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Abstract 
 

Amorphous carbon nitride a-CN0.26 thin films were elaborated on transparent and conductive 

glass/indium-tin oxide (ITO) wafers to improve the electroanalytical detection of transthyretin 

peptide (PN) and specific amino acids (AA) from its sequence, which constitutes a great 

challenge for the diagnosis of transthyretin-related familial amyloïd polyneuropathy (ATTR). The 

naphthalene-2,3-dicarboxyaldehyde (NDA) label was used for the derivatization reaction of PN 

and AAs to form N-2-substituted-1-cyanobenz-[f]-isoindole derivatives (CBI) which are both 

fluorescent and electroactive. The results obtained on a-CN0.26 were compared with those 

observed on glassy carbon (GC) as a reference material. It was shown that a soft anodic pre-

treatment protocol on glass/ITO/a-CN0.26 electrode in a KCl aqueous solution drastically 

improved the performances of the CBI-PN and CBI-AA oxidation peak. The oxidation peak 

potential for all CBI derivatives varied in the same range than those measured on GC and pre-

treated glass/ITO/a-CN0.26, while no discrimination could be obtained on as-grown glass/ITO/a-

CN0.26 electrodes. For almost all the tested CBI derivatives, peak areas, full-widths at peak mid-

height, peak current density and their standard deviation (SD) values were improved on a pre-

treated a-CN0.26 electrode in comparison with GC. 
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1. Introduction 

The detection and the quantification of small peptides such as transthyretin peptide (PN), a tryptic 

fragment of transthyretin (TTR), both constitute a great challenge for the diagnosis of 

transthyretin-related familial amyloïd polyneuropathy (ATTR) [1-6]. In order to enhance the 

detection sensitivity of this biomarker, likely to be useful for the detection of T49A ATTR 

mutation which is one of the most frequently reported ones in France [1,7] the common approach 

consists in the covalent derivatization of the amino acids (AA) residues of its sequence. For 

instance, one of the most fluorescent label widely used for this purpose is naphthalene-2,3-

dicarboxyaldehyde (NDA). Moreover, capillary electrophoresis (CE) coupled with optical 

detection such as laser induced fluorescence (CE-LIF) remains a powerful approach to 

analytically evaluate the derivatization reaction efficiency [8]. In brief, the derivatization reaction 

in presence of cyanide permits to form fluorescent N-2-substituted-1-cyanobenz-[f]-isoindole 

derivative (CBI) [9]. 

As CBI and NDA molecules are also electroactive, a property which was recently used to 

investigate the tagging efficiency of labelled CBI-PN and CBI-AA [5,6], a new challenge for the 

development of an innovative detection module in chip electrophoresis would be to link up in a 

single microchip the electrochemical and optical detections [10-13].  

Several electrode materials can be used for the electrochemical detection and in particular the 

carbon based ones which appeared as promising sensors. Among them, carbon nitrides and their 

nanotubes (CNTs) have been developed as sensors for the detection of organic or biologic 

molecules (e.g. melamine [14], Chlorpyrifos [15], phenylethanolamine [16], ractopamine [17], 

and bilirubine [18]). In those examples, CNTs were associated with compounds such as graphene 

quantum dots or PolyOxoMetallates and they were inserted in thin films of molecular imprinted 

polymer. Specific cavities formed by the analytes to be detected (these latter were preliminary 
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inserted and then removed before detection) allowed low detection limits in the picomolar range 

with an obvious selectivity. However, such films are generally deposited on Glassy Carbon (GC) 

electrodes, which prevents their use in the applications aimed in this work. In fact, the optical 

detection associated to the electrochemical one requires the mutual use of transparent wafer onto 

which a thin layer of a transparent and conductive material behaving as a polarizable electrode 

can be deposited. For this, the oxidation and/or reduction of the aqueous solvent should be 

minimized within a wide potential window and the electrode material has to present a fair 

electrochemical reactivity with respect to the targeted analytes to be detected. Therefore, 

transparent and conductive ITO-coated glass slides appeared to be the most appropriate for 

electrochemical measurements [19-26]. However, the width of the potential window is at most 2 

V for ITO. 

