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Abstract 18 

In the present work we have developed two hierarchical nano-architectures based 19 

electrochemical immunosensors for the detection of interleukin-8 (IL-8) cytokine tumor 20 

biomarker. A comparative study has been performed for spatial nano-architectures and their 21 

relative sensing to establish the model for real time monitoring. With the first platform, the 22 

recognition layer consisted with immobilised IL-8 on aminothiol modified gold electrodes. In 23 

the second approach, the activated multi walled carbon nanotubes (MWCNT-COOH) were 24 

added in the functionalisation process by covalent attachment between the functionalities NH2 25 

of aminothiol and the functionalities COOH of carbon nanotubes.  The surface topology of the 26 

recognition layer has been characterised by atomic force spectroscopy (AFM) and contact 27 

angle (CA) measurements. The electrochemical response of the developed sensor was 28 

measured by electrochemical impedance spectroscopy (EIS). A side-by-side comparison 29 

showed that aminothiol/activated MWCNTs/ anti-IL-8 based impedimetric immunosensor 30 

exhibits high reproducibility (The relative standard deviation (R.S.D) = 3.2 %, n = 3) with 31 

high stability. The present sensor allows evaluating a lower detection limit of 0.1 pg mL−1 32 

with a large dynamic sensitivity range from 1 pg mL−1to 1000 pg mL−1 covering the entire 33 

clinical therapeutic window. The developed MWCNTs based immunosensor has been 34 

calibrated by determining IL-8 in artificial plasma and showed a selective response to IL-8 35 

even in the interfering environment of other cytokines such as Interleukin-1 (IL-1) and 36 

Interleukin-6 (IL-6). 37 

 38 
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1. Introduction 43 

Early diagnosis of cancer is very important for successful diagnostic of the disease and patient 44 

survival and makes a challenge and critical step for cancer therapy. In fact, it needs accurate 45 

detection of a certain protein biomarkers present trace amount in serum patients of early 46 

stages of cancer disease [1,2,3]. The present traditional assay methods are radio-immunoassay 47 

and enzyme-linked immunosorbent assay (ELISA) [4], immune-polymerase chain reaction 48 

(PCR) assay [5], electrophoretic immunoassay [6], fluorescence immunoassay [4], and mass 49 

spectrometric immunoassay [7]. Most of these existing methods need expensive, sophisticated 50 

instruments and well-controlled experimental conditions. Moreover, ELISA tests are time-51 

consuming with time-to-results of several hours and are limited in their applicability for 52 

Point-of-Care (PoC) devices. Subsequently, there is a great interest for developing biosensors 53 

for protein detection with a faster and highly sensitive and selective immunological response 54 

[8,9] that leads to reduced costs of treatment with a fundamental understanding of disease 55 

progression. In this context, during the last years, immunosensors were widely used in order 56 

to enhance the biosensors metrological characteristics. These devices combine an antibody as 57 

recognition element with a transducer, which converts optical, electrical, and mass changes of 58 

the solution into a measurable signal following the interaction between the free antigen (Ag) 59 

present in the solution under analysis and the antibody (Ab) anchored to a transducer. Another 60 

advantage of biosensors compared to traditional methods for detecting IL-8 is they can 61 

already be integrated in PoC devices, which are well known to allow faster medical decisions, 62 

to avoid any trouble related to specimen identification and sample transport problems, and the 63 

needing only small sample volumes [9]. 64 

Interleukin 8 (IL-8) is a bioactive protein produced by many different cells of the immune 65 

system [10]. It is a 8 kDa cytokine that is involved in the inflammatory response with serum 66 

levels in healthy individuals at ≤13 pg mL−1 compared to 20–1000 pg mL−1 or more in cancer 67 

patients [11,12]. Increased concentrations of IL-8 have found in the presence of many types of 68 

cancer [13], including squamous cell cancer [11], prostate cell carcinoma[14], thyroid cancers 69 

[12], and pancreatic cancer [15], implying a great  clinical interest in the quantification of IL-70 

8 cytokines for both cancer prognosis and diagnosis [16,17]. Recent research has addressed 71 

the detection and monitoring of IL-8 by biosensing approaches. For instance, Otieno et al. 72 

[18] have incorporated an on-line chamber to capture cancer biomarker proteins on magnetic 73 

beads derivatised with 300,000 enzyme labels and 40,000 antibodies into a modular 74 

microfluidic immunoarray. Domnanich et al [19] presented a reflective gold chips coated with 75 

polyelectrolyte multilayers for signal enhancement in immunoassays for melanoma-relevant 76 



biomarkers. A technique for reversibly encapsulating nanomechanical resonant sensors within 77 

microfluidic channels for the detection of IL-8 in fetal bovine serum was also described by 78 

Waggonera et al. [20]. Malhotra et al. combined gold nanoparticles surfaces with magnetic 79 

beads massively labelled with horseradish peroxidase enzyme labels to develop an 80 

ultrasensitive electrochemical microfluidic array optimized to measure a four-protein panel of 81 

cancer biomarker proteins [21]. Mandal et al. presented an optofluidic biosensor platform for 82 

the concurrent detection of multiple interleukins (IL-4, IL-6, and IL-8), by incorporating a 83 

unique one-dimensional photonic crystal resonator array that enables light-matter interaction 84 

