning electron microscopy (SEM). As shown 
in Fig. 1A–C, the surface morphology of the bare electrode, NSF and AuNPs mixed coating modified SPCE, and (AuNPs/
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NSF)5 modified SPCE were examined through SEM. As shown in Fig. 1A, the bare SPCE has a large surface morphology 
but lack binding sites for biomarkers. For the mixed-coating of AuNPs and NSF (Fig. 1B), the film formation was uneven 
and the AuNPs appeared to be agglomerated, limiting the full utilization of their material properties. In contrast, (AuNPs/
NSF)5/SPCE (Fig. 1C), where AuNPs are uniformly dispersed on NSF. The synergistic effect of NSF and AuNPs enhances 
the specific surface area and electrocatalytic properties of the electrodes. The specific surface area of the NSF modified 
electrode is small, and some of the NSF curls into clusters, forming protrusions on the electrode surface (Fig. S2).

The electrochemical behaviors of electrodes modified with different materials have been investigated by cyclic vol-
tammetry (CV), and the results of which were as shown in Fig. 1D. The anode peak current for the bare SPCE and mixed 
coating electrode were determined as 38.89 μA and 56.06 μA respectively. The results clearly showed that casting AuNPs 
and NSF onto the bare SPCE surface helped to increase the peak current, as AuNPs and NSF have excellent electrocata-
lytic properties and specific surface area. As anticipated, the peak current of (AuNPs/NSF)5/SPCE had gone up to 76.65 
μA following the layer-by layer self-assembly of AuNPs and NSF on the SPCE surface, indicating that the layer-by-layer 
self-assembly of AuNPs and NSF increased the surface area of electrode. Compared with the previous two electrodes, 
the electrode modified with (AuNPs/NSF)5 represent the best current response, indicating that the layer-by-layer self-
assembly of AuNPs and NSF accelerated electron transfer. The Randles–Sevcik formula was used to estimate the effective 
surface area of different modified electrodes. The surface area of the (AuNPs/NSF)5/SPCE was estimated to be 0.0696 
cm2, which is larger than bare SPCE (0.0353 cm2) and mixed coating electrode (0.0509 cm2). Obviously, (AuNPs/NSF)5/
SPCE has the large effective surface area, which provides more catalytic sites for capture probe, consequently improving 
the current response.

Electrochemical impedance spectroscopy (EIS), consisting of a semicircular part and a linear part, was used to charac-
terize the interfacial properties of different modified electrodes. As displayed in Fig. 1E, the bare SPCE showed Rct value 

Fig. 1   SEM images of bare SPCE (A), mixed coating (B) and (AuNPs/NSF)5/SPCE (C). D CV curves of SPCE, mixed coating and (AuNPs/NSF)5/
SPCE. E EIS changes of bare SPCE, mixed coating and (AuNPs/NSF)5/SPCE. All the above electrochemical experiments were performed in 
100 mM KCl containing 5 mM [Fe(CN)6]3−/4− at a scanning rate of 100 mV/s
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of 4945 Ω, while a significant decrease in Rct was observed on mixed-coating (Rct = 1958 Ω). Owing to large effective 
surface areas and electrical conductivity, mixed-coating of AuNPs and NSF promotes charge transfer rate between the 
electrode and [Fe(CN)6]3−/4− electroactive pairs. It was worth noting that the Rct was further decreased to 1071 Ω after 
the layer-by-layer self-assembly of AuNPs and NSF on the surface of SPCE, indicating that the nanocomposite material 
effectively improved electrochemical activity and had higher conductivity (Fig. 1E). To summarize, (AuNPs/NSF)5/SPCE 
demonstrated excellent electrocatalytic ability and conductivity.

