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Abstract 
 

This study presents the use of new kind of carbon electrode materials as ultramicroelectrodes 

(UMEs) in the field of electrochemical DNA biosensors which has already been proven to be 

effective in protocols to DNA sequences hybridization. In contrast to other carbon materials such 

as diamond like carbon, that are difficult to integrate in microfluidic devices due to their high 

temperature deposition, amorphous carbon nitride (a-CNx) is easily synthesized at room 

temperature on various materials using sputtering techniques. Here, we report a-CNx use as 

microband electrodes in Glass/PDMS microfluidic devices. a-CNx electrodes were activated and 

then biofuntionalized by covalent grafting of a DNA probe as self-assembled monolayer (SAM) 

with a view to future development of a detection platform targeting circulating DNA or RNA 

sequences in microfluidic channels. 
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1. Introduction 

Combining high specificity, low-cost, easiness to use, portability and compatibility with microfabrication 

processes, electrochemical DNA biosensors in microfluidics are excellent candidates for challenging 

methods using polymerase chain reaction (PCR) amplification in the frame of diagnosis of clinical interest. 

In this purpose, many recent works tackle to optimizing DNA biosensors in terms of cost, rapidity and limit 

of detection without an amplification stage. The choice of the immobilization technique depends on the 

biological element (DNA, RNA, miRNA), the transduction (electrochemical, optical, acoustic), the medium 

(serum, aqueous buffer), and the chemical stability of the probe [1]. Among a plethora of tested substrate 

materials, gold is widely used due to its facile deposition as thin film microelectrodes on various materials 

at room temperature, to its high conductivity and to numerous known functionalization methods such as 

physical adsorption, microcontact impression and polymerization. Physical adsorption is more attractive as 

it maintains the biological activity of the bioreceptors. Gold substrate provides an easy way to immobilize 

a DNA probe via the chemical adsorption, yielding to the formation of a self-assembled monolayer (SAM) 

using thiol-labelled probes [2-8]. 

However, SAMs on gold are known to be unstable architectures in time due to natural desorption of 

thiolated-DNA and gold dissolution in sodium chloride medium that impact negatively both the biosensor's 

robustness and sensitivity [9]. These drawbacks are especially critical for microfluidic devices due to the 

continuous convection flow [10],[11]. The need of stable biosensors in such microdevices is a key step for 

accurate real-time continuous monitoring of a wider range of bioanalytical applications. Among the many 

other alternative materials to gold, carbon-based surfaces for DNA sensing have also been of great interest 

[12]. In a non-exhaustive list, one can cite carbon paste [13], pencil lead [14], screen-printed carbon 

electrodes [15], carbon fiber [16], glassy carbon [17], or carbon materials resulting from pyrolysis of 

photoresists [18]. Additionally, carbon nitride based nanomaterials appears as promising new class for 

nanosensors. Among them, graphitic carbon nitride (g-C3N4) and ultra-thin graphitic carbon nitride (utg-

C3N4) and their hybridized forms: tubular form (C3N4 NTs), metallic (Au, Pt) nanoparticle-functionalized 
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nanosheets (g-C3N4@Au NPs), or dots composite (g-C3N4/NCDS) can drastically enhance electrochemical 

performances in photocatalysis or sensing applications [19-23]. 

One of the covalent grafting strategies of DNA probe widely used in the literature is the one exploiting 

carbodiimide covalent binding. On the activated surface [17] of electrochemically oxidized glassy carbon 

electrodes, N-hydrosulfosuccinimide (NHS) and water soluble 1-ethyl-3-(3-dimethylaminopropyl)-

carbodiimide (EDC) reagents are known to activate carboxylic acid groups [24, 25], which favours strongly 

DNA grafting. 