[22]. Hakim et al; have fabricated polysilicon nanowire based biosensors using a top-down 85 

process in order to quantify the binding constant of two inflammatory biomarkers: IL-8 and 86 

TNF-α (tumor necrosis factor-alpha) [23]. Hakim et al. integrated an enzymatic signal 87 

enhancement scheme onto a multiplexable silicon photonic microring resonator platform for 88 

the detection of IL-8, IL-2 and IL-6 [24]. More recently, other biosensing methods have been 89 

proposed for detecting blood IL-8 at ever-lower levels through the optimization and 90 

continuous progresses of electrochemical detection strategies as well as the use of 91 

nanostructured surfaces. In 2016, Sharma et al. [25] proposed a free-label biosensor based on 92 

electrochemical impedance spectroscopy (EIS) that exploited a novel synthetic non-antibody 93 

capture protein based on a cystatin scaffold, managing to reach a sub-pg/mL sensitivity. Low 94 

limits of detection of pg mL−1 were achieved also by Tonello et al. in 2016 [26], by testing 95 

commercially-available carbon sensors modified using two different carbon nanostructures 96 

(e.g. Carbon nanotubes and spherical fullerene) in combination with stripping voltammetry, 97 

and by Verbarg et al. in 2017 through the implementation of an optical detection platform 98 

combined with a fluorescent immunoassay [27]. 99 

It is therefore clear that electrochemical bio-chemical sensors coupled with functionalising 100 

process using nanostructured materials can be considered as a good strategy to improve the 101 

biosensing development. Moreover, further progresses can be achieved by the use of EIS, 102 

which is undoubtedly acknowledged as a powerful tool for interfacial characterization. EIS is 103 

a sensitive technique that monitors the electrical response of the studied system after 104 

application of a periodic small amplitude signal. This technique is a direct method for probing 105 

protein binding events such as those from antibody-antigen interactions [28]. 106 

Due to their electrical, optical, thermal, and mechanical properties, carbon nanotubes (CNT) 107 

were widely used in the functionalisation of electrodes in order to amplify electrical signals of 108 

the chemical and biological sensors, with an increasing number of applications of CNTs in 109 

several chemical analysis fields [29,30]. The enhancement of CNTs electrode kinetics to 110 



different redox species, in terms of increased faradic current and minimisation of the redox 111 

overpotential, has made the nanotubes to be considered as electrocatalytical materials. Thus, 112 

the electronic properties of CNTs and specially their band structure, in terms of density of 113 

electronic states, are of great interest for the interfacial electron transfer between a redox 114 

system in solution and the electrode surface [29−31]. 115 

This work presents two different functionalisation techniques for the development of an EIS 116 

biosensor for the detection of IL-8. The first functionalisation approach consisted in 117 

immobilising activated IL-8 antibodies on 11-amino-1-undecanethiol modified gold 118 

electrodes in order to create a two-dimensional nano-architecture . The second strategy 119 

provided that , activated multi walled carbon nanotubes (MWCNT-COOH) were added in the 120 

functionalisation process by covalent attachment between the functionalities NH2 of 121 

aminothiol and the functionalities COOH of carbon nanotubes. That lead to develop a three-122 

dimensional spatially hierarchical nano-architecture which offers a larger active specific area 123 

in contact with the analyte to enhance the immunosensor performances. 124 

 125 

2. Materials and Methods 126 

2.1 Reagents 127 

Multi-Walled Carbon Nanotubes (MWCNT-COOH) (ref DRP-CNT sol), were provided by 128 

DROPSENS (Spain).11-amino-1-undecanthiol was obtained from Sigma Aldrich. N-(3-129 

dimethylaminopropyl)-N-ethyl-carbodiimide hydrochloride (EDC), N-hydroxysuccinidmide 130 

(NHS) and sodium dodecyl sulfate salt (SDS), used as surfactant was provided by Sigma–131 

Aldrich (France). Anti-human IL-8 monoclonal antibody (anti IL-8), Recombinant Human IL-132 

8, Recombinant Human IL-6 and Recombinant Human IL-1 were all purchased from R&D 133 

Systems (France). The bicinchoninic acid protein assay (BCA protein assay) kit was provided 134 

by Pierce (France). The buffer solution used for all experiments was Phosphate Buffer Saline 135 

(PBS; pH=7.4). All solutions were made up in ultrapure water produced by a Millipore Milli-136 