Fourier infrared spectroscopy and zeta potential instrumentation were used to determine the structural characteris-
tics of the proteins in the extracted NSF solutions and the stability of the suspensions (Fig. S3). As shown in Fig. S3A, the 
transmission spectra showed the characteristic peaks from the peptide bond –CONH– for amide I, amide II, and amide 
III. The structural characteristic peaks at 1620 cm−1 corresponded to the –C=O– and –N–H-bonds in the amide I, and the 
congruent combination of characteristic peaks for the –C=O– and –C–N-bonds (located at 1517 cm−1 and 1229 cm−1, 
respectively) correspond to the amide II and amide III regions, respectively. As shown in Fig. S3B, the Zeta potential of 
NSF showed a significant negative charge, and the Zeta potential of NSF suspension was − 30.4 mV. Since the absolute 
value of the Zeta potential was greater than 30 mV, it indicated that the exfoliated NSF was more negatively charged, the 
intermolecular electrostatic repulsion was larger, and the stability of NSF suspension was better. In addition, in response 
to the FTIR spectra and the available amino acid sequences in filipin proteins, we hypothesized that the amino acids 
in NSF are mainly composed of glycine (Gly), alanine (Ala), serine (Ser), and its basic structure is shown in Fig. S3C. The 
elemental composition of (AuNPs/NSF)5/SPCE was shown in Fig. S4. The kinetic of the (AuNPs/NSF)5/SPCE reaction was 
under further investigation by CV at a scan rate (v) of 10–150 mV/s. As shown in Fig. S5A, B, the intensity of anodic peak 
currents of the modified electrode varied linearly with increasing square root of the scan rate. The corresponding fitting 
equation was y = 6.03x + 10.22 (R2 = 0.9964). This result demonstrated that the electrochemical catalytic reaction on the 
electrode surface was a diffusion-controlled process [32].

3.2 � Optimization of experimental conditions

The optimization of experimental conditions holds critical importance in amplifying the electrochemical signals of the 
electrode. In this study, we methodically optimized several pivotal factors influencing the chemical reaction rate on the 
electrode surface. These factors include the pH of the NSF solution, the quantity of assembled layers of the AuNPs/NSF 
on the electrode, and the duration of the quartz slide immersed in the solution [33–36].

The pH would affect the degree of ionization and the net charge of the electrolyte, thereby affecting the adsorption 
between layers of electrostatic layer-by-layer self-assembled films. This experiment investigated the effects of three pH 
of NSF solution on the adsorption of multilayer films, respectively pH 7.0, 9.0 and 11.0. In the experiment, the absorbance 
of n = 1, 3, 5, 7, and 9 layers of film was measured. Figure 2A selects the absorbance curve of n = 1, 5, and 9 layers of film 
to plot. It can be seen from the figure that the NSF of the UV absorbance increases with the number of layers. As shown 
in Fig. 2B, absorbance has a linear correlation with the number of layers. The slopes of the linear equations are 0.00765, 
0.0084, and 0.0039, representing the amount of film adsorption (x is the number of layers). Absorbance increases with 
the number of layers and was larger for the NSF solution at pH 9.0 than for the other two. Therefore, it can be judged 
that pH 9.0 is a more suitable for the NSF solution at which adsorption is faster.

We optimized the immersion time for the preparation of (AuNPs/NSF)3 and (AuNPs/NSF)5 on quartz slides, monitoring 
absorbance changes of the films at various immersion times using a UV–visible spectrophotometer (UV–Vis) to indicate 
film thickness. The absorbance-time curves presented in Fig. S6 demonstrate a rapid increase in absorbance within the 
initial 300 s, followed by a stable phase with no significant changes thereafter. This pattern suggests that the adsorption 
capacity of the film reaches saturation around the 300-s mark. Guided by the time-absorbance curves for both multilay-
ers, we determined 300 s as the optimal soaking time for subsequent experiments. It is noteworthy that the number of 
AuNPs/NSF layers directly influences the analytical sensing performance of the electrode. As illustrated in Fig. 2C, the 
current response signal intensity of AuNPs/NSF with different layers displays variations, characterized by an initial ascent 
followed by a subsequent decrease. The reduction in current response signal may arise from impeded electron transfer 
with relatively thick films, hindering optimal signal transmission. The oxidation peak current signal intensity exhibits a 
significant increase from 1 to 5, undergoes a slight decrease at 6, and experiences a rapid decline from 7 onwards (Fig. 2D). 
Consequently, n = 5 was identified as the optimal number of (AuNPs/NSF)n for subsequent experiments.
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3.3 � Detection performance of miRNA‑196a

(AuNPs/NSF)5.5/SPCE was prepared on the basis of (AuNPs/NSF)5 in order to allow cp-DNA and AuNPs to bind through 
gold-sulfur bonds. In this study, we investigated DPV responses of the (AuNPs/NSF)5.5 modified electrochemical biosensor 
to different target concentrations of miRNA-196a, and the selectivity, stability, and reusability of electrochemical biosen-
sors to interfering substances. DPV parameters are set respectively: step potential is 0.004 V, the modulation amplitude 
is 0.05 V, and the pulse width is 0.05 s.