For the last decades, other carbon materials were purposely developed so as to widen the 

potential window in aqueous solvent (~3 V), to improve the electrode reactivity and to lower the 

parasitic currents, and thus to become suitable for analytical applications [27-31]. In particular, 

diamond-like carbon (DLC), boron-doped diamond (BDD) or amorphous carbon nitride (a-CNx) 

materials, all elaborated as thin films, have shown excellent electroanalytical performances, e.g. 

stripping analysis for heavy metals detection [32-36], or organic analytes detection [37-39] below 

micromolar concentrations. However, these electrodes require electrochemical pre-treatments to 

improve their surface reactivity and to increase the width of the potential window. For instance, 

cathodic electrochemical pre-treatments carried out in an acidic medium, substantially improved 

the a-CNx reactivity as compared to as-grown samples or to anodically pre-treated ones [27-29]. 

In the case of organic analytes detection, it has been shown that an anodic pre-treatment in 

alkaline medium may afford better peaks separation as it worsens the reactivity towards one 

component of the mixture, e.g. of ascorbic acid and dopamine [38,39] while a cathodic pre-
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treatment in a slightly acidic medium allows a fine detection of furosemide using the Square 

Wave Voltammetry (SWV) method [40].  

Until now, most of the a-CNx layers were grown on doped silicon, [27,30-31,33-37,41-45] 

possibly as a consequence of their strong adhesion on this substrate that results probably from the 

formation of an intermediate layer of mixed composition [46]. Titanium was also shown to be a 

suitable substrate [28,43,45], as well as stainless steel [29,38-40], as both appear to be more 

appropriate for practical applications. For these three substrates, adhesion of a-CNx was strong 

enough even for low nitrogen content (x low) materials in which high internal mechanical 

stresses could have provoked delamination. Recently, ITO covered glass plates were also tested 

as substrates but the film properties were only investigated in air [46]. More recently, a further 

study of spectroscopic, microscopic and electrochemical characterization of several ITO/a-CNx 

electrodes was carried out both in air and in blocking electrode conditions, i.e. in the presence of 

the supporting electrolyte only [47]. 

In this applicative work, a-CN0.26 thin films were synthesized on ITO substrates for electrodes 

elaboration according to the protocol described in [47]. Then, a soft electrochemical pre-

treatment was developed to activate these electrodes instead of hard pre-treatment which could 

provoke delamination. Here “soft pre-treatment”, as opposed to “hard pre-treatment”, means that 

the potential excursion during the pre-treatment remains within the potential window in the 

former case, while it extends beyond it and is accompanied with gas evolution in the latter one. 

Finally, a derivatization reaction protocol leading to the formation of the electroactive CBI was 

used to compare the performances of the electroanalytical peak obtained during the detection of 

PN and of four specific amino acids of PN sequence on three different carbon electrode materials: 

as-grown a-CNx, pre-treated a-CNx and GC.  
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2. Experimental 

2.1. Reagents and chemicals  

NDA, potassium cyanide, boric acid, lysine and serine were purchased from Sigma Aldrich 

(Saint-Quentin Fallavier, France). Methanol and sodium hydroxide were obtained from VWR 

(Fontenay-sous-Bois, France) and PN peptide (GPS1344), a synthetic peptide mimicking a 22-

AA tryptic fragment of interest for the diagnosis of T49A ATTR mutation, was purchased from 

Genepep (Prades le Lez, France). Histidine and threonine were obtained from Alfa Aesar 

(Karlsruhe, Germany).  

The labelling step was performed in a 100 mM borate buffer (pH 9)/ MeOH (50/50 v/v) solution. 

The molar ratio of NDA / CN was 1 and NDA / AA or NDA / PN was 100 (see scheme 1). The 

labelling protocol was previously optimized for an optimum buffer pH equal to the derivatized 

amino group pKa [6]. The final concentration of the CBI derivatives (amino acid or peptide) was 

25 µM (see scheme 2). The labelling time was about 15 minutes. 

