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Abstract

The tremendously short length of the miRNA has offered a great challenge for progressing 

ultrasensitive measurements. The aim of this study is to fabricate a simple biosensor composed of 

Chrysin (C), Carbon nanotubes (CNTs) and Gold nanoparticles (AuNPs) to detect microRNAlet-

7a in normal serum samples, hepatocellular carcinoma patients and human liver cancer cells. The 

optimal incubation time for hybridization was found to be 30 min and the optimal temperature that 

gives the highest current response was 25oC. Differential pulse voltammetry (DPV), Impedance 

spectroscopy (EIS), scanning electron microscopy (SEM), transmission electron microscopy 

(TEM) and surface mapping were performed in this work. The current response rises with 

increasing miRNA-let 7a concentration (from 1.0 zM to 11 nM). A detection limit of 1.0 zepto-

molar was estimated in this projected work. The analytical applicability of the equipped probe/ 

CPE/CNT/C//AuNPs biosensor for the determination of miRNAlet7a was performed using 

biological serum samples from two normal people, four hepatocellular carcinoma (HCC) patients 

and two hepatic cancerous cultured cell lines Huh7 and HepG2, giving satisfactory results.
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MicroRNAs are  non-coding RNA that are widespread in plants and animals  and play key roles 

in the ruling of gene expression [2]. MicroRNAs are tangled in variety of genetic processes as cell 

cycle control, stem cell differentiation, hypoxia, cardiac and skeletal muscle development, insulin 

secretion, cholesterol metabolism, aging, immune responses and viral replication[3-6]. Also 

microRNAs is a key role in the variation and preservation of tissue identity. However, the utilities 

of most of these microRNAs are not yet discovered. The let 7 family is one of the (Grade A) 

characterized miRNA families having 13 members found at 9 different chromosomes and several 

body cancers contains deregulated let 7 expression. Carbon nanotubes (CNTs) are appropriate 

choice for electrode modification owing to their electrical conductivity and  their powerful ability 

to stimulate the electron-transfer process on their surface [7, 8]. Furthermore CNTs can be used to 

attach the desired chemical components to their surfaces, which leads to the improved solubility 

and biocompatibility of the CNTs [9]. Gold nanoparticles (AuNPs) play significant roles in 

numerous reactions due to their exceptional catalytic properties [10]. The multipurpose surface 

chemistry of AuNPs lets them to be coated with small molecules, polymers, and biological 

recognition molecules, via enhancing electron transfer reaction and increasing the 

electrochemically active surface area, thus covering their range of application. Chrysin is the main 

flavonoid originate in honey, propolis, Passiflora caerulea L and oroxylum indicum [11]. The 

beneficial effects of chrysin are dependent on its bioavailability and solubility, it also has 

pharmacological activities as antioxidant [12]. It comprise a numeral phenolic hydroxyl groups 

close to the ring structures, improving the antioxidant action [13]. Furthermore, the unlimited 

attention of the biochemical activities of flavonoids hinge on their chemical structure and their 

ability to give an electron to an oxidant via the3-hydroxyl group in the heterocyclic ring that can 

hunt radicals by H-atom, or electron transfer procedure where the phenol is changed to a phenoxyl 
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radical forming semiquinone or quinone [14]. Studying microRNAs is a strong challenge as 

microRNAs are very short which means that traditional DNA-based methods are not sensitive 

enough to detect these sequences with any reliability. Also, microRNA family members need a 

high ability to differentiate between single nucleotide mismatches. Extracellular miRNA can aid 

as diagnostic markers for hepatocellular carcinoma (HCC), which is the most common type 

of liver cancer. 

All of the electrochemical miRNA investigations methods depend on hybridization process that is 

translated into measurable signal. A number of voltammetric miRNA biosensors were equipped 

using electrocatalytic Ru (PD)2Cl2 [15], screen-printed graphite electrode [16],  silicon nano wire 

[17], OsO2 nanoparticles [18], gold and silver nanoparticles [2, 19, 20] .

 In this work, we offered a simple and sensitive CNT/Chrysin//AuNPs-based electrochemical 

biosensor for miRNA-let 7a determination based on the guanine oxidation consequent to the 

hybridization between the target miRNA and the complementary DNA capture probe [16].