Despite their better performances than those of gold in terms of stability and selectivity, the main 

drawback of carbon materials, such as diamond like carbon (DLC) or boron-doped diamond (BDD), 

is their high deposition temperature which precludes to integrate them on other materials in MEMS 

or in microfluidic devices. In this work, we propose a-CNx thin film as an alternative carbon 

material deposited on transparent glass substrates using the DC cathodic reactive magnetron 

sputtering technique. The deposition involves a graphite target in the presence of an Ar/N2 gas 

mixture. This technique presents a double advantage: first, the deposit can be easily produced at 

room temperature on a wide variety of polymeric or metallic substrates, and second, the possibility 

to tune the chemical surface composition [26] with a fine control of the atomic nitrogen content, x , 

being typically lower than 0.4 [27].  

The control of nitrogen composition leads to a high variety of dangling bonds. In addition, as for 

DLC and BDD, a-CNx materials offer a large potential window typically between 3 V and 4 V 

depending on the supporting electrolyte, on the x value and on the pH. For example perchlorate 

offers a potential window close to 3.8V as shown in the I-V curves of references [28] or [29] for a-

CHNx or a-CNx respectively with the same limits fo the cathodic or anodic waves. In reference [28] 

potential window is also shown for KCl : the cathodic wave starts at the same potential value as for 

perchlorate, the anodic wave starting 300 mV earlier than for perchlorate due to the oxidation wave 

of chloride. Therefore, in conditions closer to biological ones, the potential windows remains close 
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to 3.5 V. When x is equal to 0.16, high values of the electron transfer rate constant are measured for 

usual fast redox systems [30]. 

Recently, a study based on spectroscopic, microscopic and electrochemical characterizations of 

several ITO/a-CNx (0.12<x<0.30) disk electrodes led us to conclude why a-CN0.30, behaves both as 

a dielectric material (low electronic conductivity) and as an ideally polarizable interface (high 

polarization resistance) [31],[32]. 

In this work, a-CN0.12 (lowest nitrogen content) thin films were synthesized and lithographied on 

Ti/Pt substrates so as to produce planar (30 µm wide) microband electrodes. Then, an anodic 

electrochemical pre-treatment was performed to activate these microband electrodes. Finally, the 

formation of DNA probe based SAMs was achieved on pre-treated a-CN0.12 microelectrodes 

opening the door to a future development of detection platform in the context of real time detection 

of circulating biomarkers such as circulating microRNAs in microfluidics. 

2. Experimental 

2.1. Reagents and chemicals  

Sodium chloride (NormaPur), methylene blue (Alfa Aesar), potassium ferricyanide (III), and 

potassium ferrocyanide (II) (Sigma-Aldrich) were used in the experiments without further 

purification. The labelled DNA probe (P) and complementary miRNA-target (T) (Integrated DNA 

Technologies) sequences are shown in Table 1. The melting temperature (Tm) given by the supplier 

is 64°C and the molecular weight (MW) is 6500 g mol-1. The DNA probe oligonucleotides were 

synthesized with a 5' amino modification and the target sequence, miRNA-122, is a fragment of 

interest for the diagnosis of liver cells in case of injury (hepatitis, alcoholism, obesity). The 

electrolyte used for the Electrochemical Impedance Spectroscopy (EIS) and Cyclic Voltammetry 

(CV) measurements was made of an equimolar (3 mM) aqueous solution of [Fe(III)(CN)6]3− and 

[Fe(II)(CN)6]4− containing also 0.5 M NaCl and 10-8 M Methylene Blue (MB) [11],[33]. The 

measured pH of the solution was 6.4. 
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2.2. a-CNx microelectrode fabrication 

a-CNx thin layers similar to those used in this work have been described in a previous paper [31]. 