Q system. Artificial plasma was purchased from Biolabo (France). 137 

 138 

2.2 Instrumentation and experimental details 139 

The different layers grafted onto the gold electrode were characterised by contact angle 140 

measurements using a Dataphysics, Contact Angle System OCA (France). The measurements 141 

were analyzed with a droplet of 4 μL of deionized water, for the untreated gold substrate and 142 

after each stage of the gold substrate treatment. The contact angle has been obtained in three 143 



different areas of the given wafer with three separated drops and we have calculated the 144 

statistical validation of the three measurements.  145 

The surface topology of aminothiol/ activated MWCNTs functionalised gold substrates were 146 

investigated using Atomic Force Microscopy (AFM). The AFM measurements were 147 

performed in ‘tapping-mode’ (TM-AFM) and the respective images were recorded at room 148 

temperature with a Nano- Observer AFM microscope from SCIEN Tec (France). 149 

The UNICO Spectrophotometer Model S-2150 UV-Vis (Spain) was used for the colorimetric 150 

quantification of the amount of  anti IL-8 immobilised on the working electrode surface. 151 

Cyclic Voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were 152 

performed in a conventional electrochemical cell containing a three-electrode system using a 153 

VMP3 potentiostat/galvanostat (Bio-logic-Science Instrumentation, France). A reference 154 

electrode (Ag/AgCl) and platinum (Pt) counter electrode wire with a diameter of ~0.5 mm 155 

were used. CV measurements were performed in a mixture of 5 mM K3 156 

[Fe(CN)6]/K4[Fe(CN)6] as the redox probe in PBS solution (pH 7.4). The potential was swept 157 

between -200 mV and 600 mV (versus Ag/AgCl) at a rate of 100 mV/s. Impedance 158 

measurements were carried out in the same solution at room temperature. A sinusoidal 159 

excitation signal with amplitude of 10 mV was applied and the impedance spectra were 160 

recorded in the frequency range (0.1 Hz - 100 kHz).The potential polarization was optimized 161 

at - 220 mV. The obtained EIS data were fitted by the EcLab software. All electrochemical 162 

measurements were performed inside a Faraday cage. 163 

 164 

2.3 Antibodies and cytokines preparation 165 

Antibodies and cytokines were diluted in PBS buffer, aliquoted, and stored at −20 °C 166 

following the supplier's protocol. The used cytokines IL-8, IL-1 and IL-6 were aliquoted at 167 

varying concentrations ranging from 1 to 1000 pg mL−1 and stored at 4 °C. 168 

 169 

2.4 Gold electrodes fabrication  170 

The microelectronics fabrication process for the gold electrodes has been performed at Centro 171 

Nacional de Microelectronica CNM (Barcelone, Spain). The starting material is P-type〈100〉172 

silicon 100 mm diameter wafers with a nominal thickness of 525 μm. The process starts with 173 

a dray oxidation process to grow a layer of SiO2 (780Å) and afterward a Si3N4 layer of 1000 174 

Å thickness was deposited by low-pressure chemical vapor deposition (LPCVD). For a better 175 

adhesion of Au microelectrodes, a 100 Å of Ti layer was introduced first, and then the 2500 Å 176 



of Au layer was sputtered onto the surface. After, the wafer had been diced into individual 177 

chips with size about 1 cm2. 178 

 179 

2.4.1. Gold electrode modification with 11-amino-1-undecanethiol self-assembled 180 

monolayer 181 

Before functionalisation, the gold electrode was cleaned in an ultrasonic bath for 15 min in 182 

acetone and dried under a N2 flow. Subsequently, the gold electrode was dipped for 3 min at 183 

room temperature in a piranha solution, and then rinsed with ultrapure water. Subsequently, 184 

working gold electrode was immersed in 1 mM 11-amino-1-undecanethiol (aminothiol) 185 

solution for 5 h at 4 ◦C, in order to create an amine layer over the gold support. The substrate 186 

was then rinsed with ethanol to remove the unbonded thiols. It is well known that the 187 

formation of a self-assembled monolayer (SAM) provided functional groups for subsequent 188 

covalent attachment by carbodiimide method to form peptide bonds. In particular, the use of 189 

1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), which is currently one of the most 190 

used the hetero-crosslinker for covalent antibody immobilization, provides a stable bond 191 

between a carboxyl group and a primary amine. Hydrophilic residues with chemically reactive 192 

functionalities (e.g. amino, carboxyl, and hydroxyl groups) are generally at the antibody 193 

surface, and the EDC/NHS coupling of antibody amine and carboxyl groups to surface 194 

carboxyl and amine groups represents one of the most used strategies for oriented antibody 195 

immobilization [32]. Moreover, the use of 11-amino-1-undecanethiol proven to provide NH2 196 

terminated SAM with a higher antigen/antibody ratio than a COOH terminated SAM [33].  197 

 198 

2.5. Preparation of the immunosensors 199 

2.5.1. Preparation of aminothiol / activated anti IL-8 based immunosensor (Platform 1) 200 

The carboxyl groups present in the terminal part of the anti IL-8 antibody (10 µg mL−1)  were 201 

activated by reaction with 0.2 M NHS and 0.8 M EDC prepared in PBS buffer, for 45 min. 202 

The modified anti IL-8 structures were then added to the Au-NH2 layer for 1h at room 203 

temperature (Fig. 1A). Subsequently, the biosensor was incubated into 1% ethanolamine for 204 