2. Experimental

2.1. Materials and reagents

       Graphite, Chrysin, hydrogen-tetrachloroaurate HAuCl4 and CNTs were bought from Sigma 

Aldrich. Phosphate buffer saline PBS, pH 7.4, was prepared by adding 137 mmol L−1 NaCl, 2.7 

mmol L−1 KCl, 87 mmol L−1 Na2HPO4, and 14 mmol L−1 KH2PO4 to make the supporting 

electrolytes. All solutions are prepared using diethyl pyrocarbonate (DEPC) water. All tests were 

accomplished at ambient temperature.

The synthetic desalted purified miRNA let7a, ssDNA capture probe, single base-mismatched 

miRNA let7a and completely mismatched sequence miRNA let7a all the oligonucleotides were 
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obtained from Eurofins, Genomic technology and service (Germany) AP Biotech.ltd.co. The base 

sequences of the ssDNA capture probe and the miRNAs were as follows [2]:

   miRNA probe (ssDNA probe)                    5'-AAC  TAT ACA  ACC  TAC  TAC  CTCA-3'

   miRNA let7a (Target)                                5'-UGA GGU AGU AGG UUG UAU AGUU-3'

   miRNA let7a (single base  mismatched)  5'-UAG GGU AGU ACG UUG UAU AGUU-3'

   miRNA let 7a (completely mismatched)  5'-UCC GUA GAA UUU AAG AGU UUAA-3' 

The total miRNA was removed from serum samples of normal peoples with concentration (34.84 

µg/ml and 33.33 µg/ml) respectively. Four serum samples from patients suffering from 

hepatocellular carcinoma were provided from (National Hepatology &Tropical Medicine 

Research institute in Cairo) with concentrations (27.11 µg/ml, 26.36 µg/ml, 39.49 µg/ml and 17.14 

µg/ml) and from two cultured cancerous cell lines Huh 7.5 cells and HEPG 2 cells maintained in 

DMEM medium (Lonza Bioproducts, Belgium) with concentration (34.15 µg/ml and 37.51 

µg/ml), respectively using (QIAGEN sample and assay technologies) according to manufacturer's 

recommended protocol [2].

UltrapureTM diethyl pyrocarbonate (DEPC) - treated water was obtained from Invitrogen 

corporation (Life Technologies,Germany ) and was used for miRNA extraction and recognition.

2.2. Sensor creation

Carbon paste electrode (CPE) was fabricated [21] then 1.0% w/w CNT and Chrysin (C) were 

dispersed in the paste and vigorous sonication was applied to form CPE/CNT/C electrode [8]. Then the 

electrode was immersed into 6 mM hydrogen-tetrachloroaurate HAuCl4 solution containing 0.1M KNO3 

[22] and a constant potential of -0.4V versus Ag/AgCl was applied for 400 s. The modified electrode 

(CPE/CNT/C//AuNPs) was washed with doubly distilled water and dried carefully. Then this biosensor 

was used for miRNA-let7a detection.
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2.3. Cell and Apparatus

The electrochemical and the impedance measurements were done by SP-150 potentiostat 

supplied with EC-Lab® software package. A three-electrode cell  was used with a pt counter 

electrode (CE), Ag/AgCl reference electrode (RE) and (CPE/CNT/C//AuNPs)  as the working 

electrode (WE). A digital Hanna pH meter instruments was used for pH measurements. Scanning 

electron microscopic (SEM) measurements were done by SEM Model Quanta 250 FEG (Field 

Emission Gun) linked to EDX Unit (Energy Dispersive X-ray Analyses) (FEI company, 

Netherlands). TEM images were made by JEM-2100 (high-resolution transmission electron 

microscope) (HRTEM) [2] . 

3. Results and discussion

3.1. Surface interpretation of CPE/CNT/C//AuNPs

EDX and elemental mapping (fig.1A) evidenced to be significant analytical tools for 

effective imaging of sensor’s surface. EDX spectrum of CPE/CNT/C/GNPs sensor shows strong 

signals at 2.2 and 9.5 KeV related to the binding energies of Au, with carbon and oxygen peaks. 