Instead of an ITO sublayer, a titanium / platinum (5 nm / 50 nm) bilayer is deposited on glass so as 

to promote a-CNx adhesion and to provide an electrical contact on glass. Then, a-CNx is deposited 

using a mask (see mask in Figure 1) as well as a DC magnetron sputtering setup (MP300S Plassys, 

deposition time: 20 min, power: 200 W, total pressure before injection of the gas mixture: Ptot(i)<2.10-

7 Torr) including a graphite target and containing a gas mixture composed of argon and nitrogen 

(total pressure: Ptot = PAr + PN2 = 0.4 Pa, pressures ratio : 100xPN2/Ptot= 3 %). A 220 nm thickness 

was measured with SEM for the resulting film as described in reference [31]. XPS data were used 

for determining the stoichiometric coefficient, x, of a-CNx thin films by considering the nitrogen 

atomic percentage in the film divided by the sum of nitrogen and carbon atomic percentages in the 

film, i.e. the N/(N+C) percentage ratio. The measured nitrogen atomic content was 0.12. Then, a 

classical PDMS fluidic circuit was microfabricated and pre-treated with nitrogen plasma to favor its 

adhesion onto the glass slide supporting the glass/Ti/Pt/a-CNx microelectrodes. The main steps of 

this microfabrication process are summarized in Figure 1.  

 

2.3. Apparatus and Electrochemical measurements 

The Electrochemical study was performed with a 2-electrode setup: 30 µm wide a-CNx microband working 

electrode and 2 mm wide Pt microband counter-electrode (see Figure 1C). The huge ratio of the CE area 

with respect to the WE one (~ 67) allowed to use the former one as reference electrode simultaneously. A 

potentiostat (Gamry 600+) was used in CV and EIS experiments. The scan rate for CV experiments was set 

to 10 mV.s-1 between -1 V and 1 V and the frequency range used for EIS measurements was varied from 1 

MHz to 0.1 Hz. The sinusoidal AC signal excitation between the two microelectrodes was set to 10 mV 

peak to peak, since DC was fixed to 0 V. The EIS experimental data were simulated using Simad software 

developed at LISE laboratory. 
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The microfluidic setup was connected to a NEMESYS programmable syringe pump allowing a flow rate in 

the range from 0.01 μL.s−1 to 5 μL.s−1. 

  

3. Results and discussion 

3.1. a-CNx microelectrodes pre-treatment 

Usually, as grown a-CNx thin films prepared by using the magnetron sputtering technique show 

moderate electrochemical reactivity. Depending upon the intended goal, this latter can be changed 

by electrochemical pretreatments in either acidic or basic aqueous solutions, impacting either on 

wettability, or on the sign of the electronic affinity resulting from the nature of the dangling bonds 

thus formed. For example, a cathodic pre-treatment carried out in a 0.5 M H2SO4 aqueous solution 

[30] substantially improved their surface reactivity resulting in high values of the standard electron 

transfer rate constant (k0 = 5x10-2-10-1 cm.s-1 for [Ru(NH3)6]3+/2+, [Fe(CN)6]3−/4− and [IrCl6]2−/3−). 

Conversely, an anodic pretreatment in KOH allowed a better peak separation for detection of 

ascorbic acid and dopamine because it shifted in opposite directions the oxidation peaks of these 

two components [34],[35]. 

Here, an anodic activation in a 0.1 M KOH aqueous solution was performed because it favours an 

increase of oxygenated dangling bonds at the surface, mostly as carboxyl groups [35],[36] which 

are expected to facilitate amino-modified DNA strands grafting onto a-CN0.12 substrate surface. The 

optimized microband electrode pre-treatment consists in filling the microfluidic device with a 0.1 

M KOH solution under a 0.5 µL.s-1 flow rate and applying a 2.7x10-5 mA constant current for the 

anodic activation. 

The hydrodynamic voltammograms are carried out on the as-grown microelectrode (layout A, 

Figure 2) and after electrochemical pre-treatment (layout B, Figure 2) in an equimolar solution of 

[Fe(III)(CN)6]3−/[Fe(II)(CN)6]4− (3 mM each) containing NaCl (0.5 M). In both cases, the steady-

state currents shown in Figure 2 are read as experimental current plateau values. The limiting current 

ratio between experimental current, Iexp, and theoretical current, Ith, as a function of the 1/3 power 
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of the volumetric flow rate (layout C, Figure 2) for the channel electrode can be estimated by using 

the Levich theory, for which Compton has proposed the following practical expression (see Equation 

1) [37-39]. 