When the cp-DNA of miRNA-196a binds to the uniform AuNPs on the multilayer film’s surface via gold-sulfur bonds 
and forms a duplex with miRNA-196a through complementary base pairing, it induces an increase in the surface resist-
ance of the electrode, resulting in a decrease in the oxidation peak current signal. The amount of adsorption is directly 
related to the change in signal value. As depicted in Fig. 3A, a distinct oxidation peak of [Fe(CN)6]3−/4− is observed at 0.2 V. 
As the negative logarithm of the concentration of miRNA-196a increases, the oxidation peak current correspondingly 
rises. The linear curve is represented as y = 2.079x − 4.453 (R2 = 0.998), where x denotes the negative logarithm of the 
concentration of miRNA-196a in mol/L, and y represents the current signal value in μA (Fig. 3B). The calculated detection 
limit (LOD) for the constructed sensor is 4.63 × 10−14 M (S/N = 3).

Fig. 2   A Effects of NSF solution pH for assembly of (AuNPs/NSF)n; B Linear relationship between absorbance and (AuNPs/NSF)n of NSF 
with different pH. Linear regression equation: y = 0.00765x + 0.0412, R2 = 0.982 (pH = 7.0), linear regression equation: y = 0.0084x + 0.0416, 
R2 = 0.980 (pH = 9.0), linear regression equation: y = 0.00395x + 0.459, R2 = 0.985 (pH = 11.0); C CV curves of electrodes modified with different 
layers of (AuNPs/NSF)n; D Variation curve of oxidation peak current with (AuNPs/NSF)n. All the above electrochemical experiments were per-
formed in 100 mM KCl containing 5 mM [Fe(CN)6]3−/4− at a scan rate of 100 mV/s
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Selectivity and stability are pivotal properties that determine the practical application potential of electrochemical 
biosensors. In this study, initial assessments were conducted to evaluate the changes in DPV current response of (AuNPs/
NSF)5.5/SPCE upon exposure to miRNA-196a, miRNA-196a and miRNA-21 mixture, miRNA-21, and miRNA-155, each at 
a concentration of 1 × 10−9 M (Fig. 3C). Notably, a significant change in current signal is observed solely in the presence 
of miRNA-196a, demonstrating high selectivity. Simultaneously, the (AuNPs/NSF)5.5/SPCE was stored at 4 ℃, and envi-
ronmental stability was assessed over a 7-day period (Fig. 3D). The oxidation peak current signal of the (AuNPs/NSF)5.5 
modified electrode exhibited a decrease within 7 days, with a relative standard deviation (RSD) of 7.43%, indicating robust 
stability of the electrochemical biosensor. As shown in Fig. S7, the anti-interference performance of the biosensor was 
performed at a concentration of 1 × 10−7 M. As shown in Table 2, compared to other label-free electrochemical biosen-
sors for miRNA detection, the proposed electrochemical biosensor showed wider linear range and lower detection limit.

The practicability of the prepared electrochemical biosensor was evaluated by standard addition method. Specifically, 
normal human serum samples were taken and diluted 100-fold by adding 0.01 M PBS solution. The above serum dilu-
tion was added to miRNA-196a as a base solution, and miRNA-196a serum solutions with concentrations of 1.0 × 10−7, 
1.0 × 10−9 and 1.0 × 10−11 M were respectively prepared. The recoveries of the three concentrations of miRNA-196a solu-
tions are shown in Table 3, the recoveries are between 89.1 and 114% and the relative standard deviation RSD is within 
15%. Finally, we evaluated the reusability of (AuNPs/NSF)5/SPCE. As shown in Fig. S8, the current signal was observed 
higher after denaturing the cp-DNA, and back to the level of the origin intensity after incubating with miRNA-196a again. 
These results indicated the potential reusability of the (AuNPs/NSF)5/SPCE.