Also the elemental mapping (inset) confirmed that CPE/CNT/C//AuNPs sensor is coated by 

AuNPs that are uniformly distributed across the total mapped area of the surface. To characterize 

the morphology of the sensor, SEM (fig 1B) and TEM micrographs (fig 1C) were performed. SEM 

of a) CPE/CNT/C//AuNPs displays a homogeneous distribution of shiny spherical AuNPs with 

average diameter size of ~20 nm, while SEM of b) CPE/CNT/C shows cores that enable the 

transfer of electrons, and CNTs shows randomly distributed tubes providing larger surface area of 

the sensor. TEM shows a) CNT as twisted tubes like structure with average internal diameter of 

about 20 nm, while b) AuNPs have average diameter of about 21 nm.

Insert figure 1
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3.2. Optimization of experimental conditions 

The influence of incubation time on the current response of ssDNA/ CPE/CNT/C//AuNPs 

for detecting miRNA-let7a was also examined. The biosensor was incubated from 2→ 40 min, 

and then examined in PBS (pH 7.4) (fig 2). The results show that the current response increases 

from 10 min to 30 min then equilibration state was achieved until 40 min, longer incubation time 

causes a decrease in the effectiveness of the adsorption, causing a decrease in the probe 

immobilization. These experiments were performed at 3 different hybridization temperatures 25 

(room temp.), 35 and 45o C. Therefore, the optimal incubation time for hybridization was 30 min 

and the optimal temperature that gives the highest current response was 25oC.   

Insert figure 2

3.3. Electrochemical detection at CPE/CNT/C//AuNPs surface

The electrochemical oxidation of probe/miRNA-let 7a at the surface of a) CPE, b) 

CPE/CNT/C, c) CPE/AuNPs and d) CPE/CNT/C//AuNPs was investigated by differential pulse 

voltammetry within the potential range of 650 mV to 1000 mV, in PBS (pH 7.4) (fig 3A). The 

results prove the principle of probe/ CPE/CNT/C//AuNPs biosensor for the electrochemical 

detection of miRNA-let 7a that is illustrated in scheme 1. The bamboo shape carbon nanotubes 

with the natural product chrysin perform a compatible film causing the surface area of the sensor 

to increase. This results in electron conductivity between the electrode and the solution to increase 

the electrocatalytic effect and the immobilization of gold nanoparticles on the CNT/C film. Then 

the DNA probes which have a sequence complementary to the part sequence of target miRNA let 

7a are covalently immobilized on the negatively charged CPE/CNT/C//AuNPs surface, to form a 

stable hybridization that blocks the interfacial electron transfer causing an increase in the charge 



ACCEPTED MANUSCRIPT

7

transfer resistance. The formed sandwich structure increases the sensitivity of the sensor for 

specific detection of target miRNA.  

Scheme 1: The scheme demonstrating the principle of miRNA-let 7a detection by ssDNA/ 

CPE/CNT/C//AuNPs biosensor.

Also, the electrochemical oxidation of miRNA-let 7a at the surface of ssDNA/ 

CPE/CNT/C//AuNPs biosensor (fig 3B) was detected based on the change in the current response 

before (curve a) and after hybridization (curve b).

          The peak current at 790 mV arises from the guanine charge transfer between CNTs with C 

and between the Au surface with the hydroxyl group at the 2' position of the ribose sugar, which 

facilitated the charge transfer process through one-electron transfer that results in the formation of 

stable guanine oxidation products. The peak current of miRNA-let 7a decreased when the probe 
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was immobilized onto CPE/CNT/C//AuNPs surface (curve b), due to the less conductive film 

formed by the immobilization of the probe which hinder the electron transfer process. Finally, the 

peak current disappears after the addition of the target miRNA-let7a (single base mismatched) 

(curve c) and the (complete mismatched) (curve d), as they introduce a disorder in the hybridization 

between the probe and target, weakening their interactions and stuck the electrons transmission 

towards the surface. 