20 min, to deactivate unreacted −COOH groups, which could eventually lead to non-specific 205 

bonds during IL-8 detection stage [9]. 206 

2.5.2. Preparation of aminothiol / activated MWCNTs / anti IL-8 based immunosensor 207 

(Platform 2) 208 

Before immobilising the carbon nanotubes on aminothiol functionalised gold electrodes, 17 209 

μL from 0.25 mg/mL MWCNT were dispersed in 183 μL of deionised H2O containing 0.1 M 210 



sodium dodecyl sulphate (SDS). This produces a final volume of 200 μL of MWCNT–COOH 211 

mixture. Then, 0.2 M solution of NHS and 0.8 M solution of EDC were prepared  in  PBS in 212 

order to produce a final volume of 200 μL. Afterwards, 200 μL of MWCNT solution and 200 213 

μL of NHS/EDC solution were mixed for 45 min in order to formulate the active EDC/NHS 214 

ester groups on the MWCNTs. Finally, the aminothiol modified working electrode was 215 

incubated in MWCNT/NHS/EDC solution for 2 h at room temperature, and followed this by 216 

rinsing in PBS to remove all non-bound MWCNTs. This produces a 0.011 mg mL−1 217 

concentration of functionalized MWCNTs [34]. The active NHS ester functionalised carbon 218 

nanotubes MWCNT-COOH attached on gold electrodes were then maintained in contact with 219 

10 µg mL−1 ofanti IL-8 antibody for 1 h at room temperature (Fig. 2A) to react with the 220 

terminal amino groups of the antibody as already described by []. The excess antibodies were 221 

removed by rinsing with PBS. As done for Platform 1, the IL-8 antibody-modified gold 222 

electrode was treated with 1% ethanolamine solution  for 20 min to deactivate unreacted 223 

−COOH groups from MWCNT,. Finally, the substrate was rinsed with PBS.  224 

 225 



 226 

Fig. 1. Schematic presentation of the main steps for biofunctionalisation process of the developed 227 

immunosensors: (A) Anti-IL-8 antibody activation and its subsequent immobilization onto the Au-228 

NH2 layer; (B) Immobilization of carbon MWCNT on aminothiol functionalised gold electrodes 229 

through the activation of MWCNT by using NHS/EDC, followed by anti-IL-8 antibody binding. 230 

 231 

2.5.3. Antibody / antigen affinity reaction 232 

All procedures were made in triplicate. The antigen solution with increasing concentrations, 233 

prepared in PBS buffer (pH=7.4) by accurate dilution of a 5 µg/mL stock solution, was 234 

incubated on the bio-functionalised surface for 30 min at room temperature. 235 

 236 

3. Results and discussion 237 

3.1 Morphological characterisation of the functionalised gold electrode 238 



Contact angle (CA) measurements  were made to characterise the different functionalisation 239 

steps of the gold electrode. The contact angle was 81 ± 2° for the bare gold electrode, in 240 

agreement with the expected angle of 81 ± 1° [36], whilst, the gold electrode treated with 241 

piranha was 53 ± 2°. This hydrophilic character proves the presence of COOH as the terminal 242 

group. The modification of gold electrode with aminothiol leads to the decrease of the CA to 243 

26 ± 2°. This signifies that the aminothiol was successfully self-assembled on the gold 244 

electrode. In fact, the thiol function -SH leads to the spontaneous formation of a strong Au-245 

sulphur interaction that is expected to form a closely packed monolayer [37]. Subsequently, 246 

the immobilisation of the activated MWCNTs leads to a remarkable increase in the contact 247 

angle (74°± 1°). This reflects the hydrophobic character of carbon nanotubes. Finally, the 248 

decrease of the contact angle to 62°± 2° shows the successful immobilisation process of IL-8 249 

antibodies. Images obtained from CA measurements are shown in Fig. 1S (Supplementary 250 

material section). 251 

The AFM images of aminothiol functionalised gold electrode after MWCNTs and IL-8 252 

antibodies immobilisation are presented in Fig. 2.  253 

Fig. 2A shows round pores corresponding to gold surface. A dispersion of nano-objects is 254 

observed with an average diameter of 30-35 nm and a surface roughness (RMS) of 9.34 nm 255 

which proves the successful immobilisation of carbon nanotubes as MWCNTs bundles. The 256 

length of MWCNT bundles is not observable due to the interaction of the tip with surface 257 

[38,39]. Then, the presence of the IL-8 antibodies on the gold/aminothiol/ MWCNTs based 258 

structure was evident from the significant change observed in the surface roughness with a 259 

RMS=3.56 nm (Fig. 2B).The observed surface was also quite uniform, suggesting that most 260 

of the antibodies had a similar orientation after binding. 261 

 262 



 263 

Fig. 2. AFM image of aminothiol modified gold electrode after (A) MWCNTs and (B) IL-8 antibodies 264 

immobilization. 265 

 266 

3.2 Electrochemical characterisation of aminothiol SAMs 267 

The compactness and the blocking effect of SAMs modified electrode has been investigated 268 

using CV through a redox behavior of a reversible Fe (CN)6
3- /Fe(CN)6 4- pair [40−42]. Fig. 3 269 

illustrates the cyclic voltammograms before and after functionalisation of gold electrodes with 270 

aminothiol. The oxidation and reduction peaks the bare electrode were recorded at ~ 0.301 V 271 

and 0.155 V. However, the redox peaks decreased after the formation of SAMs onto the 272 

working gold electrode. This was attributed to the SAMs acting as an insulating layer that 273 

blocked the electron transfer at the electrode interface. 274 

 275 



 276 

Fig. 3. Cyclic voltammograms for bare gold and aminothiol modified electrode in 5 mM K3[Fe(CN) 277 