 

2.2. Glass/ITO/ CNx electrode fabrication 

The glass slides (7 mm x 50 mm x 1 mm) provided by SOLEMS S.A. (Palaiseau, France) were 

coated with a conductive 100 nm thick ITO thin film initially deposited by using the PVD 

(Physical Vapor Deposition ) technique. Prior to a-CNx thin film deposition, glass/ITO wafers 

were first cleaned in ethanol, acetone, bi-distilled water and then underwent radio frequency ion 

etching (13.56 MHz). Thin a-CNx films were then deposited by using the DC magnetron 

sputtering technique from a graphite target in an argon and nitrogen based plasma. The reactor 

used was a 300S MP model from PLASSYS. The deposition phases were carried out with a 

power of 200W for 20 minutes using a 0.4 Pa total pressure and a 15% partial pressure of 

nitrogen in the gas mixture. For delimiting the working electrode (WE) surface area, a 6 mm 
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internal diameter Plexiglas tube was immobilised on the wafer. Thereafter, the glass/ ITO/ CNx 

wafer edges and the periphery of the a-CNx disk electrode that was situated outside the tube were 

isolated with epoxy resin. Due to this method, only a well-defined area (0.282 cm²) of the WE 

electrode was in contact with the electrolyte. The a-CNx thin film stoichiometry and thickness 

were determined with the help of XPS and SEM-FEG techniques respectively and led to a-CN0.26 

as formula and a 320 nm thickness, respectively [47]. 

 

2.3. Apparatus 

All the electrochemical measurements, i.e. cyclic voltammetry (CV), electrochemical impedance 

spectroscopy (EIS) and differential pulse voltammetry (DPV) were performed by using a 

Biologic SP-300 electrochemical analysis system and its EC-lab software. Experiments were 

performed in a three-electrode cell. The reference and the counter electrodes were a saturated 

calomel electrode (SCE) and a platinum grid (Pt), respectively. The CV experiments were carried 

out at a 50 mV s-1 scan rate. The selected DPV parameters such as modulation time (100 ms), 

modulation amplitude (7.5 mV), pulse period (200 ms) and scan rate (25 mV s-1) have been 

optimized to obtain well-defined analytical curves. These latter were all corrected by eliminating 

the DPV background response that was recorded in a control experiment. For the EIS 

measurements, the experimental curves were recorded with a 10 mV AC signal amplitude in a 

frequency range situated between 100 kHz and 50 mHz (5 points per decade). The experimental 

curves were simulated using a homemade software (SIMAD) designed at LISE Laboratory.  
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3. Results and discussion 

3.1. Anodic electrochemical pre-treatment of a-CN0.26 electrodes 

As mentioned in the introduction, a-CNx electrodes were generally electrochemically pre-treated 

in a 0.5 M H2SO4 acidic aqueous medium or with 0.1 M KOH alkaline aqueous medium [38]. 

These protocols have been tested but they were shown to be detrimental in our case as they often 

created some holes in the a-CN0.26 layer and sometimes its delamination from the glass/ITO 

wafer (see Figure S1 in the supplementary information file). As a consequence, a soft anodic 

electrochemical pre-treatment was preferred. It consisted in cycling the potential at 50 mV s-1 

between -1 and +1.4 V/SCE for 5 min in 0.5 M KCl aqueous solution. In these conditions, two 

reactions occurred at the a-CN0.26 electrode, the water and/or chloride oxidation reactions leading 

ultimately to O2 and/or Cl2 gas evolutions when the applied potential was positive, and hydrogen 

evolution resulting from water reduction for negative values of the applied potential. The 

electrochemical reactivity was checked before and after the pre-treatment protocol by performing 

CV and EIS measurements in 0.5 M KCl aqueous solutions containing equimolar concentrations 

(10 mM) of [Fe(III)(CN)6]
3- and [Fe(II)(CN)6]

4- well known to form together a reversible redox 

couple. The EIS spectra were recorded at 0.21 V/ SCE, that corresponds to the equilibrium 

potential of the [Fe(III)(CN)6]
3- / [Fe(II)(CN)6]

4- redox couple in our experimental conditions. 

The experiments were repeated for three a-CN0.26 electrode samples in order to check the data 

reproducibility. The comparison of the voltammograms obtained before and after pre-treatment 

shows an increase of the peak current density, Jp, and a decrease of the peak potential difference, 

∆Ep, calculated from the difference between the reduction and oxidation peak potentials (Figure 

1). As listed in Table 1, the ∆Ep values determined before and after pre-treatment were about 720 

± 60 mV and 336 ± 45 mV, respectively. Although the ∆Ep value has been divided by two after 

the activation step, it is still far from the 59 mV value expected at 298.16 K in the case of a 
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monoelectronic and reversible electron transfer reaction. It suggests that, even though the 

electrochemical pre-treatment was found to be highly beneficial, the kinetics of the charge 

transfer at the a-CN0.26 electrode/solution interface remained slow. 