 

𝐼௟௜௠ = 0.925 𝑛 𝐹 𝐶଴ 𝐷ଶ ଷ⁄  𝑥௘
ଶ ଷ⁄

 𝑤 ൬
4 𝑄

ℎଶ 𝑑
൰

ଵ
ଷൗ

 (1) 

where n is the number of electrons exchanged, F, the faraday constant, D and C0, the diffusion coefficient 

and the bulk concentration of electroactive species, w and xe, the width and the length of the WE, d and h, 

the width and height of the channel and Q the flow rate. w is equal to d (see Figure 1C). 

 

The Iexp/ Ith current ratio plotted as a function of the 1/3 power of the flow rate  (layout C, Figure 2) 

approaches a value of 1, indicating that it matches rather well the Levich prediction [11],[40]. 

However, the a-CN0.12 pre-treatment seems to influence the current kinetics shape as it appears on 

the displayed straightened slopes. A more quantitative analysis of steady-state voltammograms was 

carried out according to the procedure proposed by Mirkin et al. [41] that allows the extraction of 

the standard rate constant, k0. This latter was found equal to 5.6x10-4 cm.s-1 on as-grown a-CN0.12 

electrodes and to 1.3x10-3 cm.s-1 after activation, i.e. on pre-treated a-CN0.12 electrodes. This is 

consistent with previous observations related to activation of glassy carbon [42] and amorphous 

carbon nitride [43] electrodes. 

 

3.2. DNA probe immobilization and miRNA-122 target detection 

The single strand DNA-NH2 probe (P) immobilization for detecting the miR-122 sequence in a 

microfluidic device was performed via the protocol illustrated in Figure 3A. First, carboxyl groups 

on the pre-treated a-CN0.12 surface were activated by introducing a 2.10-7 M EDC and 2.10-7 M NHS 

solution mixture (diluted in bi-distilled water) inside the chip for 20 minutes. Then, a 0.15 µM DNA-

NH2 probe dissolved in a 0.5 M NaCl aqueous solution was circulated, then the flow was stopped 
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for three hours. The flushing was carried out by using deionized water (2 µL.s-1) and the SAM 

stability test was checked in 0.5 M NaCl, (0.5 µL.s-1) for 30 minutes. Hybridization of miR-122 

target in 0.5 M NaCl was performed during 30 minutes under the same flow conditions. 

The EIS experiments displayed in Nyquist plot (Figure 3B) were performed in the same electrolyte 

conditions to check each protocol step from as-grown a-CN0.12 until target hybridization test (Figure 

3A). All the experiments were performed in an equimolar ferri-ferrocyanide electrolytic solution 

around 0 V, the equilibrium potential. An appropriate Randles circuit (Figure 3C) was used here to 

simulate the impedance spectrum for each step. The electrolyte resistance or ohmic resistance, R 

(only dependent on the electrolyte conductivity and on the channel microelectrode size) is the limit 

at high frequency of the real part (ZRE) in the Nyquist plot, while the sum of R, charge transfer 

resistance Rct (semi-circle diameter) and the diffusion impedance, ZD (f-> 0), is the limit at low 

frequency. Therefore, instead of a traditional double layer capacitance Cdl in parallel with the Rct, a 

constant-phase element CPE (Qdl and parameters) was preferred due to the surface heterogeneity 

and/or the presence of 2-D distribution (of current and potential on the working electrode [44-

46]. The analytical expression used for simulation that corresponds to the selected Randles circuit 

presented in Figure 3C is given by  

 

Z(f) = Rஐ +  
(𝑅௖௧ + 𝑍஽(𝑓))

1 + (𝑗2𝜋𝑓)ఈ𝑄ௗ௟(𝑅௖௧ + 𝑍஽(𝑓))
 (2) 

 
where the diffusion-convection impedance ZD was approximated by the expression for a finite 

diffusion layer thickness, x, 

 