6]/K4 [Fe(CN)6] in PBS (pH=7.4). The scan rate was 100 mV/s. 278 

 279 

3.3 Electrical characterisation of the biofilm by impedance spectroscopy 280 

EIS was performed to control the building-up of the biofilms based on aminothiol and 281 

aminothiol / MWCNTs structures at an optimised potential of −220 mV. This value was set 282 

since it allowed minimizing total impedance of the modified electrode before IL-8 addition 283 

[43]. Fig. 4 shows the Nyquist diagrams for the assembly of the biofilms on the working gold 284 

electrode. We notice for the first system, the presence of activated IL-8 antibodies attached to 285 

the aminothiol layer was confirmed by a decrease of the charge transfer resistance (Rct) which 286 

measures directly the ability of the charge transfer to take place between electrodes and 287 

surrounding electrolyte. 288 

 289 



 290 

Fig. 4. Nyquist diagram for the impedance measurements (at -0.22 V) vs. Ag/AgCl in PBS solution 291 

(pH 7.4) corresponding to the various layers grafted onto the gold electrode. Spectra were obtained 292 

between 0.1 Hz – 100 kHz; amplitude of alternative voltage 10 mV. 293 

 294 

With the MWCNTs based platform, we can observe a significant decrease of the interfacial 295 

impedance after carbon nanotubes immobilisation that reflects the attachment of the carbon 296 

nanotubes on aminothiol and brings out their conducting properties. In fact, the MWCNTs 297 

layer promotes the electron transfer through the layer of thiol and increases the conductivity 298 

of the system, and therefore the charge transfer rate. Then, the immobilisation of IL-8 299 

antibodies leads to the decrease of the interfacial impedance. This can be attributed to the 300 

increase of MWCNTs conductance. 301 

 302 

3.4 Determination of the total concentration of anti IL-8 being modified onto the 303 

working electrodes 304 

The BCA Protein Assay, which is a biochemical assay commonly used for quantitation of 305 

total protein in a sample, was used in order to quantify the IL-8 antibodies concentration by 306 

measuring the net absorbance at 562 nm using a UV-visible spectrophotometer. This assay 307 

combines the reduction of Cu2+ to Cu1+ by protein in an alkaline medium with the highly 308 

sensitive and selective colorimetric detection of the cuprous cation (Cu1+) by bicinchoninic 309 

acid. First, solutions of anti IL-8 with known concentrations have been prepared and used as 310 

samples, and analysed by using the BCA protein assay in order to construct the standard 311 

curve. The tubes containing the standard solutions and the working reagents were covered and 312 



incubated at 60°C for 30 min. Then, after cooling all the tubes to room temperature, the 313 

absorbance (A562 nm) of all the samples was measured within 10 minutes. 314 

The second step consists in incubating the anti IL-8 modified gold working electrodes with 315 

unknown immobilised protein concentration using the same protocol and measuring the 316 

absorbance at 562 nm and finally quantifying the unknown concentration using the standard 317 

calibration curve. The measured concentrations of anti IL-8 were 1.3 ± 0.1 µg/mL (R.S.D = 318 

7.6 %; n = 3) and 22.1 ± 1.2 µg/mL (R.S.D = 5.4 %; n=3) for aminothiol based immunosensor 319 

(platform 1) and MWCNTs based three-dimensional nanoarchitecture (platform 2), 320 

respectively. 321 

Table 1 summarizes the measured concentrations of anti IL-8 attached to the surface for both 322 

studied platforms. We can notice that the measured concentration of anti IL-8 was higher in 323 

the case of MWCNTs based immunosensor (22.1 ± 1.2 µg/mL). This could be due to the 324 

three-dimensional (3D) structure of MWCNTs based nano-architecture that offers a larger 325 

specific surface area and subsequently more available recognition sites in contact with the 326 

analyte. 327 

 328 

Table 1. Total concentration of anti IL-8 immobilized onto the electrode. 329 

Structure 
Concentration of anti IL-8 

immobilized onto the 

electrode (µg/mL) 

 

RSD (%; n=3) 

 

Aminothiol / activated  
anti IL-8 

1.3 ± 0.1 7.6 

Aminothiol / activated 
MWCNTs / anti IL-8 

22.1 ± 1.2 5.4 

 330 

3.5 Impedimetric response of the immunosensors 331 

Before the immobilisation of the antibody, the biosensors were tested by addition of antigen 332 

(IL-8), no change in the impedance spectrum was observed for both platforms. Then, the anti 333 