Also, the same miRNAs were studied using impedance spectroscopy (fig 3C). The Nyquist plots 

showed an increase in the impedance values on the following order: complete mismatch> 

mismatch> probe + target > target, indicating an increase in the total charge transfer resistance of 

478 > 445 > 221 > 143 Ohm, demonstrating a lowest conductivity for complete mismatch and 

mismatch of highest charge transfer resistance value. This is in agreement with DPV results. The 

model used for fitting [23-27] (inset) is a two time constant model. It consists of Rs as the solution 

resistance, R1, R2 as both outer and inner charge transfer resistance. CPE1 and CPE2 are the 

corresponding constant phase elements (CPE) for both outer and inner layers instead of ideal 

capacitances owing to the non-homogeneity of the surface. Zw refers to diffusion process. The 

model indicates a diffusion and a charge transfer controlled mechanism. Therefore 

CPE/CNT/C//AuNPs sensor can be used to investigate miRNA-let 7a in complex samples with 

decent specificity. Also, the reproducibility was considered using four miRNA-let 7a biosensors, 

giving a relative standard deviation (RSD) of 5.2%. 

Insert figure 3

3.4.  Performance of the biosensor
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To check the sensitivity of the assay, the differential pulse voltammograms were performed 

to examine the feasibility and sensitivity of the biosensor. For miRNA-let7a electrochemical 

detection the probe/CPE/CNT/C//AuNPs electrode was dipped into PBS (pH 7.4) covering 

different concentrations, then the correlation between the ΔI peak and the logarithm of miRNA-

let 7a concentration was achieved (fig 4). The parameters for the DPV experiments were as follow: 

scan rate = 10 mV.s-1, pulse width = 25 ms, pulse period = 200 ms, and pulse amplitude = 10 mV.  

The guanine oxidation signal of the probe was set as a background.  ΔI response increases with 

miRNA-let 7a concentration (from 1.0 zM to 11 nM) in two linear ranges with different slopes due 

to the contact between the ssDNA probe and the miRNA-let 7a that yields an alteration in the 

probe positioning and give an improved approachability of the probe and thus improve the 

hybridization efficiency at the sensor’s surface, and accordingly the ΔI increases. At higher 

concentrations the amplitude of the ΔI peak starts to decrease, due to the electrostatic repulsion 

between the probe and the target that decrease the hybridization efficiency. The regression 

equations in the ranges of 1.0 zM to 0.16 fM and 0.16 fM to 11 nM can be expressed as ΔIp = 

11.875 + 0.748 log CmiRNA-let7a and ΔIp = 29.61 + 2.464 log CmiRNA-let7a. The two linear curves have 

the same correlation coefficients of 0.9980, and the slopes are 0.748 and 2.464 μA/cm2decade, 

respectively, while the limit of detection is 4.7 FM. Comparison of the proposed sensor with our 

previous work and others for electrochemical methods [28-31] of microRNA platform is presented 

in table 1.

The applicability of probe/ CPE/CNT/C/GNPs biosensor was estimated by the standard 

addition method. The advanced biosensor was used to identify the miRNA-let 7a in the total RNA 
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samples and the recovery was found to be 106.6% with a RSD of 12.6%, suggesting that the 

probe/CPE/CNT/C//AuNPs biosensor is applicable in complex miRNA samples.

Insert figure 4 and table 1

3.5. Real samples applications

Hepatocellular carcinoma HCC is the most common primary liver cancer. The analytical 

applicability of prepared probe/CPE/CNT/C//AuNPs biosensor for the recognition of miRNAlet7a 

was performed on miRNA samples from different serum samples provided from two normal 

people (fig 5A), four HCC patients (fig 5B) and two hepatic cancerous cultured cell lines Huh7 

and HepG2 taken from human liver tumor (fig 5Cand D respectively) before and after 

hybridization [2]. All experiments were performed in agreement with the relevant laws and 

institutional guidelines, and the institutional committee had permitted the experiments. The 

outcomes demonstrated that  the  current response of miRNA-let 7a for the normal people (control), 

is smaller than  the  current response of the 4 HCC patients, since the expression of  miRNA is 

commonly down regulated in infected tissues compared with normal ones, demonstrating that the 

occurrence of  a subset of miRNA can perform as tumor suppressors like miRNA-let 7a [32],where 

the current responses of patient 2 and 3 are higher than patients 1 and 4 as they both suffer also 

from hepatitis C virus (HCV) (fig 5B) with specific miRNAs which control viral replication and 

host gene signaling path. Also miRNA let 7a causes a down regulation for HCV patients because 

miRNA let 7a is said to be from the human endogenous miRNAs involved in defense mechanism 

mainly against RNA viruses [18]. While fig 5 C and D gave the maximum current miRNA-let 7a 

responses, owing to the existence of the liver cancer that enhances the replication disorder in the 

miRNA. These results indicated that the prepared miRNA biosensor can perform a promising 

analytical investigation in real biological samples.
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Insert figure 5