Z஽(f) = Z஽(0)
𝑡𝑎𝑛ℎ൫ඥ𝑗2𝜋𝑓𝜏஽൯

ඥ𝑗2𝜋𝑓𝜏஽

 (3) 

 
In this equation, D is the time constant for diffusion and it is given by 
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τ஽ =  
𝛿௫

ଶ

𝐷
 (4) 

Therefore, equation (1) is valid if the diffusion layer which develops from the leading edge until the 

leaving edge of the microelectrode remains very small, i.e. for 0<x<xe. The local diffusion layer 

thickness is then defined as [47],[48] 

 

δ௫ =  3ଶ ଷ⁄ Γ ቀ
ସ

ଷ
ቁ ൤

𝐷𝑥

𝑆
൨ (5) 

where  is the Gamma function. 

This assumption could be justified in our case for Q = 5x10-4 cm3.s-1 corresponding to the imposed 

constant volumetric flow rate, and with D = 10-5cm2.s-1, xe = 30 m, h = 40 m and d = 300 m. 

With these values, xe is estimated to about 2 m, that leads to D values in the expected order of 

magnitude, i.e. a few milliseconds. 

The parameter values used for simulation are listed in Table 2. As expected, the R values are similar 

between each step. The double layer capacitance is also not sensitive to the protocol, its value being 

in the same order of magnitude as for glassy carbon electrode (i.e. 20 µF.cm-2) [42]. Before pre-

treatment, the Rct value is about 112.7 cm2, then it decreases to 78.1 cm2 after a-CN0.12 surface 

pre-treatment. Therefore, a DNA modified with a -NH2 ending group was selected as DNA probe 

for the miR-122 target detection. These ones are covalently grafted to the a-CN0.12 carboxyl groups 

(Figure 3A) that were previously activated with the EDC/NHS procedure [24]. After the 

immobilization step, Rct increases again and reaches 100 cm2. This behaviour is related to the 

grafted DNA probes which are negatively charged, hindering therefore the diffusion of the 

[Fe(III)(CN)6]3−redox probe towards the microelectrode. The stability of the grafted SAM was also 

checked by flushing the channel with deionized water (2 µL.s-1) and then with a blank solution (0.5 

M NaCl at 0.5 µL.s-1 for 30 minutes). As shown in Figure 3B (enlarged area) the low difference 

observed on the raw data (< 0.9 Ω.cm-2) after the DNA stability test underlines that no SAM 

deterioration had occurred (unchanged Rct value) throughout these tests. This observation is 
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consistent with a robust and covalent grafting conversely to SAM on gold where a probe desorption 

stage was often observed. 

The target hybridization experiment follows the protocol described by Kelley S. O. et al. [5] with the use of 

methylene blue (MB) as a redox intercalant to enhance the response sensitivity. MB is a redox intercalator 

that enhances electron transfer across double-stranded DNA. As illustrated in Figure 3A, MB reduction step 

is reversible with a redox potential that is lower than those allowing [Fe(III)(CN)6]3- reduction. The 

electrons are conducted from the a-CN0.12 microelectrode to the intercalated MB thanks to a hopping process 

and are then accepted by the ferrocyanide ions dissolved in solution. The oxidized form of MB is 

regenerated for a further electrochemical reduction. As obtained with the experiment, the hybridization 

with target miR-122 decreases the Rct value (blue curve) down to 41.6 cm2, a value lower than 

the one measured in the presence of the DNA probe only (green curve, 100 cm2), underlining the 

success of hybridization. 

 

3.2.2. Density of DNA-NH2 molecules immobilized onto pre-treated a-CNx electrodes 

The influence of increasing concentrations of DNA probes from 10 to 104 µg.mL-1 (i.e. from 1.54 

µM to 1.54 mM) on the grafting density is shown in Figure 4A. The plot of the difference between 

Rct (as grown a-CNx-DNA probe) and Rct (pre-treated a-CNx) reaches a plateau that may indicate the 

saturation of the COOH groups available for grafting. As illustrated in Figure 3A, the active surface, 

i.e. uncovered surface by the DNA-NH2 probes (ligand) is accessible for electroactive redox couple. 