IL-8 functionalised gold electrode was calibrated in presence of increasing concentrations of 334 

the specific antigen IL-8 ranging from 1 pg mL−1 to 1000 pg mL−1. Antigen–antibody 335 

interactions were monitored using impedance spectroscopy. The impedance spectra obtained 336 

after addition of increasing concentrations of antigen (IL-8) are shown as Nyquist plots, in 337 

Fig. 5A and 5B, where Re Z is the real part and −Im Z is the imaginary part of the complex 338 

impedance Z. A semicircle plot can be observed that is characteristic of a pure resistance in 339 

parallel with a capacitance [43]. 340 



 341 

 342 

Fig. 5. Examples of Nyquist plots obtained at -0.22 V vs. Ag/AgCl in PBS performing EIS 343 

measurements on (A) aminothiol / anti IL-8 modified gold electrode (B) aminothiol/ MWCNT/ anti 344 

IL-8 under various concentrations of IL-8 antigen (pH 7.4, Spectra were obtained between 0.1 Hz – 345 

100 kHz. Amplitude of Alternative voltage: 10 mV). 346 

 347 

As it can be seen from Fig. 5, at low frequencies, the half-cercles diameter decreases clearly 348 

with the increase of IL-8 concentration for both immunosensors. This can be due to the 349 

decrease in the electron transfer resistance reflecting the interaction between the IL-8 antigen 350 

and the bio-functionalised surface. For, the MWCNTs based nano-architecture, the increase of 351 

MWCNTs conductivity could be explained by the increase of the negative charge of the 352 

immunocomplexe [39]. 353 

From an electrochemical point of view, a Randles equivalent circuit can represent the 354 

solid/electrolyte interface. In such model, the Warburg impedance Zw attributed to the mass 355 

transfer to the electrode surface, is in series with the charge transfer resistance Rct and both 356 

are generally in parallel with a double layer capacitance Cdl. Rs resistance added in series 357 

represents the resistance of the electrolyte. However, In this work, Zw is almost small and 358 

remains negligible compared with the resistance of the charge transfer Rct at the 359 

biofunctionalised gold electrode / electrolyte interface. Subsequently, the impedance spectra 360 

were fitted with the equivalent circuit, shown as inset in Fig. 4A. It consists of a charge 361 

transfer resistance Rct in parallel with a constant phase element CPE. A resistance Rs was 362 

added in series with them.  363 

The constant phase element CPE reflects the inhomogeneities and defect areas of the layer 364 

[45]. In fact, it is a capacitance reflecting the non-ideality of the double-layer at the bio-365 



functionalised gold electrode/electrolyte interface due to the roughness and porosity of the 366 

biofilm and can be expressed as follows: 367 

 368 

Z��� =  
1

Q ( jω)�
 369 

 370 

Where Q is a constant, j is the imaginary number, ω is the angular frequency and 0 < n < 1. 371 

CPE becomes more capacitive, when the value n tends to 1. 372 

The different simulated fitting parameters from the impedance data obtained for the 373 

increasing IL-8 concentration are summarised in Table 1 and Table 2.  374 

 375 

Table 2. Fitting parameters obtained for the aminothiol/activated anti IL-8 based immunosensor. 376 

IL-8 

Concentration 
Rs (Ω) CPE1 (µF) n Rct1 (kΩ) χ2 (10-3) 

1 pg mL−1 552 ± 2 1.635 ± 0.005 0.919 ± 0.005 314 ± 1 0.194 

150 pg mL−1 564 ± 1 1.778 ± 0.002 0.919 ± 0.006 309 ± 1 0.192 

300 pg mL−1 587 ± 3 1.726 ± 0.003 0.911 ± 0.008 265 ± 2 0.205 

450 pg mL−1 552 ± 2 1.798 ± 0.001 0.929 ± 0.005 210 ± 3 0.400 

600 pg mL−1 538 ± 2 1.825 ± 0.006 0.939 ± 0.003 150 ± 3 0.527 

1000 pg mL−1 531 ± 3 1.875 ± 0.005 0.938 ± 0.009 116 ± 3 0.542 

 377 

Table 3. Fitting parameters obtained for the aminothiol/activated MWCNTs/anti IL-8 based 378 

immunosensor. 379 

IL-8 

Concentration 
Rs (kΩ) CPE2 (µF) n Rct2 (kΩ) χ2 (10-3) 