Regarding the EIS spectra shown in Figure 2, they are divided into two parts, a capacitive loop at 

high frequencies (10 kHz – 1 Hz) and a Warburg diffusion impedance, W, which is marked by the 

beginning of a straight line at low frequencies (1 Hz – 50 mHz). The high-frequency limit of the 

diagram and the diameter of the loop correspond to the value of the electrolyte resistance, Re, and 

to the charge transfer resistance Rt, respectively. In order to evaluate the ideality of the capacitive 

behaviour, we plotted log (-Im (Z)) as a function of log (frequency (Hz)). These log-log plots led 

to α-slope values comprised between 0.8 and 0.9. These values underline a non-ideal behavior of 

the capacitance and justify the use of a constant phase element, CPE, in the electric equivalent 

circuit presented in scheme 3. 

The simulation procedure of the EIS data analysis was performed using the analytical expression 

that corresponds to the electrical equivalent circuit on scheme 3 taking into account, as previously 

highlighted, a CPE (Q) instead of an ideal capacitor C, as follows, 

αω))((1 jWRQ

WR
RZ

t

t
eg ++

++=
        (1) 

where ω is the angular frequency (rad s-1), defined by ω = 2 π f, and f is the frequency (Hz). 

As summarized in Table 2, the values obtained after regression show low χ2 values and highlight 

the fact that the electrochemical properties of as-grown a-CN0.26 thin films deposited on ITO are 

reproducible. 

In the case of a distribution of time constants along the surface, the use of Brug formula [48] 

permits an estimation of the equivalent double layer capacitance, Cd, which is expressed as a 

function of Q, α, Re, and Rt , as follows, 
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α
α

α
−

Ω=
11

RQCd           (2) 

where, RΩ, the combination of the electrolyte resistance and the charge transfer resistance, is 

defined as follows, 

te RRR

111 +=
Ω            (3) 

The double layer capacitance estimated from the Brug formula (Equations 2 and 3) is equal to 7.9 

µF cm-² and 7.6 µF cm-², for as-grown and pre-treated a-CN0.26, respectively. These capacitance 

values are close enough to the value of 8 µF cm-² determined in a 0.5 M KCl supporting aqueous 

electrolyte alone.  

In addition, from the Rt values, we can also determine the heterogeneous charge transfer rate 

constant k0, which is inversely proportional to the charge transfer resistance, Rt,η→0 ( i.e. at the 

zero overpotential (η → 0)), as follows 

][² 0,
0 CSRF

RT
k

t →

=
η           (4) 

 

with, T, the temperature, R, the molar gas constant, F, the Faraday constant, [C] the molar 

concentration of the electroactive species and S, the surface area of the working electrode. 

While in both cases, Cd values remained in the same order of magnitude, the values of k0 have 

been improved by 3-fold thanks to the activation protocol. Indeed, k0 has been found to be equal 

to 6.25×10-5 cm s-1 and 1.7×10-4 cm s-1, for as-grown and pre-treated a-CN0.26, respectively. The 

activation protocol plays an important role on the improvement of the charge transfer resistance 

but none on the double layer capacitance. One can note that this k0 value for the pre-treated 
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sample is much lower by about two orders of magnitude [29] than the one obtained on a stainless 

steel substrate after a severe cathodic pre-treatment. 

 

3.2. Detection and characterization of labelled biomolecules 

3.2.1. Differential Pulse Voltammetry 

Figure 3 shows DP Voltammograms for 4 CBI-AA and CBI-PN performed on as-grown a-

CN0.26. 

Table 3 shows the values of peak potential, Ep, peak area, A, peak current densities, Jp, and full-

width at peak mid-height, L1/2, for the 4 CBI-AA and CBI-PN. The DP Voltammograms obtained 

on as-grown a-CN0.26 electrodes show broad peaks and low peak current densities. In addition, 

except for CBI-lysine, the peak potential values are close enough and their standard deviations 

(SD) do not permit to clearly identify the labelled AA. The flattened peak with large L1/2 values 

also indicates a loss of reversibility for the charge transfer on as-grown a-CN0.26. As a 

consequence, the anodic pre-treatment protocol step previously described has been exploited in 

order to gain electrochemical reactivity and to improve the performances of the anodic detection 

of labelled species, thanks to a better peak separation. 