In this case, the fraction of a-CNx microelectrode surface grafted with ligands can be estimated as 

follows  

 

𝜃 = 1 −
𝑅௖௧

௣௥௘ି௧௥௘௔௧௘ௗ

𝑅௖௧
஽ே஺ ௣௥௢௕௘  (6) 

The experimental evolution of the surface grafting is plotted in Figure 4A according to equation (6) 

and the experimental curve is modelled with the Hill-Langmuir equation [49],[50] , as follows 



 12

 

𝜃 =
1

1 + (𝐾஺ [𝐷𝑁𝐴 − 𝑁𝐻ଶ]⁄ )௡ (7) 

where KA represents DNA-NH2 concentration that produces a half-maximal response, and n is the 

Hill coefficient related to the cooperativity degree between the first ligands and the following ones 

throughout the immobilization step: if n <1, cooperativity tends to decrease, if n=1, there is no 

cooperativity or independent, if n>1, cooperativity tends to increase. 

 

The result of the fitting procedure using equation (7) is illustrated in Figure 4B. The obtained values 

of KA and n are (100.25 ± 9.65) µg.mL-1 and 2.41 ± 0.65, respectively. This latter value confirms an 

excellent cooperativity between ligands during the immobilization procedure. The observed plateau 

(max=0.52± 0.16) in the high concentration range (103-104 µg.mL-1) suggests that the maximum 

COOH sites (available for EDC/NHS activation procedure) on pre-treated a-CN0.12 is reached and 

represents only 52% of the active surface of the microelectrode. 

The maximal area covered by the DNA probes was estimated to Amax =4.68x10-5 cm2 by taking into 

account that the WE electrode surface (SWE) is about 9x10-5 cm2. The cross-section of a DNA 

molecule was currently modelled as a square of 5 nm per side [51] leading to an occupied surface 

area of ADNA-NH2 = 2.5x10-13 cm2 per DNA-NH2 molecule. The maximum number, Nmax, of DNA-

NH2 immobilized represents the ratio between Amax and ADNA-NH2 i.e. 1.87x108 molecules and the 

binding site density was deduced as the ratio between Nmax and SWE i.e. 2.08x1012 molecules.cm-2. 

This latter value is lower than the maximum amount of DNA attached on a surface and it is close to 

the value obtained on other materials in the literature [4],[11],[51],[52]. 

 

4. Conclusion 

Amorphous carbon nitride (a-CNx) thin films were developed as working electrode materials for 

the elaboration of a DNA biosensor. They were proved to be an alternative to gold or other carbon 



 13

and diamond materials like carbon (DLC) or BDD. To this end, a-CN0.12 thin films were 

synthesized and lithographied on Ti/Pt substrates so as to produce planar 30 µm width microband 

electrodes. Then, an electrochemical pre-treatment was performed inside a microfluidic device to 

activate these microband electrodes, leading to a drastic increase of the charge transfer kinetics. 

Finally, a biofunctionalization protocol (EDC/NHS) leading to the formation of a robust DNA 

probe SAM was achieved. In future works, our goal is to compare the performances (LOD, 

specificity and sensitivity) of the miR-122 target capture (synthetic DNA target mimicking the 

liver-specific micro-ribonucleic acid 122 (miRNA122) on two different materials: as-grown a-

CN0.12, and pre-treated a-CN0.12 microelectrodes.  
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Tables  

Table1  

 

Name Sequence  

Probe (P) 5'-AmM C6-CAA ACA CCA TTG TCA CAC TGC-3'  

miRNA-Target (T) 5'-GC AGT GTG ACA ATG GTG TTT G-3'  

 

Table 1: Amino-Modified DNA probe (P) and miRNA-target (T) sequences. 
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Table 2 

 

 

Re 

 cm² 

Rct 

 cm² 

Qdl 

cm2.s 



 