1 pg mL−1 2 ± 0.1 2.798 ± 0.003 0.969 ± 0.001 202 ± 1 0.457 

150 pg mL−1 2 ± 0.1 2.799 ± 0.001 0.969 ±0.004 167 ± 1 0.393 

300 pg mL−1 2 ± 0.1 2.800 ± 0.001 0.971 ± 0.007 128 ± 1 0.132 

450 pg mL−1 2 ± 0.1 2.789 ± 0.005 0.959 ± 0.003 97 ± 0.5 0.100 

600 pg mL−1 2 ± 0.1 2.801 ± 0.007 0.959 ± 0.009 77 ± 0.3 0.159 

1000 pg mL−1 2 ± 0.1 2.799 ± 0.004 0.968 ± 0.001 35 ± 0.3 0.309 

 380 

CPE1 and CPE2 values are not affected by the increase of the IL-8 concentration and remains 381 

constant. However, the resistance of the charge transfer Rct1 and Rct2 were found to be the 382 



most sensitive to the changes in IL-8 concentration and were, thus, selected as the relevant 383 

parameters to monitor the sensitivity of both developed immunosensors. The MWCNT based 384 

immunosensor is more sensitive promoting of the electron transfer thanks to carbon nanotubes 385 

properties and their particularity to amplify the response signal from antibody–antigen 386 

interaction and to improve the immunosensors characteristics. In fact, the MWCNTs facilitate 387 

the electron transfer between the electroactive species and the electrodes and facile oxidation 388 

and reduction kinetics [46]. Thus, , the calibration curves for both systems corresponding to 389 

the variation of the charge transfer resistance Rct vs IL-8 concentrations were realised in order 390 

to quantify the biosensors response, and they could be find in Fig. 2S (Supplementary 391 

material section). 392 

The immunosensors calibration curves present a linear relationship between the resistance of 393 

the charge transfer and the IL-8 concentration ranging from 150 pg mL−1 to 600 pg mL−1 (R2 394 

= 0.9961) with a detection limit of 100 pg mL−1 for the aminothiol based two-dimensional 395 

(2D) platform and from 1 pg mL−1 to 1000 pg mL−1 (R2 = 0.9969) with a lower limit of 396 

detection of 0.1 pg mL−1 for the MWCNTs based immunosensor, covering the entire 397 

clinically interesting range of IL-8 concentrations, which is very important not only for the 398 

early-stage diagnosis and screening procedures, but also in mapping the stage of the cancer 399 

too. Comparing both spatially hierarchical nano-architectures, we can notice that the use of 400 

MWCNT-COOH modified gold electrodes leads to a lower detection limit and a higher 401 

saturation limit with an extended linear range against IL-8 concentration [36]. This can be due 402 

to the higher concentration of immobilised anti IL-8 (22 ± 1 µg mL−1) due to the  three-403 

dimensional (3D) structure of MWCNTs based nano-architecture that offers a larger specific 404 

surface area. Moreover, the MWCNTs play a dual amplification role in both the recognition 405 

and transduction events. In addition, we can notice that the use of EIS provides a direct 406 

method of Antibody–Antigen binding and offers fast, sensitive, selective and quantitative 407 

responses [47−49]. Therefore, the impedimetric MWCNTs based three-dimensional 408 

immunosensor was selected for further evaluation of selectivity and possible application. 409 

The reproducibility of both impedimetric immunosensors was investigated by repeated 410 

experiments (n = 3). A relative standard deviation of 7 % was obtained for the first system 411 

based on aminothiol and of 3 % for the MWCNTs based three-dimensional platform. The 412 

response of the developed impedimetric immunosensors was almost completely stable for one 413 

month. 414 

 415 



3.6 Selectivity 416 

Another important parameters related to the analytical performances of MWCNTs based 417 

three-dimensional immunosensor is its specificity and selectivity. Therefore, the ability of the 418 

biosensor to discriminate IL-8 from foreign species was investigated by evaluating the signal 419 

responses of the developed immunosensor to IL-8 against two other interfering compounds. 420 

This study was applied to Interleukin-1 (IL-1) and Interleukin-6 (IL-6). The selected non-421 

specific antigen (IL-1 and IL-6) have been also demonstrated to be overexpressed in the 422 

presence of different cancers [50,51]. In general, the observed selectivity will depend mostly 423 

on the selectivity/specificity of the Ab/Ag reaction and of the non-specific response presented 424 

by the immunosensor platform. At the same concentration, the signal produced by the 425 

biosensor in the presence of the target analyte (IL-8) was always higher by at least 3 orders of 426 

magnitude compared to that observable by analyzing possible interferents (IL-1 and IL-6). A 427 

clear increase in signal was observed in presence of IL-8. In contrast, no significant signal 428 

was observed for IL-1 and IL-6 even at high concentration level of 1000 pg mL−1and 429 

consequently, we did not observe significant influence during the detection of IL-8 when 430 

mixed IL-1 and IL-6. This result confirmed the higher affinity of IL-8 and brings out the 431 

specific and selective properties of the developed MWCNTs based immunosensor. The 432 

average Rct changes produced by the addition of 1 pg mL−1 IL-8, 1000 pg mL−1 IL-1 and 1000 433 

pg mL−1 IL-6 are presented in Fig. 3S (Supplementary materials section). 434 

 435 

3.7 Test in commercialised artificial plasma 436 

The goal of the present work was the development of a spatially hierarchical nano-437 

architecture based electrochemical immunosensor for real time detection, in human samples, 438 

of IL-8, that can be considered as early warning marker for cancer disease. Thus, the 439 

suitability of the developed MWCNT based immunosensor for the detection of IL-8 in real 440 

sample was investigated by testing the impedimetric signal response in artificial plasma. So, 441 