Figure 4 shows the obtained results for 4 CBI-AA and CBI-PN detected on the pre-treated a-

CN0.26. Table 4 summarizes the peak characteristics from data displayed on Figure 4. As 

expected, the pre-treatment protocol permits an improvement of the peak resolution observed on 

on a-CN0.26 for each labelled biomolecule. 

The first advantage is that the peak potential of CBI-R decreased in average from 640 to 560 mV 

with a SD decreasing also in average from 38 to 3.8 mV. Secondly, the peak areas were 

multiplied by 2 or 4 and the peak current densities by 3 to 9 in the case the CBI-R. The expansion 

factors of peak area and current density that result from this electrochemical activation process 
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are provided in Table 5. Thirdly, the full-width at peak mid-height decreased in average from 234 

to 148 mV. In other words, the full-widths at mid-height have lost in average 60 % of their value 

after pre-treatment. 

It appears therefore that the electrochemical pre-treatment of a-CN0.26 improved the peaks 

resolution and produced simultaneously an increase of the peak area and the current density for 

the targeted analytes. As a consequence, it also permitted to better discriminate the CBI-AA and 

CBI-PN. In addition, the CBI species are well-defined by their full-width at mid-height, L1/2. 

 

3.2.2. Comparison between a-CNx and glassy carbon electrode 

As displayed in Figure 5, the data obtained on GC in a previous work [5] were compared with 

those obtained on pre-treated a-CN0.26. As listed in tables 3 and 4, the peaks are better defined on 

pre-treated a-CN0.26 according to their Jp and L1/2 values, while Ep still varies in the same order. 

Indeed, the oxidation peak potential ranking on both carbon electrodes (GC and pre-treated a-

CN0.26) is Ep(CBI-lysine)< Ep(CBI-PN)< Ep(CBI-histidine)< Ep(CBI-threonine)< Ep(CBI-serine). It appears that the 

CBI-AA with their electrically charged AA side moieties (lysine and histidine) are more easily 

oxidized than AA with its polar uncharged side chains (serine and threonine). Concerning the 

labelled peptide PN, CBI-PN, lysine and threonine are located in C-terminal and N-terminal 

peptidic chain position, respectively. This explains why the CBI-PN oxidation peak potential was 

found at an intermediate value (552 mV/SCE) between those of CBI-lysine (537 mV/SCE) and 

CBI-threonine (580 mV/SCE). 

In order to compare the obtained parameters such as L1/2, Jp, and the peak area, histograms were 

plotted with the AA (see Figures 6A-C) according to the experimental data collected with 

different electrodes, i.e. glassy carbon, as-grown a-CN0.26 and pre-treated a-CN0.26. We note that 
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the peaks are thinner and show better resolution on pre-treated a-CN0.26 electrode in comparison 

with as-grown a-CN0.26 and GC electrodes.  

For instance, as shown in Figure 6A, the values of L1/2 were found to be much larger on as-grown 

a-CN0.26 compared with both other electrodes. The pre-treated a-CN0.26 electrode provides 

thinner peaks for CBI-lysine, CBI-histidine and CBI-threonine, as well as a full-width at mid-

height that is 30 or 40 mV lower, while for CBI-serine, L1/2 was 40 mV lower on GC than on pre-

treated a-CN0.26. Concerning the peak current density plotted in Figure 6B, we observed that Jpre-

treated a-CN0.26 > JGC > Jas-grown a-CN0.26 for all CBI-AA. They were found to be 1.2 to 1.7-fold higher 

on pre-treated a-CN0.26 compared with GC, while they remain 3 to 9-fold lower on as-grown a-

CN0.26. 

In Figure 6C, the comparison of peak areas for the three electrodes shows that Apre-treated a-CN0.26 > 

AGC > Aas-grown a-CN0.26 for CBI-histidine, CBI-threonine and CBI-lysine, while for CBI-serine, AGC 

≥ Apre-treated a-CN0.26 > Aas-grown a-CN0.26. 