ZD(0)  

 cm² 

D 

ms 

χ² 

a-CNx 
as-grown 

0.29 112.7 1.76x10-5 0.94 5.88 28 0.93 

a-CNx 
treated 

0.29 78.1 3.07x10-5 0.92 2.57 48 0.99 

Probe 
layer 

0.30 100 2.87x10-5 0.91 4 23 0.69 

stability 0.30 100 2.79x10-5 0.92 4.82 48 0.68 
Target 0.30 41.6 3.38x10-5 0.89 1.98 27 1.8 

(*) Values of the resulting 2 statistics were obtained with errors of fitted values,  =0.01, for frequency ranging 
from 1 MHz to 1 Hz.  

 

Table 2. Randles circuit parameters used for fitting in Figure 3 (see equations 2-3). 
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Figures 

Figure 1  
 

 

Fig. 1: Microfabrication key steps for a-CNx sensor microelectrode integration. A. Glass slides spin-coated 

with AZ5214 resin followed by an inverted lithography step and then metallized with a 200 nm thick a-CNx 

layer on the top of a 5/50 nm bilayer of titanium/platinum by two classical lift-off processes. B. Fluidic 

circuit master mold made with SU-8 on silicon wafer. PDMS layer is poured onto the SU-8 master mold to 

get a negative replica. The PDMS and the glass substrates with the electrodes are washed, dried and treated 

with nitrogen plasma for bonding. C. Detection area and fluidic channel microelectrodes with their 

dimensions. WE stands for a-CNx working electrode (width, w=300 μm, length, xe=30 μm), CE stands for 

platinum counter electrode (w=300 μm, xe=2 mm), and h and d represent the fluidic channel height and 

width, respectively. Note that here w = d. Q represents the flow rate and the arrow the flow direction. CE 

was purposely placed downstream of WE to avoid a parasitic additional current due to the species formed 

on the former one in the opposite configuration.  
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Figure 2  
 
 

 

Fig. 2: CV experiments recorded in an aqueous solution containing Fe(CN)6
4- / Fe(CN)6

3- (3 mM) and NaCl 

(0.5 M) under various flow rates : static (i), 0.2 (j), 0.5 (k), 1.0 (l), 1.5 (m), µL.s-1. Scan rate : 10 mV.s-1. A. 

at a as-grown a-CN0.12 microelectrode, B. at a pre-treated a-CN0.12 microelectrode. C. Plot of the limiting 

current ratio between experimental current, Iexp, and Levich equation current, ILevich, as a function of the 

cubic root of the volumetric flow rate. The dotted line displays the mean ratio for experimental values to the 

theoretical ones. 
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Figure 3  

 

 

Fig.3: A. Hybridization protocol on a microchannel containing a a-CN0.12 electrode sensor for a working 

flow of 0.5 µL.s-1 and in presence of [Fe(III)(CN)6]3−/[Fe(II)(CN)6]4− (3 mM) + MB (10-8 M) in 0.5 M NaCl 

aqueous solution. B. EIS response of as grown a-CN0.12 (), a-CN0.12 pre-treated () electrodes. Probe 

immobilized by circulating of 100 µg.mL-1 DNA probe sequence diluted in a 0.5 M NaCl aqueous solution 
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(). Stability test of DNA probe layer after 30 minutes in a 0.5 M NaCl aqueous solution ().Target 

hybridization by introducing 10-18 M of miR-122 (). EIS curves simulated (dashed line) with analytical 

expressions given in equations 2 and 3. C. Equivalent circuit (Randles adapted) used to simulate the 

experimental impedance data. 

Figure 4  
 

 

 

Fig.4: A. a-CN0.12 microelectrode functionalization response in EIS subjected to increasing concentrations 

of DNA probe. B. Experimental evolution of the surface grafting simulated with the Hill-Langmuir equation 

according to equation (7) where parameters KA, n, and max are equal to (100.25 ± 9.65) µg mL-1, (2.41 ± 

0.65), and =(0.52± 0.16), respectively. 
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