in order to reduce the non-specific adsorption, the artificial plasma was diluted 1000 times 442 

and has been used to prepare the solutions of IL-8 with increasing concentrations ranging 443 

from 1 pg mL−1 to 1000 pg mL−1. Fig. 6 illustrates the response of the MWCNTs based 444 

immunosensor towards increasing concentrations of IL-8 in the artificial commercialised 445 

plasma diluted 1000 times. 446 

 447 



 448 

Fig. 6. MWCNTs based immunosensor response towards increasing concentrations of IL-8 in the 449 

artificial commercialised plasma diluted 1000 times. 450 

 451 

We can observe a considerable dependence of the normalised signal of the developed 452 

immunosensor as a function of the IL-8 concentration. Then, in order to prove the absence of 453 

non-specific adsorption when detecting IL-8 antigen, we have investigated the response of the 454 

sensor towards IL-1 and IL-6 as blank tests. The impedimetric response of aminothiol/ 455 

activated MWCNT/ anti IL-8 based immunosensor towards the interfering compounds 456 

presented a shift between the two first half-circles. This could be due to the adsorption of 457 

proteins found in commercialised artificial plasma. Then, the response of the MWCNTs based 458 

nano-architecture was almost the same regardless the increasing concentrations of IL-1 and 459 

IL-6. This brings out the high sensitivity and specificity of the developed three-dimensional 460 

based impedimetric immunosensor towards IL-8 antigen in artificial plasma, which suggests 461 

the possibility of using it in routine procedures for real time monitoring, diagnostic and 462 

prognostic of tumor development and progression. 463 

To highlight the advantage of our promising results, Table 4 reports linear concentration 464 

ranges and LoDs obtained from other biosensors developed for IL-8 quantification in blood 465 

(plasma and serum) by binding with an antibody immobilized onto the working electrode. 466 

Compared to them, our device stated lower LoD and wider linear range in addition to a rapid 467 

time-analysis and higher selectivity. Moreover, our biosensor resulted more competitive even 468 

if compared to the gold standard assays (ELISAs) for IL-8 quantification in blood (plasma 469 

and serum), since these assays require longer analysis times (from 4 up to 7 hours), trained 470 

personnel and sophisticated equipment, and most of these commercially available IL-8 ELISA 471 

kits have proven LoDs of about 15 ± 5 pg mL−1, thus higher than our and above the IL-8 basal 472 

clinical level of  5 – 10 pg mL−1 commonly detected in healthy patients [25]. 473 



 474 

Table 2. Comparison of different antibody-based electrochemical immunosensors for IL-8 475 

detection in blood (plasma and serum). Abbreviations: Au: gold; LOD: limit of detection; Ab: 476 

antibody; cys: cysteine; C60: spherical fullerenes; ASV: anodic stripping voltammetry; LSV: 477 

linear sweep voltammetry; Ti: titanium; TNT: titanium dioxide nanotube. 478 

 479 

 480 

Transducer 
Sensing 

(Technique) 
Linear range LOD (matrix) Reference 

Carbon electrode 

C60/ Ab (ASV/ 
LSV) 1.25 − 5 ng mL−1 

5 − 20 ng mL−1 

0.61 ± 0.05 
ng mL−1 (buffer) 

[26] 
MWCNTs/Ab 
(ASV/ LSV) 

0.39 ± 0.10 ng 
mL−1 (buffer) 

Ti electrode 
Ti/TNT/Ab 

(EIS) 
5 − 2500 pg 

mL−1 
5 pg mL−1 (PBS) [52] 

Au electrode 

Aminothiol/Ab 
(EIS) 

150 − 600 pg 
mL−1 

100 pg mL−1 
(artificial human 

plasma) 
This work 

Aminothiol/ 
MWCNTs/Ab 

(EIS) 

1 − 1000 pg 
mL−1 

0.1 pg mL−1 
(artificial human 

plasma) 
 481 

 482 

4. Conclusions 483 

In this study, two different spatially hierarchical nano-architectures for real time detection of 484 

Interleukin-8 cancer biomarker were developed. A two-dimensional based platform was 485 

established by immobilising the activated anti IL-8 onto the aminothiol modified working 486 

gold electrode. Then, the integration of MWCNTs, in the functionalisation process, allowed to 487 

create a three-dimensional nano-architecture. The electronic properties of MWCNTs and 488 

specially their band structure, in terms of density of electronic states, were very important for 489 

the interfacial electron transfer between the electroactive species in solution and the working 490 

electrode surface. Thus, the use of MWCNTs based three-dimensional nano-architecture leads 491 

to the development of a successful and reproducible IL-8 cancer biomarker sensor by 492 

improving the immunosensor performances with a low limit of detection and a large linear 493 

sensitive range covering the entire clinically interesting range of IL-8 concentrations which is 494 

very important not only for the early-stage diagnosis and screening procedures, but also in 495 

mapping the stage of the cancer too. Moreover, this device would also represent a promising 496 

starting point for further future applications, including its use for saliva analysis, opening the 497 

possibility of non-invasive and non-stressful approach to cancer management. 498 

 499 
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