In summary, the detection on glassy carbon was found to be more efficient than on as-grown a-

CN0.26 but much less efficient than on pre-treated a-CN0.26, a lower efficiency being 

systematically associated with lower peak areas and current densities and very large full-widths at 

peak mid-height. In addition, although the peak characteristics were found better for CBI-lysine, 

CBI-histidine and CBI-threonine on pre-treated a-CN0.26 in comparison with GC, the 

characteristics of CBI-serine were closely similar on pre-treated a-CN0.26 and GC. Regarding the 

plotted histograms, we can assume that when the working electrode materials possess a sufficient 

reactivity, peak area depends mainly on the amino acids labelling and less on the electrode 

material, while the full-width at mid-height, L1/2, and J values depend more on the characteristics 

of the electrode material. 
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4. Conclusion 

Amorphous carbon nitride (a-CN0.26) thin films were deposited on conductive glass/ITO slides by 

using the DC magnetron sputtering technique, a graphite target and a plasma containing a 15 % 

N2 partial pressure. The stoichiometry of the a-CN0.26 thin film was determined with the help of 

XPS measurements. It was demonstrated that a soft anodic electrochemical pre-treatment on 

glass/ITO/a-CN0.26 electrode performed in a KCl aqueous solution can drastically improve 

characteristics of the oxidation peak of amino acids or peptide labelled with an electroactive 

label. Indeed, the DPV peaks obtained on glass/ITO/ as-grown a-CN0.26 possess a very important 

full-width at peak mid-height and a low peak current density for all detected biomolecules 

whereas full-widths at mid-height are smaller, peak current density increases and peak areas 

enlarge on glass/ITO/ pre-treated a-CN0.26. Data obtained with pre-treated a-CN0.26 were also 

compared with those obtained on glassy carbon used as a reference material. Although the 

oxidation peak potential varies in the same range than those measured on glassy carbon and 

glass/ITO/as grown a-CN0.26 for all the CBI derivatives, the peak characteristics, i.e. the full-

widths at peak mid-height, the peak areas and the peak current density, as well as their SD values 

all appeared to be substantially improved on pre-treated a-CN0.26 after comparison with those 

obtained on glassy carbon, for almost all tested biomolecules. 
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Tables  

Table1  

a-CN0.26 Jred (A cm²) Jox (A cm²) ∆Ep (mV) 

as-grown 1.0×10-3 1.1×10-3 720±60 

Pre-treated 1.9×10-3 1.8×10-3 336±45 

 

Table 1: Values of the peak current densities, Jox, Jred and the peak potential difference, ∆Ep 

before and after the pre-treatment protocol. 
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Table 2 

 

as-grown a-CN0.26  

 

 

RHF 

Ω cm² 

Q 

F s(α-1) cm-2 

α Rt 

Ω cm² 

S1 

Ω s-1/2 cm² 

χ² 

 30 3.0x10-5 0.84 426 26 1.3 

pre-treated a-CN0.26 

 

# 

RHF 

(Ω cm²) 

Q 

F s(α-1) cm-2 

α Rt 

Ω cm² 

S1 

Ω s-1/2 cm² 

χ² 

1 25.1 1.8x10-5 0.89 163 20 0.65 

2 25.1 2.2x10-5 0.88 158 32 0.85 

3 28.8 4.0x10-5 0.81 162 18 1.05 

 26±2 (3±1)x10-5 0.86±0.4 161±3 23±7 - 

 

Table 2. Fitting parameters of impedance Zg(ω) (see also equation 1) before and after a-CN0.26 

pre-treatment in Figure 2. S1 is the Warburg coefficient, and the values of the resulting χ2 statistic 

were obtained with errors of fitted values, σ = 0.01, for frequency ranging from 100 kHz to 50 

mHz. 
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Table 3 

 

CBI-R Ep (mV/SCE) Area (10-5) L1/2 (mV) Jp (10-5 mA cm-²) 

Serine 650±50 0.9±0.1 280 3.1±0.7 

Threonine 650±60 1.3±0.7 250 4.1±0.9 

Histidine 640±40 1.8±0.6 250 8±0.9 

Lysine 610±20 1.8±0.8 220 4.5±1 

Peptide PN 640±20 2.1±0.9 170 11±1 

 

 

Table 3. DPV peak characteristics extracted from results obtained on as-grown a-CN0.26: peak 

potential, peak area, peak current density, and full-width at peak mid-height for the different CBI-

R (see Figure 3). 
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Table 4 

 

CBI-R Ep (mV/SCE) Area (10-5) L1/2 (mV) Jp (10-4 mA cm-²) 

Serine 590±5 3.5±0.5 180 2.9±0.7 

Threonine 580±3 4.5±0.5 150 2.8±0.5 

Histidine 570±5 4.0±0.3 170 2.5±0.3 

Lysine 537±3 5.3±0.5 140 2.9±0.2 

Peptide PN 552±3 4.4±0.4 100 3.2±0.6 

 