Fig. 3   A DPVs of (AuNPs/NSF)5.5/SPCE with different concentrations of miRNA-196a: 1 × 10−13 to 1 × 10−6. B The oxidation peak current is 
linearly correlated with logarithm of the concentration of miRNA-196a. Linear regression equation: y = 2.079x − 4.453 (R2 = 0.998). C Selectiv-
ity of electrochemical biosensors to interfering substances. Error bars represented standard deviation (n = 3). Statistical analysis: *p < 0.05. D 
Stability of electrochemical biosensor for detection of miRNA-196a within 7 days. Error bars represented standard deviation (n = 3)
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4 � Conclusion

The development of electrochemical biosensors for miRNA-196a detection presents several critical challenges that must 
be systematically addressed to ensure efficacy. Key among these is ensuring selectivity, given the substantial homology 
among miRNA sequences. Additionally, sensor stability and reproducibility are major concerns, as AuNP aggregation, 
NSF degradation, and fabrication inconsistencies can compromise performance. Layer-by-layer self-assembly offers a 
strategic advantage, allowing precise control over material deposition, enhancing stability, and fine-tuning surface 
properties. Addressing these challenges, while leveraging this technology, is crucial for advancing reliable sensors for 
clinical miRNA-196a diagnostics. In conclusion, we developed an electrochemical sensor based on (AuNPs/NSF)5.5 for 
the detection of miRNA-196a. SEM confirmed that AuNPs and NSF were successfully modified on the electrode surface 
by layer-by-layer self-assembly. It was worth mentioning that the successful modification of the electrode effectively 
enhanced the stability and electrochemical properties of the sensor. Under the optimal conditions, the sensor had a wide 
linear range of 1.0 × 10−6 to 1.0 × 10−13 M, a low limit of detection of 4.63 × 10−14 M and spiked recoveries of 89.1–114%. 
In addition, the sensor exhibited good anti-interference, specificity and stability. This experiment is potentially valuable 
for the clinical judgment of miRNA-196a-related cancer diseases.
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Table 2   The performance comparison of electrochemical biosensors for detecting miRNA

Type Material Capture probe Detection limit Linear range References

Labeled biosensor AuNPs Ferrocene/methylene blue/cp-DNA 33 fM 100 fM–100 nM [37]
AuNPs/Graphitic carbon 

nitride nanosheets
Ferrocene/DNAzyme walker 4.3/78.6 aM 100 aM–100 nM [38]

Magnetic Nanoparticles/ Biotin/cp-DNA 0.27 aM 1 aM–1 pM [39]
Label-free biosensor MXene Tetrahedral DNA nanostructures 5 pM 5 pM–10 nM [40]

poly(L-cysteine)/MoS2 probe DNA 78 fM 100 fM–1 nM [41]
ZIF-8/AuNPs 3D DNA walker 29 pM 0.1 nM–10 μM [42]
AuNPs/NSF cp-DNA 46.3 fM 0.1 pM–1 μM This work

Table 3   Detection of miRNA-
196a in serum samples

Sample number Group num-
ber

Sample concentra-
tion (M)

Measured concen-
tration (M)

Recovery rate 
(%)

RSD (%)

Serum 1 1 1.0 × 10−7 8.95 × 10−8 89.5 4.98
2 1.0 × 10−7 8.47 × 10−8 84.7
3 1.0 × 10−7 9.36 × 10−8 93.6

Serum 2 1 1.0 × 10−9 1.01 × 10−9 101 9.14
2 1.0 × 10−9 1.09 × 10−9 109
3 1.0 × 10−9 8.91 × 10−10 89.1

Serum 3 1 1.0 × 10−11 1.14 × 10−11 114 13.02
2 1.0 × 10−11 9.01 × 10−12 90.1
3 1.0 × 10−11 1.14 × 10−11 114
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