3.6.  Specificity and repeatability

To evaluate the specificity of the biosensor, non-complementary miRNA, glucose and 

adrenaline, were examined with the target miRNA let 7a, respectively. The results show that the 

signal produced by the target was approximately the same in the absence and presence of the 

interfering substances giving recoveries 101.7%, 99.7% and 100.6% for non-complementary 

miRNA, glucose and adrenaline respectively, indicating that the probe/CPE/CNT/C//AuNPs 

biosensor had good specificity towards target miRNA let 7a, and that the interfering substances 

had almost negligible influence on the miRNA detection.

The repeatability test was also performed by constructing four probe/ CPE/CNT/C/AuNPs 

biosensor with the same conditions and measures the current responses of miRNA-let 7a. The RSD 

was found to be 0.84%.

4. Conclusion

   The marvelous (Chrysin/carbon nanotubes and gold nanoparticles-based) biosensor exhibits 

promising analytical properties in magnifying the sensitivity of miRNA-let7a detection and 

dropping the detection limit, with ultra-sensitivity and good selectivity and reproducibility under 

optimal conditions. The CPE/CNT/C//AuNPs biosensor also offers satisfactory results in the 

determination of miRNA-let 7a either in hepatocellular carcinoma patients or in hepatic cancerous 

cultured cell lines Huh7 and HepG2. The proposed, simply fabricated CPE/CNT/C//AuNPs 

biosensor can be used in wide applications in the routine detection of miRNAs.
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Fig 1. A) EDX and elemental mapping (inset) of CPE/CNT/C//AuNPs sensor.

           B) SEM of a) CPE/CNT/C//AuNPs and b) CPE/CNT/C         

           C) TEM micrographs of a) CNT and b) AuNps.

Fig 2. Chart of the influence of incubation time and hybridization temperatures on the current           

response of miRNA-let7a using ssDNA/CPE/CNT/C//AuNPs.

Fig 3.  A) The electrochemical oxidation of probe/miRNA-let 7a at the surface of a) CPE, b) 

CPE/CNT/C, c) CPE/AuNPs and d) CPE/CNT/C/AuNPs using differential pulse voltammetry in 

PBS (pH 7.4).

B) The electrochemical oxidation and C) Nyquist plots of miRNA-let 7a at the surface of 

CPE/CNT/C//AuNPs a) before and b) after hybridization , with the current response of c) single 

base mismatched) and d) the complete mismatched miRNA. The inset represents the equivalent 

circuit.

Fig 4. The relationship between the ΔI peak and the logarithm of miRNA-let 7a concentration.

Fig 5. The current response of the extracted miRNA samples from a) two normal persons, b) four 

HCC patients and two hepatic cancerous cultured cell lines c) Huh7 and d) HepG2 taken from 

human liver tumor before and after hybridization.

Table 1: Comparison of  ssDNA/ CPE/CNT/C//AuNPs sensor with others for electrochemical 
determination of microRNA.

Table 1
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Comparison of ssDNA/ CPE/CNT/C//AuNPs sensor with others for electrochemical 

determination of different types of microRNA.

Method Detection 

limit

Ref.

Chronoamperometry based on paramagnetic beads and 

enzyme amplification

7 pM [21]

Amperometry using Pd nanoparticles as enhancer and linker 1.87 pM [22]

DPV based on the oxidation of tryprophan residues of p19 

protein

1.6 pM [23]

DPV using an electroactive complex of osmium(VI) and 2,2′- 

bipyridine

10 nM [24]

DPV using CPE modified with Ag nanoparticles and propolis 0.001 fM [2]

probe/ CPE/CNT/C//AuNPs 1.0 zM This work
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 Biosensor composed of chrysin (C), MWCNTs and Au nanoparticles to 
detect miRNA-let 7a.

 Surface characteristics were achieved using SEM, TEM, EDX and elemental 
mapping.

  The biosensor was applied for normal human serum samples, HCC patients 
and in Huh7 and HepG2. 

 Excellent sensitivity and low detection limits were obtained.