 

Table 4. DPV peak characteristics extracted from results obtained on pre-treated a-CN0.26: peak 

potential, peak area, peak current density, and full-width at mid-height for the different CBI-R 

(see Figure 4). 
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Table 5 

 

 Multiplicative factor for the peak area Multiplicative factor for Jp 

Serine 3.9 9.4 

Threonine 3.5 6.8 

Lysine 2.9 6.4 

histidine 2.2 3.1 

Peptide PN 2.1 2.9 

 

 

Table 5. Multiplicative factors for area and peak current density for the different CBI-R. 
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Scheme  

Scheme 1 

 

+ R-NH2 N R
CN-
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CNO

O  

 

 

Scheme 1. Derivatization reaction of primary amine by NDA. 
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Scheme 2 

N
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Scheme 2. Studied amino acids and peptide (PN). 
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Scheme 3 

 

 

 

 

 

Scheme 3. Electrical equivalent circuit proposed, where Re, Q, Rt, and W are attributed to the 

electrolyte resistance, the non ideal capacitance, the charge transfer resistance and the Warburg 

diffusion impedance, respectively. 
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Figures 

Figure 1  
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Fig. 1: CV responses of an a-CN0.26 electrode using a 50 mV s-1 scan rate in a 0.5 M KCl 

aqueous solutions containing equimolar concentrations (10 mM) of [Fe(III)(CN)6]
3- and 

[Fe(II)(CN)6]
4-. Black curve : CV on as-grown a-CN0.26; Red curve : CV on pre-treated a-CN0.26 

(See protocol in the text).  
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Figure 2  
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Fig. 2: EIS spectra of a-CN0.26 WE disk electrode using 10 mV as AC signal excitation and 0.21 

V/ SCE as DC potential which corresponds to the equilibrium potential of a 0.5 M KCl aqueous 

solutions containing equimolar concentrations (10 mM) of [Fe(III)(CN)6]
3- and [Fe(II)(CN)6]

4-. 

Black curve: EIS spectra for as-grown CN0.26; Red curve : EIS for pre-treated a-CN0.26 (see 

protocol in the text).  
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Figure 3  
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Fig.3:  DPV curves obtained at 25 mV s-1 on as-grown a-CN0.26 (S = 0.282 cm²) in a 100 mM 

borate buffer  (pH 9)/MeOH (50/50 v/v) solution, with NDA/CN = 1 and NDA/(AA or PN) = 100 

derivation ratios, respectively. (h) CBI-histidine (l) CBI-lysine (t) CBI-threonine (s) CBI-serine 

(k) CBI-PN. The solid lines correspond to the experimental voltammograms and dotted lines to 

simulations based on a standard Gauss curve. [AA] or [PN]f= 25 µM. 
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Figure 4  
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Fig.4: DPV at 25 mV s-1 on pre-treated a-CN0.26 (S = 0.282 cm²) in a 100 mM borate buffer (pH 

9) /MeOH (50/50 v/v) solution, with NDA/CN = 1 and NDA/(AA or PN) = 100 derivation ratios, 

respectively. (h) CBI-histidine (l) CBI-lysine (t) CBI-threonine (s) CBI-serine (k) CBI-PN. The 

solid lines correspond to the experimental voltammograms and dotted lines to simulations based 

on a standard Gauss curve. [AA] or [PN]f= 25 µM. 
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Figure 5  
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Fig.5: DPV comparison for results obtained on pre-treated a-CN0.26 and on GC at 25 mV s-1 with 

a 100 mM borate buffer (pH 9) /MeOH (50/50 v/v solution with NDA/CN = 1 and NDA/(AA or 

PN) = 100 derivatization ratios, respectively. (h) CBI-histidine (l) CBI-lysine (t) CBI-threonine 

(k) CBI-PN. Full line: pre-treated a-CN0.26 (S = 0.282 cm ²). Dashed line: GC (S = 0.071 cm ²). 
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Figure 6  
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Fig.6: Comparison of DPV characteristic values for CBI-AA (AA= lysine, threonine, serine and 

histidine) on each electrode: GC, as-grown a-CN0.26 and pre-treated a-CN0.26. A. L1/2 values. B. Jp 

values. C. Area values. 

 

 

 


